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Abstract: In current automotive lithium-ion battery manufacturing, Ultrasonic Metal Welding
(USMW) is one of the major joining techniques due to its advantages in welding multiple thin
sheets of highly conductive materials. The sonotrode, serving as the welding tool, transmits high-
frequency oscillation to the joining parts. Due to the high frequency of thermal-mechanical loading,
the knurl pattern on the sonotrode wears with an increasing number of welds, which significantly
influences the welding process, resulting in poor joint quality. In this study, a high-frequency test
system was developed to investigate the wear mechanisms of the sonotrode. Based on the compa-
rable relative motion to the welding process, the thermal-mechanical loadings on the contact area
were analyzed. As the oscillation amplitude of the sonotrode increased, the estimated frictional
force between the sonotrode and the copper counter body remained constant, while an increase in
the sliding distance was observed in the contact area. Temperature development showed a strong
correlation with mechanical loading. A first approach of continuous testing was performed but was
limited due to the failure of the copper counter body under ultrasonic stimulation.

Keywords: ultrasonic metal welding; sonotrode; wear; resonance; thermal-mechanical analysis; Laser
Doppler Vibrometry

1. Introduction

Advanced joining technology plays an important role in modern manufacturing. One
main driving force is the growing demand for multi-material structures that combine dif-
ferent materials to increase the performance and functionality of components [1,2]. Joining
dissimilar materials is often challenging due to the differences in chemical, mechanical, ther-
mal, or electrical properties. As a low-cost and environment-friendly technique, ultrasonic
welding is extensively used to join dissimilar materials, such as aluminum/steel [3–5], alu-
minum/magnesium [6,7], aluminum/titanium [8], and metal/fiber-reinforced polymers [9]
in automotive, aviation, and aerospace applications. As ultrasonic welding provides ad-
vantages in joining multiple thin sheets of highly conductive materials, it serves as one of
the major joining techniques in current automotive lithium-ion-based battery manufactur-
ing [10–12].

Ultrasonic Metal Welding (USMW) is a solid-state welding process that uses high-
frequency shear vibrations, usually 20 kHz or higher, to generate relative motion between
joining partners clamped under a defined pressure [11,13,14]. The key elements of the
ultrasonic welding system are the ultrasonic generator, piezoelectric converter, booster,
sonotrode, and anvil. The ultrasonic generator converts the mains AC voltage with a
frequency of 50 Hz to a high-frequency voltage of 20 kHz. In the piezoelectric converter,
this high-frequency electrical oscillation was transformed into mechanical oscillations of
the same frequency based on the inverse piezoelectric effect. Between the converter and
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sonotrode, a booster was mounted to amplify the oscillation amplitude. This oscillation
amplitude was further amplified by the sonotrode. The transverse oscillations (u) from the
sonotrode introduced shear loads into the weld zone, which is parallel to the oscillation
direction (OD). Furthermore, a welding force (Fus) was applied with a pneumatic cylinder
in the thickness direction (TD), which maintained a constant pressure on the joining partners
during the welding process.

Usually, the sonotrode and the anvil have a knurl pattern on their coupling surfaces,
which prevents excessive slippage and ensures a good transmission of the oscillation from
the sonotrode onto the joining partners. Both the shape and geometry of the knurl pattern
significantly influence the joint formation process as well as the joint quality [7,15–18].

The commonly used knurl patterns are pyramidal, trapezoidal, and serrated, depend-
ing on the application field. Komiyama et al. [15] compared the trapezoidal and serrated
knurl patterns. The results showed that the relative amplitude of the serrated edge was
larger than that of the trapezoidal edge, while the penetration of the serrated edge into
the specimen was smaller than that of the trapezoidal edge. Moritz et al. [16] and Feng
et al. [7] suggested that the pyramid-shaped can generate higher deformation stresses than
the serrated-shaped, resulting in an effective bond. However, these higher deformation
stresses can lead to excessive deformation or material damage for soft metals [17,19–22] or
sonotrode sticking.

Several other studies have investigated the influence of knurl geometry on the welding
process and the welded joint. Shin et al. [17] conducted welding experiments with different
sonotrode and anvil knurl patterns and reported that the knurl geometry influenced the
temperature rise on the weld surface. Du et al. [18] studied the influence of knurl geometry
with finite element models (FEM) and revealed that the average equivalent plastic strain
and temperature of the welding area increased as the knurl tooth angle increased.

However, the knurl pattern will wear in the form of material loss with an increasing
number of welds. A major cause of this wear is the relative motion between the welding
tools and joining partners [23–27]. In our previous study [23], we investigated the system
dynamics during USMW by using Laser-Doppler Vibrometry (LDV) and revealed an in-
phase relative motion between the sonotrode and the welded joint after the formation of
the main bond. Shao et al. [26] characterized the wear progression of the pyramidal knurl
pattern using a 3-D microscope and suggested that the knurl wear can be divided into four
stages, with different wear patterns in two directions. This change in the knurl geometry
not only affects the welding process but also the joint quality. To address these issues, Nazir
et al. [28] proposed an online Tool Condition Monitoring (TCM) system by using sensor
fusion and machine learning techniques to classify the tool condition into four categories.

The review of related literature has revealed limitations and gaps in the following
aspects: Firstly, in most of the studies, the shape or geometry of the knurl pattern was
varied to investigate its influences on the welding process, while the impacts on the tool’s
service life were not discussed. Secondly, the optimization of the knurl pattern mainly
focuses on the structural direction. One potential solution for increasing tool service life can
be the adoption of new materials or coatings, which has not received a lot of consideration
thus far. And finally, despite extensive research in the area of wear progression, the actual
wear mechanisms still have to be addressed. A thermal-mechanical analysis of the loading
condition on the sonotrode is very challenging due to the process characteristics, including
small oscillation amplitudes, high frequency, and complex contact conditions. However,
this analysis was crucial for understanding interfacial phenomena. Therefore, this novel
study aims to develop a high-frequency testing system that can provide comparable loading
conditions on the sonotrode to those generated in service conditions. This will simplify the
thermal-mechanical analysis for the investigation of the wear mechanisms. Furthermore,
such a testing system is needed for the exploration of suitable sonotrode materials or
optimized structures in an application-oriented way.

The chronological development process is presented in the remainder of this paper
as follows: Section 2 describes the experimental materials and methods, including modal
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analysis for specimen design and the introduction of the loading system as well as the
in-situ monitoring system. The main results are presented and discussed in Section 3, which
includes the validation and control of the thermo-mechanical loading in the contact area.
Section 3.5 presents the current limitations of the high-frequency testing system. Section 4
provides conclusions and recommendations for future work.

2. Materials and Methods
2.1. Base Material and Specimen Design

A sonotrode with a pyramidal profile on the knurl pattern was used in this study,
as shown in Figure 1a,b. The knurl pattern had dimensions of 10 mm × 10 mm, and
the pyramidal tip had a height of 0.4 mm, a width of 0.8 mm, and a profile angle of
45◦. The sonotrode used in this work was made from highly corrosion-resistant tool steel,
produced by the powder metallurgy process. After complete heat treatment of the material,
a remarkably high hardness of 697 HV30/12 was measured using a ZwickRoell ZHU
universal hardness testing machine (ZwickRoell, Ulm, Germany). The microstructure
of the sonotrode material was further characterized by using a Zeiss EVO 15 scanning
electron microscope (SEM) (Zeiss, Oberkochen, Germany) with energy-dispersive X-ray
spectroscopy (EDX), as presented in Figure 1c. A fine microstructure can be recognized,
consisting of two different primary carbides embedded in the steel matrix: chromium-based
Cr7C3 (grey) and vanadium-based VC (black).
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Figure 1. (a) Sonotrode used in this study, (b) Sonotrode knurl geometry, and (c) SEM/EDX analysis
of sonotrode material.

The USMW is used in the assembly of cell terminals and bus bars for lithium-ion batter-
ies, where the targeted metals are usually aluminum, copper, and other high-conductivity
materials. In this study, the oxygen-free pure Cu C1020 (JIS H3100) in half-hard condition
was selected for the counter body to simulate the base material for the bus bar or battery tab.

To conduct an in-phase relative motion in the contact area, the Cu counter body (Cu)
must be specifically designed to be stimulated with resonance vibrations at 20 kHz. For
this, a suitable geometry needs to be determined through modal analysis in the Ansys
Workbench 17.1 software (Ansys, Washington, PA, USA). The modal frequencies are deter-
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mined by solving the eigenvalues of the equation of motion based on Young’s modulus,
Poisson’s ratio, and the mass density, as given in Table 1. “SOLID 186” elements with a size
of approximately 2 mm were used to mesh the specimen.

Table 1. Properties of Cu for the modal analysis.

Young’s Modulus Poisson’s Ratio Mass Density

1.27 GPa 0.34 8940 kg/m3

The geometry of the Cu counter body was iteratively adjusted until the desired
oscillation mode at 20 kHz was achieved. To prevent welding to the support unit, the Cu
counter body must be thick enough to absorb the vibrating energy from the sonotrode
and distribute the normal force. Some pretests were performed, resulting in a thickness
of 10 mm, which remained stable in the modal analysis. The results of finite element
calculations are summarized in Figure 2a, which shows the relationship between the
dimensions and the eigenfrequency. It can be seen that the eigenfrequency increases with
higher width and lower length. Based on modal analysis, a Cu counter body with a
geometry of 53 × 20 × 10 mm3 was used for further experiments in this study. Figure 2b
shows the deformation of the Cu counter body under ultrasonic stimulation at 20 kHz,
revealing a transversal bending eigenmode. The relative displacement as a function of
position is illustrated through paths 1 and 2, as shown in Figure 2c. Two nodal displacement
points were found at positions of 12 mm and 41 mm. The actual oscillation behavior of
the Cu counter body was further validated using Laser Doppler Vibrometry (LDV) during
the experiments. All surfaces of the Cu counter body were treated with 600 # sandpaper
and then cleaned using ethanol in an ultrasonic bath to remove contaminants before the
experiments. The contact area was positioned at the center of the Cu counter body.
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2.2. Test System with In-Situ Measurements

The test system was designed based on a commercial ultrasonic metal welding system
by Herrmann HiS Vario B (Herrmann Ultraschalltechnik, Karlsbad, Germany) with small
modifications. The main components of the high-frequency test system are shown in
Figure 3a, which can be categorized into the loading system and the in-situ monitoring system.
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(c) IR thermography.

In the loading system, the sonotrode is the actual moving body, which can oscillate
with a maximum amplitude of up to 30 µm at 20 kHz in this study. The main requirement
for the loading system was to conduct an in-phase relative motion at the sonotrode/Cu
interface, which leads to the sonotrode wear due to the high-frequency micro-slip. To
fulfill this requirement, the Cu counter body should resonate at 20 kHz through a suitable
geometry. Furthermore, in-phase relative motion can only be achieved with an unfixed
Cu counter body. Rigid mounting results in an out-of-phase relative motion with a 180◦

phase shift, as the Cu counter body behaves like the anvil in the welding process. A holder
was used to maintain the position of the Cu counter body and was mounted on a massive
base. A normal force of 700 N was generated pneumatically by the welding system itself,
and it remained constant throughout this study. The ultrasonic pulse was set to 1s for
all experiments.

During the experiments, two synchronized LDVs, OFV-5000 Xtra and VibroGo, from
Polytec GmbH (Polytec, Waldbronn, Germany), were used to monitor the relative motion
at the sonotrode/Cu interface. The velocity in the oscillation direction was measured with
a high sampling rate of 1280 kHz. Furthermore, the velocity measurements were converted
into time-frequency domain signals through the Short-Time Fourier Transform (STFT) to
analyze the oscillation behavior of both the sonotrode and the Cu counter body. Changes in
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the surface temperature on the sonotrode and the Cu counter body were monitored using
an infrared camera of type (IR camera) TIM640 from Micro-Epsilon Messtechnik (Micro-
Epsilon Messtechnik, Ortenburg, Germany) and thermocouples (TCs) type J, respectively.
Figure 3b shows the arrangement of the measurement points for LDVs and TCs in detail.
An additional thermocouple was placed near the contact area to measure the environmental
temperature. The thermography on the sonotrode surface was calibrated using an emission
adhesive tape with an emissivity of 0.98, as shown in Figure 3c. The maximum temperature
in both rectangle boxes was recorded to calculate the change in surface temperature on the
sonotrode. However, the emission tap cannot be placed too close to the contact area due
to the penetration of the sonotrode and the formation of particles and dust, which could
lead to measurement errors. The sampling rate for the thermometric and thermographic
measurements was set to 125 Hz. In addition to the external measurements mentioned
above, power, frequency, and normal force from the USMW system were recorded by the
welding system.

A control unit was employed to control the load sequences and record all the measured
data synchronously. To stabilize the temperature increase within a reasonable range, an
additional compressed-air cooling system was adapted for continuous testing.

3. Results and Discussion
3.1. Validation of the Oscillation Behavior

To validate the modal analysis, the modal frequencies of the Cu counter body were
determined using LDV during the test. Two Cu counter bodies with different lengths,
80 mm and 53 mm, were stimulated, while the sonotrode oscillated with an amplitude of
20 µm. The measured velocity signals from LDVs were converted into the time-frequency
domain through STFT, which provides the frequency spectrum as well as its changes over
time. Figure 4 shows the time-frequency spectra for the sonotrode and Cu counter bodies
of different lengths. As depicted in Figure 4a, the sonotrode oscillated in its operational
mode at 20 kHz, and other eigenmodes were mainly observed in higher harmonics. Under
this ultrasonic stimulation, the 80 mm Cu counter body oscillated at 10 kHz, whereas the
53 mm Cu counter body oscillated at 20 kHz. The experimental results mentioned above
were in good agreement with the modal analysis from finite element models (see Figure 2a).
Additionally, no shift of the eigenfrequency occurred, and the oscillation amplitude of all
components remained almost constant after the ramp-up phase. Thus, stable in-phase
relative motion was achieved to simulate the loading condition in the contact area.
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3.2. Relative Motion at the Sonotrode/Cu Interface

During USMW, cyclic loads on the sonotrode are primarily induced through relative
motion at the interface between the sonotrode and the welded joint, which contributes
to the wear of the sonotrode during the entire welding process [23–25]. To monitor the
relative motion, two synchronized LDVs were used to measure the velocity close to the
sonotrode/Cu interface. A bandpass filter between 18 kHz and 22 kHz was used to
eliminate irrelevant vibrations. The oscillation amplitude increased gradually from 20 µm
to 28 µm. The experiment was repeated three times, continuously at each amplitude level.

Figure 5a shows the velocity envelopes for the tests conducted with three different
amplitudes. The shaded areas represent the velocity spectrum resulting from the repetitive
tests, and the lines are the velocity envelopes of a representative measurement. It can be
seen that the velocity of both components remained stable after the initial ramp-up phase.
Nevertheless, fluctuations were observed during the experiments, which can be explained
by the friction at the Cu/holder interface and the inertia of Cu. This assumption was
further supported by the correlation of the outlines of velocity envelopes.
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With an increase in oscillation amplitude from 20 µm to 28 µm, the velocity of the
sonotrode tip rose from 2.5 m/s gradually to 3.5 m/s, which is consistent with the calcu-
lation for sinusoidal oscillation at 20 kHz. At the same time, the velocity of Cu remained
constant at 1.75 m/s and was unaffected by the amplitude increase. It can be interpreted
that the acting force at the sonotrode/Cu interface, which drives the Cu counter body,
remained nearly constant. The relative velocity was further calculated and plotted in
Figure 5b, which shows a linear relationship between the oscillation amplitude and the
relative velocity at the sonotrode/Cu interface after the ramp-up phase. The reproducibil-
ity of the output relative motion (difference between columns) shows a slight difference
compared to the fluctuation within one experiment (error bar). The results indicate that the
high-frequency microslip at the sonotrode/Cu interface can be well controlled by varying
the oscillation amplitude. As the oscillation amplitude increased from 20 µm to 28 µm, the



Metals 2023, 13, 1935 8 of 15

relative velocity at the sonotrode/Cu interface rose from 0.83 m/s to 1.88 m/s, resulting in
a longer slip distance for the same duration.

3.3. Estimation of the Frictional Force

Direct measurement of the acting frictional force is limited by the resolution of state-
of-the-art force sensors. However, Spaltmann et al. [29,30] suggested a method to es-
timate the acting force by monitoring the power loss due to friction and proposed the
following relationship:

Fƒ =
P

4·u·ƒ (1)

where u is the amplitude, ƒ is the frequency of the sonotrode, and P is the generator power.
In their study, the counter body was rigidly mounted on a massive base plate, which made
the amplitude of the sonotrode practically the amplitude difference in the contact area. The
generator power required to vibrate the sonotrode was recorded under loaded conditions
with different normal forces as well as in unloaded conditions, i.e., free oscillation.

This method was applied to estimate the frictional force in this study. However, the
normal load remained constant, whereas the amplitude difference at the sonotrode/Cu
interface increased with the oscillation amplitude of the sonotrode. Figure 6 shows the
generator power curves during the experiments and free oscillations. In the case of the
loading condition, the average generator power increased gradually from around 1100 W
to around 1400 W, while it rose slightly from 27 W to 55 W to vibrate the sonotrode under
unloaded conditions. Based on the increase in power due to the amplitude difference,
the estimated friction force can be calculated using Equation (1), which results in 428 N
(u = 20→ 24 µm) and 422 N (u = 24→ 28 µm). It can be seen that the frictional force in the
contact area remained almost stable, which led to a constant oscillation amplitude of the
Cu counter body, increasing the amplitude of the sonotrode. A variation in frictional force
can be realized by adjusting the normal force.
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3.4. Temperature Development during Continuous Testing

Previous high-resolution studies of the oscillation behavior during USMW with differ-
ent measuring and welding setups [23,24,27,31,32] have revealed that the relative motion
between the welding tool and the joint has a velocity difference in the range of 1–2 m/s after
the formation of a macroscopic joint. Thus, an oscillation amplitude of 28 µm was selected
for continuous testing, which can be varied by changing the oscillation amplitude of the
sonotrode for other loading conditions. To control the loading sequences, a characteristic
pulse/hold/pause combination was employed, as presented in Figure 7 with the data
measured from LDVs.
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Figure 7. Pulse/hold/pause combination based on LDV measurements.

The part of the pulse was set to 1000 ms, including a ramp-up time of 100 ms, which
was used to generate the high-frequency micro-slip at the sonotrode/Cu interface. After
the pulse phase, the hold phase was followed, in which the sonotrode maintained contact
on the Cu counter body but without oscillation. Finally, the sonotrode returns to the base
position and then returns to the work position again for the next pulse. Due to this vertical
movement of the sonotrode, the LDV with the measurement point on the sonotrode was
temporarily out of focus in the pause phase, as seen by the signal noise (black line) from
3.3 s to 8.5 s in Figure 7. This test procedure aims to simulate the continuous welding
processes in the actual application. Because the compressed-air cooling remained in a fixed
position, the Cu counter body was cooled all the time, whereas the sonotrode was cooled
only during the pulse and hold phases. To evaluate the correlation between temperature
development and the loading sequences, three different pulse/hold/pause combinations
were set in this study: 1 s/2 s/6 s, 1 s/4 s/7 s, and 1 s/6 s/8 s.

Figure 8 shows time-temperature plots captured using thermometric and thermo-
graphic measurement systems, where the increase in surface temperature (∆T) was calcu-
lated and plotted as a function of time. The accurate temperature in the contact area, or
even close to it, cannot be captured. The high-frequency displacement of the Cu counter
body can shake off the thermocouples, and the formation of particles and dust can lead to
measurement errors in the IR camera. Nevertheless, the temperature development can be
used to analyze the thermal loading, as the heat generated during the ultrasonic pulse and
the cooling air eventually result in temperature stabilization. Under these conditions, the
temperature difference between the contact area and the measurement points remained
dynamically stable.
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Figure 8. Time-temperature development with different pulse/hold/pause combinations: IR camera,
TC1, and TC2.

In the pulse phase, the change in surface temperature increased similarly in all mea-
surements, and the maximum was observed at the end. During the holds and pause phase,
the surface temperature initially decreases rapidly and then slows down in measurements
conducted by the IR camera and TC2, which shows a trend similar to the interface temper-
ature measurements during the USMW [33,34]. Simultaneously, the temperature in TC1
decreased with an almost constant slope. This difference suggests that the temperature
changes in the IR camera and TC2 were primarily influenced by friction in the contact area,
whereas TC1 was affected by thermal conduction in the Cu counter body.

Within two minutes, all measurements show temperature stabilization for three dif-
ferent pulse/hold/pause combinations. The longer cooling time (incl. hold and pause)
slows the temperature increase on the Cu surface, while the surface temperature of the
sonotrode quickly reaches its stabilization state instead. Furthermore, the peak ∆T on the
Cu surface was significantly reduced from 81 ◦C to 70 ◦C in TC2 and from 61 ◦C to 41 ◦C in
TC1, with an increased cooling time from 8 s (2 s + 6 s) to 11 s (4 s + 7 s). A further increase
in the cooling time shows no remarkable effect, but the total testing duration will increase.
The peak ∆T on the sonotrode appears to be unaffected by the loading sequences. This
phenomenon may be related to the significant difference in thermal conductivity between
the two materials. However, the difference in peak-to-peak temperature within each pulse
was not strongly influenced by cooling, implying that thermal loading was mainly induced
by friction in the contact area. As the friction force and sliding distance remained constant,
the temperature rise due to the frictional work was stable. This result ties well with energy
consumption for each pulse that remained at a constant level.

3.5. Failure of the Cu Counter Body

Continuous testing turned out to be more challenging than initially expected. The Cu
counter body mostly failed after 250–350 pulses under ultrasonic stimulation. Subsequently,
a reliable relative motion cannot be generated in the contact area, and the Cu counter body
needs to be replaced by a new one. Various measurements can be employed to characterize
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this failure process. For further analysis, continuous testing with 1 s/4 s/7 s loading
sequences was evaluated as an example.

The energy consumption for each pulse can be calculated by integrating the power
curve over time and is plotted as a function of pulses in Figure 9a. As the pulse time
remained constant at 1 s in this study, energy consumption can represent the mean power
that strongly correlates with the friction in the contact area. It can be seen that the energy
consumption decreased significantly after 110 pulses and reached a plateau of 400–600 J.
Based on this change in energy consumption, the failure process can be divided into three
different stages: high energy consumption (stage 1: <110), energy drop (stage 2: 110–160),
and low energy consumption (stage 3: >160).
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Figure 9. (a) Energy consumption and (b) change in maximum surface temperature variation over
the number of pulses.

In Figure 9b, the changes in peak temperature within the pulses are plotted against
the number of pulses. Owing to the deformation of the Cu counter body under ultrasonic
stimulation, the TC2 was dislodged after a certain number of pulses in stage 1, which
cannot provide reliable measurements in stages 2 and 3. The temperature developments
both on the sonotrode (IR camera) and the Cu (TC1) surface show similar trends as the
changes in energy consumption, which implies reduced friction in the contact area and less
energy absorption by the Cu counter body.

The LDV measurements at the 11th, 132nd, and 187th pulses in three different stages
are selected to analyze the variation in the relative motion during the failure process, as
shown in Figure 10. While the velocity of the sonotrode remained at 3.5 m/s, it significantly
decreased on Cu from 1.7 m/s in stage 1 to 1 m/s in stage 2 and eventually to 0.4 m/s in
stage 3. This decrease in velocity is linked to the change in the oscillation behavior of the Cu
counter body, which can be attributed to the formation of fractures in the Cu. Furthermore,
an explicit velocity difference between the sonotrode and the Cu was observed in the ramp-
up phase (<100 ms) when the Cu counter body was in stages 2 and 3, indicating a surface
change in the contact area. To analyze the phase angle data, temporal progressions of the
velocity signal are extracted at 500 ms and plotted in Figure 10b,d,f. While the sonotrode
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and Cu oscillations were in phase in stage 1, an initial out-of-phase relative motion was
observed in stage 2, as shown in Figure 10d. In stage 3, the relative motion was completely
out-of-phase, which differs from the loading conditions during USMW. Despite the velocity
difference increasing from stage 1 to stage 3, the energy consumption, or rather the mean
power within each pulse, decreased. The friction force is expected to be less, which could
be associated with surface changes such as the formation of gaps. This fact results in a
lower temperature increase, as observed in Figure 9b.
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Figure 10. LDV measurements in different pulses: (a) 11; (c) 132; (e) 187; and (b,d,f) a detailed section
of (a,c,e) at 500 ms.

Figure 11a shows the time-frequency spectrum of the Cu counter body when the final
failure occurs. In comparison to the fresh Cu counter body (see Figure 4c), new signal
bands were detected at 60 kHz, 80 kHz, and 100 kHz, indicating the shifts in the frequency
spectrum and the change in the oscillation behavior. Additionally, periodic fluctuations
were observed in each band. This implies that the Cu counter body cannot oscillate at the
target resonance frequency of 20 kHz. The frequency and power curves from the generator
further confirmed the absence of resonance, as shown in Figure 11b. Figure 11c shows the



Metals 2023, 13, 1935 13 of 15

appearance of the Cu surface. A crack extended nearly along the center line, aligning well
with the failure mode under bending loads.
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4. Conclusions and Outlook

In this study, a high-frequency test system was developed to study the wear of the
sonotrode. An in-phase microslip was successfully generated in the contact area through
the specific design of the Cu counter body. The oscillation behavior was validated by
time-frequency analysis using LDVs. A thermal-mechanical analysis in the contact area
was realized by using this in-house test system.

With an increase in oscillation amplitude from 20 µm to 28 µm, the velocity difference
at the sonotrode/Cu interface increased proportionately from 0.83 m/s to 1.88 m/s, result-
ing in a longer slip distance for the same duration. The frictional force in the contact area
was estimated by monitoring the power loss and remained nearly constant throughout
the experiments at around 425 N, keeping the Cu counter body oscillating at a constant
amplitude. A higher frictional force can be achieved by increasing the normal force.

Temperature evolution was analyzed during the continuous testing. Different loading
sequences were applied to investigate their influences on thermal loading. Temperature
stabilization was achieved within two minutes under all loading sequences. Although the
cooling air and a longer cooling time could suppress the peak temperature, the difference in
peak-to-peak temperature within each pulse was not significantly affected, which implies a
correlation between thermal and mechanical stress. However, it is important to note that
temperature increases can change the material properties, especially for the Cu counter
body, which should be improved in future investigations.

Continuous testing in this study was limited due to the failure of the Cu counter body
after 250–350 pulses. The failure process can be characterized by various parameters, such
as energy consumption, temperature reduction, and changes in oscillation behavior. After
the fatigue failure of the Cu counter body, comparable loading conditions could not be
generated in the contact area, and the Cu counter body needed to be replaced. As the
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counter body, materials with high resistance against high-frequency dynamic loading are
desired for continuous testing in future investigations.
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