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Abstract

The precise and realistic simulation of the vibration and heating behaviour of thermoplastics in the ultrasonic welding process
has so far been associated with great challenges. In particular, the determination of the required frequency- and temperature-
dependent mechanical stiffness and damping properties in the high-frequency vibration range is only insufficiently possible
according to the current state of the art, which prevents an early and valid numerical prediction of the weldability in the
development process of new joining components. In order to provide more precise input data (storage and loss modulus) for
describing the material behaviour of thermoplastics in the ultrasonic welding process in the future, a novel measurement
concept was implemented that is based on the adaptation of simulation results to real structure-borne sound measurements.
The test rig concept was successfully commissioned and calibrated at room temperature and the calculation routine for
material data determination was implemented. On the basis of the generated material data, an increase in the prediction
quality of the vibration behaviour in a frequency range of 1 Hz to 22.5 kHz of rectangular specimens at room temperature
could already be achieved compared to the state of the art using dynamic mechanical analysis and a time—temperature shift
approach. Measurements at different ambient temperatures up to 60 °C were also carried out. Although the prediction quality
of the vibration behaviour was slightly improved at 60 °C, there is still a need for optimisation with regard to the test speci-
men geometry and the further development of the evaluation routine in order to increase the analysable temperature range
on the one hand and the quality of the generated material data on the other.

Keywords Material data determination - Ultrasonic welding - Viscoelastic material behaviour - Acoustic test bench -
Simulation

1 Introduction design that is suitable for ultrasonic welding still represents

a major challenge.

Ultrasonic welding is one of the established and widespread
series welding processes in the plastics processing indus-
try and is characterised by extremely short welding times
(sometimes less than one second), high automation poten-
tial and an extremely broad range of applications [1-3].
However, despite the widespread use of the process and the
various successfully implemented applications, a component
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This is mainly due to the heat generation mechanism used
(dissipation of mechanical vibration energy). As a result, in
addition to the classic requirements for the functionality and
visual appearance of the component systems, the influences
of the component geometry, the material properties and the
component fixation in the welding process on the structure-
borne noise and thus on the welding behaviour must also be
taken into account. Due to these diverse influencing factors
and the currently hardly predictable interactions, the entire
development process of new joining components is predomi-
nantly based on the experience knowledge of the users. This
circumstance usually leads to extensive test series shortly
before the start of production in order to guarantee a safe and
high-quality weld seam. This is not infrequently followed by
elaborate iterative changes to the component geometry or

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40194-022-01443-w&domain=pdf
http://orcid.org/0000-0002-3531-6035

436

Welding in the World (2023) 67:435-445

correspondingly cost-intensive adjustments to the injection
moulding tools in order to subsequently optimise the sound
propagation in the joining partners.

One approach to save development costs and time is the
integration of structure-borne sound simulations into the
design process. With the help of thermo-mechanically cou-
pled simulations, the vibration and heating behaviour could
already be calculated in the development process and the
influence of critical component areas, such as rib structures,
mass accumulations or possible inserts in complex joining
structures on the structure-borne sound behaviour could be
predicted. Problematic structures that, e.g., lead to melting
in undesired areas could thus be identified and eliminated
at an early stage and subsequent iterations of the component
geometry would no longer be necessary.

However, for realistic simulations of the ultrasonic weld-
ing process, reliable input data are required that describe
the viscoelastic material behaviour of thermoplastics in the
range of welding frequencies (typically between 20 and
70 kHz). Due to the high accelerations during ultrasonic
welding, the temperature- and frequency-dependent stiff-
ness and damping parameters (storage and loss modulus)
required for structure-borne sound simulations cannot be
measured with sufficient precision according to the current
state of the art. Therefore, current work on the simulation
of the ultrasonic welding process often uses either con-
stant or extrapolated moduli to represent the viscoelastic
material behaviour [4-6]. Even if the qualitative profiles of
the temperature or the dissipated energy and the vibration
amplitudes of the components can partly be predicted ade-
quately on the basis of these material parameters, a precise
and quantitative calculation is currently not possible [5, 6].
An established and widely used procedure for determining
storage and loss moduli in the higher-frequency vibration
range is the measurement by means of dynamic mechani-
cal analysis (DMA) and subsequent time—temperature shift
(TTS) [7-9]. Here, measurements are carried out at low fre-
quencies between about 0.1 and 100 Hz at different tempera-
ture levels followed by an extrapolation of the characteristic
values to high frequencies (e.g. to 20 kHz). However, this

Fig. 1 Heating mechanisms \
during ultrasonic welding of
plastics

procedure is very time consuming and associated with limi-
tations, especially with regard to the applicability of the TTS
for determining the loss modulus in the higher frequency
range, which can lead to larger deviations between real and
extrapolated material behaviour [9]. A major reason for this
is the thermorheologically complex aspects of the material
behaviour of plastics [9]. For this reason, structure-borne
sound simulations cannot currently predict the real vibration
and heating behaviour of the entire welding partners in the
ultrasonic welding process and have hardly been used so far
in the industry.

In order to reduce the time and experimental effort and to
enable a valid database for predicting the vibration and heat-
ing behaviour at an exemplary ultrasonic welding frequency
of 20 kHz, research is currently carried out on an alternative
methodology to precisely determine the temperature- and
frequency-dependent stiffness and damping properties of
thermoplastics. For this purpose, a novel test bench concept
was implemented in combination with a reverse engineering
approach. In the following, the basic principles, the setup
and the first results are presented.

2 Basics of ultrasonic welding, viscoelastic
material behaviour of thermoplastics
and their determination

In ultrasonic welding of plastics, the joining partners are
subjected to mechanical vibrations (longitudinal waves) of
constant frequency in the range of 20 kHz to 70 kHz and
amplitudes in the range of 10 um to 80 pm via the horn and
joined under pressure [1-3]. The pressure and the mechani-
cal vibrations usually act perpendicular to the joining plane.
Through a process-specific design of the joining zone, e.g.
in the form of a shear joint or an energy director, as exem-
plarily on a ultrasonic Test specimen of the German Weld-
ing Society (DVS) shown in Fig. 1, the introduced sound is
focused and leads to defined melting in the seam area. The
heating is primarily based on the dissipation of the mechani-
cal energy inside the workpieces (molecular friction) and on
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the interfacial friction in the contact area of the two joining
partners (see Fig. 1) [1-3].

Accordingly, the heat generation is primarily depend-
ent on the material behaviour of the plastics under dynamic
load. In the case of a sinusoidal excitation with constant fre-
quency and amplitude, which can be assumed approximately
for ultrasonic welding, the time courses of stress and strain
have identical frequencies. Due to the viscous component
in the material behaviour, the temporal strain response fol-
lows the excitation stress with a phase shift 8. The following
equations therefore apply to the time courses of stress o(t)
and strain &(t) for a sinusoidal oscillation [10-12]:

o(t) = o, » sin(wr) (1)

e(t) = g, » sin(wt + 6) 2

The frequency- and temperature-dependent parameters
for describing the viscoelastic material behaviour can be
represented using the complex modulus of elasticity E*, tak-
ing into account the phase shift [10]. In the complex num-
ber plane, the direction of the vector E* is described by the
phase angle § and its amount by the ratio of the amplitude
values of stress and strain:

c
|E*|=|E/+i-E”|=£—O 3)

The real part of the complex modulus is called the stor-
age modulus E’ and describes the ability of a material to
reversibly store the introduced energy. The imaginary part is
called the loss factor E” and describes the ability of a mate-
rial to convert the introduced energy into heat. The ratio of
loss modulus and storage modulus is called mechanical loss
factor tan 6 or # and is a measure for describing the mate-
rial damping:

1

tanézgzn 4)

With regard to the simulation of the ultrasonic welding
process, this measure represents a central variable. Equa-
tion 5 can be used to calculate the relationship between the
damping capacity of the plastics and the resulting heat gen-
eration Q,, in the frequency range [13]:
Qh:%-a)w-Real[e:Conj(C:e)] 5)
where € is the strain tensor and C the elasticity tensor. Via a
thermomechanical coupling, the material heating can thus be

calculated simulatively [13—17]. The temperature increase
results from the solution of Eq. 6 in the time domain [13]:

. .aT
P ot

—V-(k°VT)=Qh (6)

where p is the density, ¢, the specific heat capacity and k the
thermal conductivity. A precise determination of the com-
plex modulus of elasticity or the mechanical loss factor is
therefore essential for the simulative mapping of the ultra-
sonic welding process.

However, the determination of the complex modulus of
elasticity in the frequency range of several kHz has been a
major testing challenge so far [7, 9, 18, 19]. In the past, vari-
ous approaches were developed to experimentally determine
the required material data in the form of storage and loss
moduli.

As already mentioned, the viscoelastic material behaviour
is usually determined with a DMA. During the test, the test
specimens are subjected to a sinusoidal excitation (force or
deformation) and the temporal force and deformation sig-
nal is recorded, from which the complex modulus can be
derived. Current DMA devices offer the possibility of an
automated variation of the test frequency usually between
about 0.1 and 200 Hz, in exceptions up to 1000 Hz, at dif-
ferent test temperatures [20, 21]. Despite the widespread use
of this method, one disadvantage is that it cannot be used
to directly determine the frequency range of 20 kHz, which
is relevant for ultrasonic welding simulations. An indirect
approach is the principle of the time—temperature shift
(TTS). The TTS is based on the relationship between the
influence of temperature and loading speed on the mechani-
cal properties of thermoplastics. Low loading speeds or fre-
quencies have qualitatively the same influence as increased
temperatures. This is due to the accelerated relaxation pro-
cesses in the plastic at elevated temperatures. The storage
and loss modulus are thus determined by measuring the
complex elastic modulus for different frequencies (sweep),
which are repeated at different temperature levels and the
subsequent superimposition of the measured values in the
form of a master curve.

It must be mentioned that this indirect procedure is only
permissible for materials with thermorheologically simple
material behaviour. Only in this case there is a clear cor-
relation between loading time and temperature, so that a
superposition of the variables and the merging of the meas-
ured values into a clear master curve is possible [22, 23].
However, most thermoplastics behave in a thermorheologi-
cally complex way due to several superimposed time- and
temperature-dependent mechanisms [24-26] and a TTS over
large temperature and frequency ranges is only permissible
to a limited extent. Furthermore, the high experimental and
evaluation effort is a disadvantage of this methodology.

Another approach to determine the required characteristic
values is the pulse-echo or pulse-transmission method using
ultrasonic sensors. The complex moduli can be calculated
via the speed of sound and the sound absorption [10, 27].
In this case, the material properties determined at high fre-
quencies must be extrapolated linearly to low frequencies or
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assumed to be constant, since commercially available ultra-
sonic sensors/transducers have a measuring range of several
100 kHz to 100 MHz and are thus far above the frequency
range used for ultrasonic welding.

The literature also describes various approaches for the
direct determination of the mechanical properties at 20 kHz. El
Barbari, for example, presents a methodology for the practical
determination of the mechanical loss factor at 20 kHz. Based
on models for describing the damping behaviour of plastics,
he derives evaluation equations that allow the mechanical loss
factor and the speed of sound to be calculated on the basis of
the reaction of the electrical measured variables of an ultra-
sonic welding machine vibrating in idle mode when coupled to
a plastic sample [28]. Lie et al. also use an ultrasonic welding
machine to determine the dynamic properties at 20 kHz [29].
For the application, however, it must be assumed that the excit-
ing system oscillates in idle mode, without control processes
running in the machine control, which could falsify the result.
A simple application on modern ultrasonic welding machines
is therefore questionable, as these have control circuits to com-
pensate fluctuating process conditions.

In another research project, mandrel melting-in tests
using an ultrasonic welding machine respectively the process
power of the machine in dependency of the joining path were
used for material characterisation [8, 30]. In this procedure,
batch fluctuations as well as material and processing influ-
ences on the welding process can be determined without
costly laboratory tests. A quantitative determination of real
damping characteristics cannot be made, as the tempera-
ture-dependent viscoelastic material behaviour cannot be
described on the basis of the measured values.

In general, an experimental determination of the dynamic
processes during the ultrasonic welding process is problem-
atic. Critical areas, such as the joining zone, are often not
easily accessible, so that a feedback-free analysis of the
vibration and heating behaviour is hardly possible.

According to the current state of research, a precise and
realistic determination of the mechanical storage and loss
modulus for structure-borne sound simulations of the ultra-
sonic welding process is thus not possible.

3 Methodology and design
of the measurement concept

The methodology to determine the required characteristic
values (storage and loss moduli) is based on the adaptation
of simulation results to reference tests carried out in real life
and is built on the research of Arping and Kremer, who char-
acterised dynamic material properties up to about 5000 Hz
for structure-born sound simulations [7, 9]. To determine the
material data, a rectangular test specimen was subjected to
a frequency from 1 Hz to 5 kHz (sine sweep) on an acoustic
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test bench and the response behaviour was recorded. The test
was then simulated and the underlying material parameters
(storage and loss moduli) were iteratively adjusted until the
simulation results reproduced the real vibration behaviour.
The methodology based on the reverse engineering process
is a faster and more efficient alternative to the state-of-the-art
procedure and represents a promising approach for material
data determination in the high-frequency vibration range up to
20 kHz due to the reliable and precise mode of operation [9].
Because of these advantages, this concept was taken over
and modified with the aim of extending the analysable fre-
quency range to over 20 kHz and to enable temperature control
of the test bench. For this purpose, all components had to be
revised or replaced in order to cope with the high loads (accel-
eration, temperature). When selecting the components, care
was taken to ensure that the natural resonances of the various
elements were above the considered frequency range (20 kHz)
in order to prevent an influence on the measurement results.
Figure 2 schematically shows the setup of the high-fre-
quency acoustic test bench for carrying out the reference tests.
The control of the individual components, the generation of
the excitation signal and the data acquisition and processing
are carried out centrally via the software LabVIEW, National
Instruments, Austin, TX, USA. The generated excitation signal
(sine sweep) is amplified via a charge amplifier of the HDPA
series from the company isi-sys GmbH, Kassel, Germany, and
introduced into the test specimen via a piezoelectric actua-
tor (shaker) of the type PS-W-02 from the company isi-sys
GmbH as well. The shaker is placed on a steel mounting
arm and is adjustable in height. The mounting arm is welded
to a base plate (also made of steel) with the dimensions
220 mm % 220 mm X 30 mm. The structural response of the
test specimen is recorded without feedback using an OFV-5000
laser vibrometer from Polytec GmbH, Waldbronn, Germany,
with a measurement accuracy of about 1%. At the same time,
the excitation signal of the test specimen is detected by a force
sensor type 8230-C-003 from Briiel & Kjaer GmbH, Bremen,
Germany, which is placed directly in front of the test specimen.
The linearity error of the force sensor for the detection of the
excitation signal is given as=+ 1% according to the manufac-
turer. The entire shaker is placed in a temperature chamber in
order to be able to measure the vibration behaviour at different
temperature levels. The temperature chamber is based on a sys-
tem from Brabender Realtest GmbH, Moers, Germany, of type
TEE 108/LN 2 x and was adapted to the requirements of the
test bench. Both the time-dependent excitation signal and the
time-dependent structural response are transferred to the fre-
quency domain in LabVIEW using the fast Fourier transforma-
tion (FFT) (Fig. 2, right). By subsequently dividing the accel-
eration and excitation signals, the transfer function between the
excitation and measurement position is established. The result
is presented in the form of an acceleration level normalised
to the excitation force in the frequency domain and is used to
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compare the reference test and the simulation result. The force-
normalised acceleration level is referred in the following as the
structural response of the specimen.

The measured structural response is then used in reverse
engineering (RE) process as a comparison or evaluation cri-
terion. In the RE process, the real reference test is simulated
and the material parameters are determined (see Fig. 3).

The vibration behaviour of the test specimen is first simu-
lated in Abaqus, Dassault Systemes, Velizy-Villacoublay,
France, with constant material data, e.g. on the basis of lit-
erature values or data sheets from the material manufacturer.
The Abaqus model is built as a quarter model to reduce
the computation time by using symmetry constraints. The
model consists of the individual components plunger (force
transmission element from the shaker to the test specimen)
and test specimen. The structure of the plunger is constant.
On the other hand, the structure of the test specimen can be
varied depending on the materials to be measured and the
geometry of the test specimens used. For this purpose, the

Reference test
on specimen -

Fig.3 Schematic overview of
the material data determination
based on the reverse engineer-
ing process

density, Poisson’s ratio and the complex modulus of elastic-
ity can be adjusted. The contact between the plunger and the
test specimen is modelled as a surface-to-surface connec-
tion. The specimen is modelled over wide areas by rectangu-
lar or linear elements. Only in the area around the clamping
and the plunger are triangular or tetrahedral elements used
due to the circular geometries. The simulation is based on
a steady-state dynamic analysis, which is used in Abaqus to
describe the frequency-dependent system response when a
sine sweep is excited. The excitation force is applied to the
circular sectional surface of the plunger via a point mass
and massless connecting elements. After the simulation of
the vibration behaviour, the calculated and measured struc-
ture responses are compared. For this purpose, the posi-
tion and height of the simulated resonance frequencies are
determined and compared with the real measurements. The
calculated deviation and a corresponding correction factor
are then used to adjust the underlying material parameters
(storage and loss modulus). The reference test is simulated
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again on the basis of the adjusted material parameters and
the calculated structural response is compared again with
the real course. This iterative procedure is repeated until a
previously defined termination criterion is met. The termina-
tion criterion can be, for example, a maximum permissible
deviation or a maximum number of iterations.

4 Setup of the test bench concept

Preliminary tests are carried out to check the reproduc-
ibility of the signal generation, the data acquisition and
the influence of the manual clamping process of the speci-
mens at room temperature. For this purpose, an injection-
moulded rectangular test specimen with the dimensions
160 x 102 mm? made of polyamide 6 (PA 6) of type B30S
from Lanxess Deutschland GmbH, Cologne, Germany, was
provided with a centrally positioned hole and screwed onto
the excitation plunger of the shaker. To check the reproduc-
ibility of the signal generation and the data acquisition, a
triple determination of the structural response was carried
out without changing the clamping. Subsequently, the loca-
tion and the height of the resonances in the frequency spec-
trum were determined, an average value was formed from
the three measurements and the percentage deviation of the
different resonances was calculated (see Fig. 4).

The discrete evaluation based on the location and height of
the resonances was carried out because these are also used for
the subsequent material parameter generation. With increasing
storage modulus, the location of the resonances shifts to higher
frequencies and with increasing loss modulus, the height of the
resonance deflections decreases; accordingly, the resonances
represent a suitable criterion for characterising the vibration
behaviour and the underlying material parameters (storage

and loss modulus) [9]. Figure 4 (left) shows the three struc-
tural responses versus frequency as well as the evaluation of the
percentage deviations of the resonances in location and height.
As can be seen, that the averaged deviation over all resonances
in position is extremely small (0.19%, with a standard devia-
tion (SD) of 0.14%). The deviations in relation to the height
of the resonance excursions are slightly higher with an average
value of 0.32% (with an SD of 0.17%) over all resonances in
the frequency range considered. The influence of the manual
clamping process is shown in Fig. 4 (right). The deviation of
the location averaged over all resonances was calculated with
0.12% (with an SD of 0.08%) and the deviation of the height
with 0.53% (with an SD of 0.36%). Accordingly, the influence
of the clamping process on the height of the resonance excursion
is more pronounced than that on the position of the resonances
in the frequency spectrum. Overall, the influence of the signal
generation, the data acquisition and the manual clamping pro-
cess on the determined structural response is extremely small.
Based on the successful commissioning of the test bench,
an initial measurement of the vibration behaviour of test
specimens at room temperature and a subsequent material
data determination were carried out. For this purpose, three
test specimens (160 10x2 mm?®) made of PA 6 of type
B30S from Lanxess Deutschland GmbH, Cologne, Germany,
were measured and a material data determination was carried
out using the RE process as described in the chapter Meth-
odology and design of the measurement concept (see Fig. 5).
In all three test specimens, a strong noise in the data is
noticeable, especially in the lower frequency range up to about
2000 Hz, which is due to the inherent dynamics of the shaker,
which is primarily designed for higher frequencies (see Fig. 5
(left)). For this reason, the determined material data in this range
must also be critically questioned. Furthermore, it can be seen
that the structural response differs slightly in dependency of the
test specimens. Particularly in the higher-frequency vibration

Validation of the test bench concept at room temperature
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Determination of storage and loss modulus of PA 6 (B30S) by acoustic
test bench and RE-Process at room temperature
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Fig.5 Determination of the storage and loss modulus of PA 6 (B30S) by acoustic test rig and RE process at room temperature

range from about 18 kHz, deviations occur which, on the one
hand, could be due to minor differences in the morphology or
geometry of the test specimens. On the other hand, the manual
clamping process could also be responsible for this (see Fig. 4
(right)). Following the reference tests, the material parameters
of the specimens for storage and loss modulus were determined
using the RE process. In addition to the material parameters
for the three measured test specimens, a further set of material
parameters was calculated on the basis of an averaged structural
response (over the three measured test specimens) in order to
level out individual specimen-specific effects and to enable a
more general statement about the material properties.

In order to validate the results a combination of real
measurements and a simulation of the vibration behaviour
of a new geometry is used. For this purpose, the vibration
behaviour of a new test specimen geometry with a modified
length (150 mm instead of 160 mm) was first measured on
the test bench and then compared with a simulative predic-
tion based on the previously determined material properties
based on the RE process. In addition, the vibration behav-
iour was simulated on the basis of DMA tests and a subse-
quent TTS in order to enable a classification of the newly
developed test methodology compared to the state of the art.
The structural response was simulated using the previously
described Abaqus model used in the RE process. The struc-
ture of the specimen is represented by 200 elements (nodal
points) in length, 6 elements in width and 4 elements in thick-
ness. A sensitivity analysis was carried out to determine the
mesh fineness. Within the scope of the sensitivity analysis,
the number of elements was increased until no significant
changes in the position and height of the resonance frequen-
cies occurred. A sine sweep from 1 Hz to 22.5 kHz is used for
excitation both in the real test and in the simulative mapping.

The DMA measurements were carried out on a DMA Q800
from TA Instruments, New Castle, USA. For this purpose, test
specimens with the dimensions 25 mm X4 mm X2 mm were
milled from injection-moulded plates. The test specimens
were loaded in tensile mode with a sine sweep between 0.1
and 100 Hz at a constant amplitude of 6 um. The tests were
repeated at different temperature levels for the subsequent TTS.

Figure 6 shows the measured structural response of the
modified specimen geometry compared to the prediction
based on DMA data and the data from the RE process. As can
be seen, the stiffness of the specimen is underestimated based
on the DMA data, which leads to a shift of the resonances
to lower frequency in the calculated structural response (see
Fig. 6 (top right)). Furthermore, the loss modulus is overes-
timated. This can be seen from the too small deflections of
the resonances compared to the measured structural response.
Averaged over all frequencies, the DMA data show a devia-
tion of 14.53% (with an SD of 0.64%) in the position of the
resonances and 10.98% (with an SD of 7.03%) in height.

When comparing the calculated structural response based
on the material data from the RE process (exemplified by the
material parameters of specimen 1; Fig. 6, bottom left) with
the actual measured vibration behaviour, it can be seen that
the location of the resonance frequencies is predicted much
more precisely than on the basis of the DMA data. Averaged
over all resonance frequencies, a deviation of 2.05% (with an
SD of 0.52%) is achieved compared to 14.53%. With regard
to the height of the deflection of the resonances, a more pre-
cise prediction is also possible averaged over all resonances
(7.73% (with an SD of 6.28%) compared to 10.98% (with
an SD of 7.03%)). However, especially the height of the last
resonance in the considered frequency range is less accurate
at a frequency of about 20 kHz (21.59% compared to 14.09%
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Comparison of the prediction quality of the vibration behaviour:
DMA vs. acoustic test bench and RE-Process
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Fig.6 Comparison of the prediction quality of the vibration behaviour of a new geometry based on DMA data and material data generated by

means of the acoustic test bench and RE process

deviation). This is currently still unsatisfactory with regard
to the material data determination for the ultrasonic weld-
ing process and must be optimised in further research. The
prediction of the structural response based on the material
behaviour averaged over all three measured specimens is
slightly more precise than the prediction based on a single
specimen. An averaged positional deviation of 1.15% (with
an SD of 0.37%) and a deviation in height of 7.71% (with an
SD of 6.94%) is obtained. This suggests that averaging the
structural response over several specimens is useful.
Following the validation test, initial measurements were car-
ried out at different temperature levels (23 °C, 40 °C, 50 °C,
60 °C) to take into account the temperature dependence of the
viscoelastic material behaviour (storage and loss modulus).
The temperature range under consideration was determined in
preliminary tests. At higher temperatures, no more pronounced
peaks were formed, especially in the higher frequency range.
Therefore, it was not possible to clearly determine the position
and height of the resonance peaks within the framework of the
RE process, and therefore, no material data could be determined.

@ Springer

To carry out the temperature-dependent measurement, a test
specimen (160x 10x2 mm?) made of PA 6 of type B30S is again
used and excited with a sine sweep of 1 Hz-22.5 kHz. Start-
ing with measurements at room temperature (RT=23 °C), the
ambient temperature in the test chamber is increased in 10 °C
steps. Before each measurement, an isothermal holding phase of
20 min is provided to ensure a homogeneous temperature over
the thickness of the test specimen. The test chamber temperature
is monitored via thermocouples at the height of the specimens.

As expected, the resonances in the structural response of
the test specimens shift to lower frequencies with increasing
temperature due to decreasing stiffness. Likewise, as expected,
the height of the resonance excursions decreases with increas-
ing ambient temperature due to the increasing material damp-
ing (see Fig. 7 (left)). When comparing the storage modules
calculated using the RE process and the characteristic values
determined using DMA and TTS, it can be seen that the level is
slightly below the DMA data and thus indicates a more realistic
curve. As already determined in the first validation, the storage
moduli tend to be underestimated via DMA and TTS and the
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Measurement of the vibration behaviour at
different temperatures
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ture levels

resonance frequencies are therefore predicted at frequencies
that are too low (see Fig. 6). The course of the loss moduli is
currently still not very clear (see Fig. 7 (bottom right)). Over all
temperature levels, a decrease in the loss modulus with increas-
ing frequency is obtained. However, an increasing attenuation
would be expected with increasing temperature, which is not
clearly recognisable in the loss moduli calculated using the RE
process. Especially at a frequency of 20 kHz, the course of
the loss moduli at 23 °C, 50 °C and 60 °C is almost congruent
and only the test at a temperature of 40 °C is slightly above the
level of the other temperature steps. This behaviour can hardly
be explained in terms of the material behaviour and must be
due to the measurement procedure or the RE engineering. The
troubleshooting and optimisation of both the acoustic test rig
and the RE process are the subject of current research activities.

Nevertheless, the validation test previously carried out at
room temperature was repeated at an ambient temperature
of 60 °C to allow the results to be classified.

As can be seen in Fig. 8, the vibration behaviour is not sat-
isfactorily predicted based on either the DMA data or the RE
data. However, when evaluating the position and height of the
resonances in the frequency range considered, it is noticeable
that an increase in the prediction quality can be achieved by
using the RE data (see Fig. 8). Thus, averaged over all reso-
nances, a percentage deviation in the position of 9.55% (with
an SD of 3.87%) compared to 12.04% (with an SD of 5,43%)
and with regard to the height of the resonance excursion of
6.14% (with an SD of 5.93%) compared to 9.95% (with an SD
of 6,81%) was achieved. However, it must be mentioned that

especially the prediction of the high-frequency resonances
by higher temperatures based on the DMA data currently
leads to better results. This underlines the current need for
optimisation of the new test stand concept.

5 Conclusion and outlook

In order to improve the design process of plastic components
for the ultrasonic welding process and to enable a prediction of
the vibration and heating behaviour already in the development
process of new joining components, realistic material data are
required to describe the viscoelastic material behaviour (stor-
age and loss modulus). For this purpose, a new test bench
concept was implemented that is based on the adaptation of
simulation results to real structure-borne sound measurements.
The required acoustic test bench for measuring the structural
response of the test specimens was successfully set up and
calibrated at room temperature and the calculation routine
was implemented. As a result, an increase in the prediction
quality of the vibration behaviour at room temperature in a
frequency range of 1 Hz—22.5 kHz has been achieved com-
pared to the state of the art (DMA and TTS). The location
of the resonances in the considered frequency spectrum was
predicted with an average deviation of approx. 1-2% compared
to 14-15% and the height of the resonance excursions with
a deviation of 7-8% instead of 10—11%. In addition, meas-
urements were made at elevated ambient temperatures up to
60 °C. Also based on these data, averaged over all resonances
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in the frequency spectrum, a slight increase in the prediction
quality of the vibration behaviour was achieved compared to
the state of the art and illustrates the potential of the chosen
methodology. However, it must be mentioned that the vibra-
tion behaviour, especially at high frequencies, cannot yet be
calculated satisfactorily on the basis of the generated data and
shows the need for optimisation. Starting points for further
development are the test specimen geometry and the revision
of the calculation routine in order to increase the quality of
the generated material data. In addition to the work listed in
this report, a model for calculating the vibration and heating
behaviour in the solid state area during ultrasonic welding has
already been implemented in Comsol Multiphysics. The model
is used for the final validation of the material data. For the
validation tests, a simple bar model according to Potente is
subjected to a mechanical vibration of 20 kHz and the vibra-
tion behaviour and material heating are calculated. The calcu-
lated vibration and heating behaviour are then compared with
the results of a real test on an ultrasonic welding system of the
type HiQ Dialog 20/6200 from Herrmann Ultraschalltechnik
GmbH & Co KG, Karlsbad, Germany. The vibration behaviour
of the sonicated bar specimen is measured with a multipoint
laser vibrometer type MPV-800 from Polytec GmbH, Wald-
bronn, Germany. The system has 24 sensors and enables the
simultaneous and feedback-free 3D acquisition of 8 measuring
points. In parallel, the heating behaviour is recorded with a
high-speed thermal imaging camera of the type Image IR 5385
S from InfraTec GmbH, Dresden, Germany. The combination
of the two measuring systems enables an extremely precise
comparison between simulated and real vibration and heat-
ing behaviour of the investigated test specimens and allows
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a classification of the generated material data. The model
tests have already been carried out, but since the temperature-
dependent material data determination has not yet been sat-
isfactorily completed, a final comparison and a conclusive
evaluation of the novel approach for determining the stiffness
and damping properties of thermoplastics are still pending.
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6: Polyamide 6; TTS: Time-temperature shift
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