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Abstract: Ultrasonic metal welding (USMW) finds widespread utilization in automotive industries,
where it is used for connecting the wire harness of the vehicle, consisting of stranded wires, to the
terminals. However, the behavior of the strands during the compaction process is still understudied
and often overlooked. Therefore, this work focuses on the investigation of the wire compaction
behavior from a morphological point of view. A newly developed method for investigating cross-
sections of such joints is introduced, facilitating area quantification of the strands for a microscale
examination of compaction variations for every single strand as a function of welding time. It is
shown that the deformation in the wire is not homogenous throughout the wire cross-section; instead,
the formation of distinct zones is observed. Three distinct regimes dominating the welding process
were observed: (i) linear reduction in nugget height with primary compaction of the nugget and
sealing of the interstitial spaces between the strands for weld times from 0 s up to 1.3 s; (ii) accelerated
loss of nugget height due to strong plastic deformation of the strands for weld times between 1.3 s
and 1.7 s; and (iii) comprehensive welding of the individual strands and strong loss of nugget
height. Furthermore, it was demonstrated that the deformation of the wire during the USMW process
originates in the coupling area of the horn and the wire and not in the interface of the wire and the
terminal. Therefore, it can be assumed that the temperature of the interface between the horn and the
wire must be significantly higher than that of the interface between the wire and the terminal. The
presented approach and new insights into the behavior of ultrasonically welded joints of stranded
wires and terminals provide guidance for improving the welding process.
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1. Introduction

Ultrasonic metal welding (USMW) is a solid-state process wherein two or more work-
pieces are joined through frictional heat and severe plastic deformation. This versatile
technology is suitable for welding various materials, including sheets, wires, or foils, with
both similar or dissimilar joints. USMW has several advantages over conventional fusion
welding methods, such as environmental friendliness, energy efficiency, high production
rates, and the possibility of multiple layers of sheets and foils or wire strands joining in a
single operation [1-3]. Widely applied in demanding electrical and electronic applications,
USMW plays a crucial role in automotive body construction, lithium-ion battery assembly,
and electronic packaging [4].

As the industry increasingly prioritizes energy-efficient manufacturing and applica-
tions, lightweight materials in the automotive and aviation industries have become the
most efficient way to reduce environmental pollution and improve fuel efficiency [5]. No-
tably, a reduction of 100 kg in vehicle weight translates to a decrease in fuel consumption
by 0.6 L per 100 km and a reduction of 500 g of CO, emissions per 100 km [6]. In the
context of wiring harnesses, the substitution of copper wires with aluminum serves dual
purposes—lowering costs and minimizing fuel consumption.
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For such reasons, a reliable joining technique is essential to ensure a robust mechan-
ical and electrical connection between Al and Cu [7]. This raises unique challenges for
conventional joining processes due to their distinct chemical and mechanical properties.
Issues include disparate melting temperatures, preventing the formation of a common melt
pool, and the high affinity between materials above 120 °C, leading to the development
of brittle intermetallic phases. These challenges are particularly pertinent in electrical
contacts, where intermetallic phases can adversely affect mechanical strength and electrical
resistance [8]. USMW emerges as a pivotal technique for dissimilar metal joining in auto-
motive applications. It is more suitable for welding dissimilar highly conductive materials,
whereas several challenges, such as large differences in melting temperature and reactions
between dissimilar metals, limit conventional fusion welding techniques.

During the USMW process, the welding pressure facilitates the transmission of vi-
bration energy from the horn to the workpiece interface. This transfer leads to plastic
deformation and the incremental development of microjoints. As the welding process ad-
vances, these microjoints progressively extend to the welding interface, ultimately achieving
full bonding, resulting in atomic diffusion across the interface. The main parameters of
USMW are vibration amplitude, welding pressure, and welding time or energy. These
main process parameters are used to control the welding process, and the selection of
their optimal combination ensures high and stable welding quality [9]. During the actual
operation of wires, the microjoints as well as the welded surface undergo different loading
conditions. Thus, the welds should be resistant to crash impact, vibration, and fatigue, as
well as be able to maintain a robust electrical connection. While USMW is standardized for
certain applications, the joint formation and the influences on the welding process are not
yet fully understood, and the welding process is prone to influence from a large number of
variables, which lead to fluctuating joint quality and process reliability [10]. Thus far, few
studies have provided insights into the bonding mechanism of Al-Cu ultrasonic welding,
and further understanding of the joining process between these two most commonly used
metals in wiring harness applications is necessary.

Dhara and Das [11] conducted an analysis of both macroscopic and microscopic
structures in various Al-Cu joint welds. The study revealed that the superior effectiveness
of ultrasonic welding can be attributed to the mixing of materials at the interface, the
presence of wavy material flow, and the formation of microbonds at the interface. In a
systematic study, Liu et al. [12] delved into the bonding mechanism of the Cu—Al high-
power ultrasonic welding interface and explored the formation mechanism of interfacial
metal compounds. The investigation revealed that under the influence of welding pressure
and ultrasonic vibration, the grain size of pure copper along the welding interface remained
relatively unchanged. Conversely, the microstructures of aluminum alloy underwent a
transformation from elongated grain sizes to equidistant grain spacing, characterized by
properties where each atom is positioned intermediate to its nearest neighbors. Additionally,
the presence of intermetallic compounds in the joining zone is still a point of research. The
crystal lattice defect of copper exhibits a notably faster diffusion rate through the aluminum
matrix at the weld interface. This phenomenon leads to the encapsulation of copper atoms
and an excess of aluminum atoms, ultimately causing the formation of the single-metal
compound CuAl, during the welding process [12]. Similar observations were made by
Zhao et al. [13] and Wu et al. [14], who determined the intermetallic compounds of CugAly,
but on the contrary, no intermetallic compounds were observed by Balasundaram et al. [15].
Additional challenges arise due to the development of passivation layers on the Cu and
Al surfaces when exposed to oxygen as well as differences in the surface conditions of the
joining partners [16]. These instabilities reduce the contact area of the pure metals in the
welding area, subsequently elevating contact resistance. The consequence is a decrease in
mechanical properties and current carrying capacity.

Descriptions in the literature of the joining process and bonding mechanisms of ultrasonic
metal welding (USMW) often focus on sheet-to-sheet joints [17-22]. This is partly due to
historical reasons, as sheet-to-sheet joints have represented the most common application
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for USMW for a long time [23-30]. Additionally, categorizing the joining partners into
distinct “upper” and “lower” partners simplifies the explanation of the joining process.
With the increasing establishment of electromobility and the substitution of copper with
aluminum wires in automotive, aerospace, train, and shipbuilding industries, strand-to-
terminal connections are gaining prominence in the industrial application of USMW [31].

While the joining process and bonding mechanisms in the USMW of stranded wires
to terminals are fundamentally comparable to those of sheet-to-sheet joints, the complexity
of the process is significantly increased when utilizing these joining partners [32]. The wire
strand, serving as the upper joining partner, now constitutes a component composed of
multiple individual strands, numbering up to 3200. Due to their flexibility, these individual
strands can execute relative movements not only towards the terminal but also among
themselves during the joining process. The wire strand can thus be considered as an
agglomeration of multiple upper joining partners, randomly arranged in space depending
on the strand lay.

While the individual strands exhibit a certain cohesion due to the insulation material
and their twisting before the joining process, repositioning effects occur during the USMW
process due to the power ultrasound [33,34]. Another peculiarity of the USMW process for
stranded wires and terminals is the application of pre-pressure by the welding system before
the actual USMW process starts [35,36]. This pre-pressure leads to the pre-compaction of
the wire bundle, attempting to achieve uniform ultrasound transmission into the joining
partners during the USMW process [32]. Due to the confinement of the compaction space
by the so-called side shifters and the compaction of individual strands, the wire bundle
assumes a rectangular rather than cylindrical cross-section after the USMW process, forming
the so-called weld nugget or joining zone.

Furthermore, the USMW process aims not only to establish a connection between a
few individual strands and the terminal but also among the strands themselves [16]. This
is necessary because only a small proportion of the individual strands are in direct contact
with the terminal. Bergmann et al. describe the connection of individual strands to each
other [37]. While initially only a point contact between the individual strands exists, the
introduction of heat and the occurrence of plastic deformation of the individual strands
lead to inter-strand joining. Bergmann et al. also observed three different zones in the weld
nugget on cross-sections of welded connections, as shown in Figure 1.

Wire
|

Figure 1. Distinct morphological zones in the weld nugget according to Bergman et al. (adapted from
Ref. [37]).

In Zone 3, slight deformations of the cross-sections of the individual strands can
be observed, while the individual strands in Zone 2 still exhibit nearly their cylindrical
original geometry. Furthermore, defects (gaps) between the individual strands are visible
in Zone 2, indicating lower compaction than in Zone 3. Zone 1 is characterized by a high
degree of plastic deformation. The individual strands undergo intense deformation in
this zone, with such high compaction that the individual strands are visually challenging
to separate. Bergmann attributes this to the majority of welding energy being consumed
in Zone 1, which is in direct contact with the horn during the USMW process. This is
also in good agreement with the observations made by Balz, who showed that only in the
early stages of weld formation does the relative motion of the upper and the lower joining
partner contribute to the energy input into the weld [25]. According to Balz, slippage
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between the horn and the upper joining partner leads to the highest energy input. Li et al.
investigated the USMW process of aluminum and copper via laser Doppler vibrometry
and also observed slippage and stick—slip effects during the process [8].

This study extends beyond the conventional qualitative assessments of cross-sections
of these joints by implementing a quantitative analysis on the strand level, based on image
recognition techniques. This methodology aims to provide a more detailed understanding
of strand behavior and deformation mechanisms during the USMW of wires and terminals.
Systematic quantification of strand geometry and variations in the compaction distribution
throughout the weld nugget should provide insights that could facilitate the optimization
of the USMW process or help in failure analysis in the industrial usage of USMW.

2. Materials and Methods

The USMW experiments were conducted using a welding system MT8000 Power-
Wheel, manufactured by Telsonic GmbH, Bronschhofen, Switzerland. The welding system
exhibits a maximum ultrasonic generator power of 10 kW and a maximum welding force
of 8 kN. The utilized horn had a width of 12 mm and a maximum vibration amplitude
of 32 um. It also featured a zig-zag-like profile designed to optimize the coupling of the
power ultrasound into the wire. The operating frequency of the horn was set at 20 kHz.

As joining partners, copper terminals made from Cu-ETP and automotive wires
composed of the aluminum alloy AA1370A were utilized. The terminals had a length of
50 mm, a width of 22.5 mm, and a thickness of 3 mm, manufactured through waterjet
cutting from copper plates, with the longitudinal side of all terminals aligned along the
original rolling direction. The wires featured a cross-section of 50 mm? and conformed to
the FLALRY cable type (aluminum automotive wire with reduced insulation wall thickness
and polyvinyl chloride insulation). The wires comprised 247 individual strands with
maximum diameters of 0.52 mm and were pre-cut to a length of 300 mm. The insulation
was removed at a distance of 15 mm from the wire end. Before welding, the terminals were
degreased with denatured ethanol and subsequently etched in 10% sulfuric acid to remove
oxides. Suitable process parameters were determined beforehand by performing a face-
centered central composite design experiment with an optimization target of maximum
failure load. The maximum failure load achieved in the design of the experiment was
3.250 N, which was obtained by using a welding pressure of 1.5 bar, an ultrasound trigger
at a welding force of 800 N, an ultrasound amplitude of 90% of the maximum amplitude of
the horn, and a target ultrasound energy of 3500 J, which led to a weld time of 1.5 s. This
set of parameters was also used in these investigations.

For the light microscopic examination of the produced joints, initial pre-cutting was
performed using an Accutom-50 (Struers GmbH, Ottensoos, Germany). The samples were
then embedded in an epoxy resin-based cold mounting material, EpoThin (Buehler, Uzwil,
Switzerland). Initially, the embedded specimens were manually wet-ground on a rotating
disc grinder using silicon carbide abrasive papers ranging from P400 to P4000. Subsequent
polishing steps involved diamond suspensions with particle sizes ranging from 3 to 1 um on
an automatic polishing machine, Tegramin from Struers. The final polish was accomplished
using a chemo-mechanical oxidizing polishing suspension, OP-S (Struers), to remove any
embedded diamond particles from the samples. For the etching of the strands, 90 mL of
distilled water was brought to a boil with 10 mL of 40% hydrofluoric acid. Subsequently, the
solution was saturated with molybdic acid [38]. This etching process was conducted under
optical control for 15-30 s, depending on the saturation of the etchant. Light microscopic
images were taken with a Neophot 32 (Carl Zeiss Jena GmbH, Jena, Germany).

To assess the compaction ratio, bimodal analyses were conducted on the cross-sections.
First, the light microscopic images were segmented using thresholding techniques in the
open-source software Image] 1.54g (Wayne Rasband and contributors, National Institutes
of Health, USA). Subsequently, a measurement area (region of interest, ROI) was defined,
utilizing the largest rectangle inscribed within the weld nugget. The compaction ratio
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Tcompaction Was then determined by establishing the ratio between the overall number of
pixels in the image as well as just white pixels in the image via the following equation:

Tcompaction [%] =100 x Swp/Sap, 1)

where Syp stands for the number of white pixels and Sap for the overall number of pixels
in the ROL

The etching process allowed for the identification of individual wire strands even after
the USMW process, enabling quantitative analysis of individual wire cross-sections across
the entire weld nugget. Initially, using Photoshop 2024 (Adobe Inc., San José, CA, USA)
image processing software and the artificial intelligence-powered (AI) “Quick Selection
Tool”, individual wire strands were marked and selectively colored with complementary
colors, ensuring that each adjacent wire strand had a different, high-contrast color value.
Subsequently, the resulting graphic was imported into Illustrator 2024 (Adobe), a vector
graphics software, and the now distinguishable individual wire strands were vectorized
using the Image Tracer. A JavaScript was then written to number the generated shapes
and, based on the image scale, calculate their areas. Another JavaScript assigned a color
gradient to each area measurement and colored the area accordingly.

3. Results and Discussion

To investigate the macroscopic behavior of the weld nugget over time during the
USMW process, light microscopic examinations were conducted on weld conditions with
welding times incremented from 100 ms to a maximum of 2000 ms. The previously
identified optimal parameter set yielded a welding time of 1500 ms. Three samples per
weld time increment were investigated, whereas Figure 2 illustrates exemplary weld
conditions at (a) 100 ms, (b) 500 ms, (c) 1000 ms, (d) 1500 ms, and (e) 2000 ms welding time.
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(e)

Figure 2. Light microscopic images of cross-sections of joints welded with (a) 100 ms; (b) 500 ms;
(c) 1000 ms; (d) 1500 ms; and (e) 2000 ms.

As anticipated, there is a consistent reduction in nugget height with increasing welding
time across all time steps. Additionally, a decrease in defects (weld flash) can be observed
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with prolonged welding time, attributed to the increasing compaction and plastic deformation
of the weld nugget. For a more precise evaluation of the defects, the compaction ratio was
calculated using bimodal analysis. Furthermore, a determination of the time-dependent
nugget height was conducted. The trends of both parameters are depicted in Figure 3.
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Figure 3. Average compaction and average nugget height as a function of welding time.

The compaction of the weld nugget exhibits a linear increase up to a welding time of
1.5 s, after which it shows a degressive behavior up to a welding time of 2 s. As evident in
Figure 3, the compaction ratio rises due to the increasing closure of gaps between the strands
caused by the deformation of individual wire strands, which approach an ideal honeycomb-
like geometry during the welding process. Additionally, from the light microscopic images,
it can be observed that the compaction initiates in the horn-proximal region initially, and
until a welding time of 1.5 s, there are still visible gaps between the strands in the terminal-
proximal area. From this welding time onward, the individual wire strands closest to the
terminal undergo sufficient deformation, closing the remaining gaps between the wires, and
the compaction ratio approaches a value of 100%. From this behavior, it can be assumed
that the highest energy input in the welding zone occurs at the interface of the horn and
the horn-proximate strands, which is in good agreement with the observations of Balz, who
observed this behavior for sheet-to-sheet USMW joints of copper [25].

The nugget height decreases almost linearly up to a welding time of 1.5 s but then
decreases progressively until the maximum welding time of 2 s. This behavior can be
attributed to the continuous plasticization of the individual wire strands due to increasing
overheating of the weld nugget, which offers no resistance to the horn penetration. With
the continued progression of the USMW process, it is anticipated that all aluminum from
the strands will be displaced from the joining zone.

Subsequently, quantification of individual wire strand areas was conducted to assess
the development of the joining zone morphology. Figure 4 shows the results and skips, for
the sake of clarity, at every second welding time increment.

Quantification of individual wire strand areas reveals that there is no uniform defor-
mation of the individual wire strands within the weld nugget. Instead, distinct local zones
with a clear structure emerge during the USMW process. At the beginning of the welding
process, a reduction in individual wire strand areas occurs only in the horn-proximal region
within the upper two layers of individual wire strands. With increasing welding time, this
reduction in the area gradually extends towards the terminal-proximal wire strands. From
a welding time of 0.5 s (Figure 4c) onwards, the first significant cross-sectional reductions
appear in the terminal-proximal layer of individual wire strands. Up to a welding time of
1.3 s, sealing of the interstitial space between the strands can be observed.



Metals 2024, 14, 362

7 0f 10

s 242
ot

o0

) ),
Wire strand area [mm?] .
® Initial strand area
9 12-10° 2.12-10" mm? (@ 0.52 mm)
5.97-10° ' 2.92:10"
(k)

Figure 4. Wire strand area for distinct welding times for (a) 100 ms; (b) 300 ms; (c) 500 ms; (d) 700 ms;
(e) 900 ms; (f) 1100 ms; (g) 1300 ms; (h) 1500 ms; (i) 1700 ms; (j) 1900 ms; (k) legend.

Even at the optimal welding time of 1.5 s (Figure 4h), there is still no homogeneous
distribution of individual wire strand cross-sectional areas. The terminal-proximal layer
of wire strands still exhibits larger cross-sectional areas, some of which are still close to
the initial cross-section. In the horn-proximal region, further significant reductions in
cross-sectional areas occur from a welding time of 1.5 s onwards, spreading towards the
terminal during the overwelding phase. Starting at a welding time of 1.9 s (Figure 4j), severe
deformation of the individual wire strands occurs in the horn-proximal area in such a way
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that, even after subsequent molybdenum and hydrofluoric acid etching, they cannot be
differentiated. The regions where quantification was no longer possible due to this reason
were colored grey. Even after reaching the maximum welding time of 2 s, the cross-sectional
areas of the terminal-proximal individual wire strands significantly differ from those of
the remaining individual wire strands in the weld nugget. The cross-sectional areas of the
terminal-proximal wire strands vary throughout the entire welding time between the initial
cross-section and the mean cross-section of all other individual wire strand areas. This
observation is attributed to the fact that the ongoing joining of most terminal-proximal wire
strands to the terminal prevents further cross-sectional reduction. From the observations, it
can be deduced that there are three distinct regimes dominating the welding process:

1. Linear reduction in nugget height with primary compaction of the nugget and sealing
of the interstitial spaces between the strands for weld times from 0 s up to 1.3 s;

2. Accelerated loss of nugget height due to strong plastic deformation of the strands for
weld times between 1.3 s and 1.7 s;

3.  Comprehensive welding of the individual strands and strong loss of nugget height.

In contrast to the observations of Bergmann et al., the distribution of deformations
throughout the different zones is not Zone 1 > Zone 3 > Zone 2 (from highest to lowest) but
instead Zone 1 > Zone 2 > Zone 3 [37].

Figure 5 illustrates the distributions of individual wire strand cross-section areas.
Figure 5a presents an exemplary histogram of the distribution of individual wire strand
areas for a welding time of 0.5 s.

50

45 Bins | = | | Wire strand 45 Bins each | [10.1s
Kernel | 2| | area [mm?’] 5 03s
407 smoothing 175 5.97:10° | 05s
! 2.12:10 ! 0.7s
€ 30 i . | 09s
é : g | f11s

|
| ] £ [13s
<20 | < I 115s
; : f17s
10+ 1 | f19s

I 2.92-10™ I

0 ] '

0
0.04 0.12 0.2 0.04 0.12 0.20
Wire strand area [mm?] Wire strand area [mm?]
(a) (b)

Figure 5. Wire strand distribution for (a) a welding time of 500 ms; and (b) all investigated welding times.

To examine the distribution of individual wire strand areas in relation to welding time,
a kernel smoothing of the histogram was initially performed using a bandwidth estimation
according to Scott [39], represented by the dark gray line in Figure 5a. Figure 5b presents the
color-coded kernel smoothing curves for welding time increments in a single histogram. For
clarity, only every second increment is visualized here as well. As welding time increases,
the homogenization of cross-sectional areas diminishes further. At a welding time of 0.1s, a
majority of cross-sectional areas are concentrated around a value of 0.19 mm?. At a welding
time of 1.9 s, the cross-sectional areas are distributed across a spectrum of 0.04-0.16 mm?.
The peak values progressively decrease with advancing welding time. The investigations
reveal that a homogeneous distribution of individual wire strand deformations is not
necessary for a successful USMW process. An even distribution of cross-sectional areas at
the optimal welding time of 1.5 s, equivalent to a broad distribution function as depicted
for such welding time in Figure 5b, resulted in the highest connection strengths according
to the design of experiments.
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4. Conclusions

This study delves into the morphological evolution of the weld nugget during USMW
over varying time intervals (100 ms to 2000 ms). The key findings include a consistent
reduction in nugget height and a decrease in the number of defects with prolonged welding
time. The compaction of the weld nugget exhibited a linear increase up to 1.5 s, followed
by a degressive trend. Notably, compaction initiation occurred in the horn-proximal region
and progressed toward the terminal. The demonstrated novel approach for quantifica-
tion of individual wire strand areas revealed non-uniform deformation patterns, forming
distinct local zones. Even at the optimal welding time, a homogeneous distribution of cross-
sectional areas was not achieved, emphasizing the complexity of the deformation process.
It was observed that the terminal-proximal strands exhibited only low deformation, which
could be attributed to the ongoing joining of these strands to the terminal, which prevented
further cross-sectional reduction. It was demonstrated that the quantification approach
provides new insights into the behavior of ultrasonically welded joints of stranded wires
and terminals. Whereas the quantification itself was easily automated through the utiliza-
tion of JavaScript, the preliminary and manual step of exposing each singular strand via
image processing proved to be time-consuming and not feasible for industrial application.
However, with the advent of artificial intelligence in image recognition, it can be assumed
that this step can be automated too.
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