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Abstract: Ultrasonic metal welding is an energy-efficient, fast and clean joining technology without
the need of additional filler materials. Single spot ultrasonic metal welding of aluminum to steel
sheets using automotive materials has already been investigated. Up to now, further studies to
close the gap to application-relevant multi-metal structures with multiple weld spots generated
are still missed. In this work, two different spot arrangements are presented, each consisting of
two weld spots, joined 0.9 mm thick sheets of wrought aluminum alloy AA6005A-T4 with 1 mm
sheets of galvannealed (galvanized and annealed) dual-phase steel HCT980X. An anvil equipped
with variable additional clamping punches was used for the first time. The tensile shear forces
reached 4076 ± 277 N for parallel connection and 3888 ± 308 N for series connection. Temperature
measurements by thermocouples at the interface and through thermal imaging presented peak
temperatures above 400 ◦C at the multi-metal interface. Microscopic investigations of fractured
surfaces identified the Zn layer of the steel sheets as the strength-limiting factor. Energy-dispersive
X-ray spectroscopy (EDX) indicated intermetallic phases of Fe and Zn in the border areas of the weld
spots as well as the separation of the zinc layer from the steel within these areas.

Keywords: multi-spot ultrasonic welding; multi-metal structures; aluminum alloy sheet; galvan-
nealed dual-phase steel sheet; zinc layer; intermetallic phases

1. Introduction

Ultrasonic welding is an established joining method in the industry. Ultrasonic plastic
welding is used for fast and clean assembly of claddings and shells, whereas ultrasonic
metal welding enables the joining of cable harnesses and is used in battery applications.
An increasing need for electrical control of components alongside the growing demand for
batteries in the automotive sector are good growth prospects for the solid state technique.
The advantages of ultrasonic metal welding include energy efficiency, short cycle times as
well as low and local heat exposure without the need for welding consumables [1]. The
ability to join materials with very different melting temperatures, since the process takes
place in the solid state, is another essential feature [2]. Due to the desired reduction in the
weight of vehicle bodies in mass production, there is a trend towards a combination of
steel, aluminum and other lightweight materials for the body in white [3].

Adhesive bonding is a standard joining technique in car body construction, especially
for dissimilar materials. It seals the contact areas and insulates the materials to prevent
electrochemical corrosion. Normally, adhesive bonding is used in combination with other
joining techniques as hybrid joints. Since conventional resistance spot welding (RSW)
cannot simply join aluminum and steel, processes have been developed that usually work
with additional components. In resistance element welding, an easily meltable steel rivet
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is stamped into the aluminum sheet as an auxiliary joining element during the pressing
process. The rivet is subsequently joined to a steel sheet by resistance spot welding. Friction
element welding uses a friction drilling element that pierces the soft aluminum and creates
a rotary friction weld in contact with the steel plate [4]. Blind riveting requires a previous
process step to create a hole and can be used when the joint is only available from one
side. Self-piercing riveting (SPR) does not require a pre-drilled hole. The rivet pierces the
punch-side sheet and penetrates the die-side sheet. In solid punch riveting, the rivet cuts
both sheets and fills the resulting hole. The process is particularly suitable for joining high-
strength materials with low ductility [5]. Screws can also be used for structural connections
with single-sided accessibility. Flow drill screws (FDS) do not require prefabricated holes,
since they cut the hole and thread themselves [6]. Friction stir spot welding (FSSW) takes
place in solid state, a pin mixes the plasticized materials. When the tool is retracted, an
undesirable keyhole is created by default [7]. The process time is usually longer than for
ultrasonic metal welding.

Since the joining of aluminum and steel by ultrasonic metal welding requires no
additional elements and no special pre-treatment, the process is interesting for industrial
applications due to potential time and cost savings. The production of primary structures of
a car body requires the ability to join several adjacent spots one after the other. In ultrasonic
welding, oscillations generate the joints, but can also loosen them again. Therefore, the
investigation of multi-spot welds is necessary to support the transition from laboratory to
component level.

Published studies on ultrasonic welding of aluminum and steel sheets mainly use
automotive related materials, but usually, only a single spot connects the sheets. One
focus of the investigations is the occurrence of intermetallic phases or compounds (IMC)
at the weld spot, which can weaken the strength of the joint due to their brittleness [8].
Munoz-Guijosa et al. [9] welded cold-rolled high tensile strength steel to AA6061-T4 using
a perpendicular ultrasonic joining method. Investigations by scanning electron microscopy
and auger electron spectroscopy could not detect any intermetallic layer. Watanabe et al. [10]
revealed that the occurrence of the intermetallic phase Fe2Al5 was dependent on the
welding time when welding AA5052-H24 with SS400 mild steel. Xu et al. [11] welded
AA6111 as well as AA7055 to low-carbon steel DC04 and found that Fe2Al5 was the first
IMC phase to constitute. FeAl3 followed as the second phase at longer welding times.
Mirza et al. [12] created joints of AA6061-T6 and AISI 304 as well as ASTM A36 and
discovered FeAl3 as the main intermetallic phase in both joints. Additional phases Fe2Al5
for AA6061-T6/AISI 304 joints and Fe3Al for AA6061-T6/ASTM A36 joints were identified.
Furthermore, increasing welding energy or time resulted in a growing IMC layer.

Macwan et al. [13] joined AA6111-T4 to hot-dip galvanized high-strength low-alloy
(HSLA) steel and detected the formation of an Al-Zn eutectoid/eutectic interface layer
due to accelerated diffusion. High welding energy resulted in a very thin intermetallic
layer of FeAl3. Patel et al. [14] joined AA5754-O to cold-rolled hot-dip galvanized HSLA
steel. They confirmed eutectic Al-Zn film at the weld interface and the intermetallic phases
Fe2Al5 as well as FeAl3 by X-ray diffraction (XRD). At the same time, they could not detect
intermetallic phases of Fe-Zn. Mirza et al. [8] had nearly the same results when welding
AA6061-T6 and galvanized HSLA steel. The only difference was that they could not detect
the phase Fe2Al5.

Haddadi et al. [15] investigated ultrasonic spot welding of AA6111-T4 to hot dipped
zinc coated DX56-Z steel and galvannealed (galvanized and annealed) DX53-ZF steel. For
both steel sheets, melting of the zinc layer was observed during welding, whereby the
galvannealed layer only melts at higher temperatures due to the intermetallic phases. The
galvannealed zinc coating was composed of a thin layer with Fe3Zn10 (Γ) as well as Fe5Zn21
(Γ1) at the steel-zinc interface and overlying layers with FeZn10 (δ) and FeZn13 (ζ). Haddadi
and Abu-Farha [16], as well as Haddadi [17], reported further investigations of these joints.
The brittleness of the lower intermetallic layers Fe5Zn21 and Fe3Zn10 appears to determine
the strength of the joint.
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No results on multi-spot aluminum to steel joints have been published so far to the
authors’ knowledge. In this work, joints are studied with two weld spots created one after
the other. The focus is on the arrangement of the weld spots and their effect on the process
properties. For the first time, additional clamping punches are used in ultrasonic welding
of aluminum to steel sheets and their influence on the joining process is investigated. The
joints are optimized for the highest possible and at the same time reliable tensile shear
forces. The welding energy, the oscillation amplitude and the welding force are determined
by a specific design of experiments. The combination of soft aluminum and hard steel as
well as the corrosion-protective zinc layer of the steel sheet limit the performance potential
of the process.

2. Materials and Methods

The materials used in this investigation originate from the production of Toyota car
bodies. Table 1 displays maximum values or ranges of alloying elements in mass percentage
provided by manufacturers, and Table 2 shows the tensile test results. Constellium (Neuf-
Brisach, France) delivered the aluminum wrought alloy AA6005A in form of 0.9 mm
thick sheets in condition T4 (solution annealed and cold aged), with Vickers Hardness
rating of 80 HV1. This alloy is typically used for outer sheets, doors, hoods as well as
inner sheets due to its surface quality. Voestalpine (Linz, Austria) contributed 1 mm thick
sheets of dual-phase HCT980X steel. The ferritic matrix of this steel contains martensitic
islands at grain boundaries while a galvannealed coating protects the surfaces against
corrosion. This galvannealed coating is applied using a standard galvanizing process
followed by annealing, allowing inter-diffusion between iron and zinc, as described by
Wienströer et al. [18]. A multi-layer coating with intermetallic Fe-Zn phases is created
through this process, and a Vickers hardness of 304 HV10 is achieved. The thickness of
the Zn coating is approx. 10 µm and has also been verified by electron microscopy in the
delivery condition. HCT980X is used for reinforcement or support in crash relevant parts
that are susceptible to corrosion, e.g., A-/B- or C-pillar reinforcements.

Table 1. Chemical composition of the chosen aluminum and steel sheets in mass % (provided by Constellium and Voestalpine).

Specimen Chemical Composition [Mass %]

Al Fe Si Mn Mg Cu Cr Ni Zn Ti

AA6005A
[Constellium] bal. <0.35 0.5–0.9 <0.2 0.5–0.7 <0.2 <0.1 0.1 <0.1 <0.1

Al Fe Si Mn C P S Cr + Mo Nb B

HCT980X
[Voestalpine] - bal. 0.12–0.25 2.0–2.5 0.16 ≤0.08 ≤0.015 ≤1.4 0.015–0.03 ≤0.005

Table 2. The results of tensile tests according to the DIN EN ISO 6892-1 Process A and tensile
specimen H 20 × 80 in the rolling direction according to the DIN 50125: yield strength (σy), ultimate
tensile strength (UTS), Young’s modulus (E) and elongation at fracture (A80mm).

Specimen
Tensile Properties

σy
[MPa]

UTS
[MPa]

E
[GPa]

A80mm
[%]

AA6005A-T4 155 ± 1 269 ± 1 69 ± 1 27.5 ± 0.2
HCT980X 705 ± 4 1068 ± 4 201 ± 3 13.1 ± 0.2

The spot welding system consists of a commercially available Branson (Emerson
Electric, St. Louis, MO, USA) Ultraweld L20 with a maximum output of 4000 W, equipped
with a custom-made anvil, as shown in Figure 1a. Figure 1c shows the schematic layout
of the ultrasonic metal welding machine with components oscillating at 20 kHz in the
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direction of their symmetry axis. An exchangeable tip with two coupling surfaces, carrier
sonotrode and nut make up the multi-part sonotrode of the system. The square coupling
surface of the tip, measuring 8.86 × 8.86 mm2, is shaped with a wave profile as shown in
Figure 1a,b. The alignment of the wave profile is perpendicular to the oscillation direction
to ensure better transmission of the ultrasonic oscillation and reduce relative movement
between the sonotrode and the sheet on the tool side. The welding force FUS is generated
pneumatically up to 3500 N and presses the sonotrode onto the sheets placed on the anvil
during welding. The anvil offers the possibility to move the specimen support along the x
and y-axes and provides an additional clamping force up to 3000 N using various clamping
punches. An integrated force measurement system monitors the welding force FUS and the
additional clamping force FCL. To avoid any movement between the joining partner on
the anvil side and the anvil itself, a pyramidal profile (Figure 1a) covers the entire contact
surface of the anvil.
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Figure 1. (a) Branson Ultraweld L20 with anvil; (b) geometry of overlapping specimens; and (c)
schematic representation of main principle and setup, oscillation direction (u). All dimensions in mm.

AA6005A was used as the upper sheet for all experiments, since this leads to less wear
at the coupling surface compared to when steel is used on the tool side. The short cantilever
length of the multi-part sonotrode limited the sample width to 40 mm, so that welding of
spots exactly in the middle of the sample was enabled. Both sheets were 80 mm long (in
rolling direction), the overlap length was 40 mm (marked by a dotted line in Figure 1b),
resulting in a square overlap area of 40 × 40 mm2. Complex pre-treatments of the materials
were avoided to emulate the testing conditions as close as possible to the application. The
sheets were only wiped with ethanol prior to welding to ensure removal of dirt or grease.

During specific welding tests, a Micro-Epsilon (Ortenburg, Germany) TIM infrared
camera (32 frames per second) recorded the temperature profile at the edge of the interface
between the sonotrode tip and the aluminum surface. As described by Patel et al. [14],
tensile shear tests were performed at a constant speed of 1 mm/min in the air at room
temperature using a ZwickRoell (Ulm, Germany) Z020 universal testing machine. The
samples were prepared as described by Haddadi and Abu-Farha [19] and microscopically
examined using the Zeiss (Oberkochen, Germany) Smartzoom 5 digital optical microscope
and characterized in the Zeiss EVO 15 scanning electron microscope (SEM) equipped with
energy-dispersive X-ray spectroscopy (EDX).
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3. Results and Discussion
3.1. Process Development

Figure 2 shows two investigated spot arrangements, named with reference to electrical
circuits: parallel connection (PC) and series connection (SC). The critical factor was the
arrangement of the spots in relation to the specimen’s longitudinal axis, i.e., the direction
of the force during tensile shear testing. Preliminary tests showed that an existing joint
came loose without additional clamping, when a subsequent spot was welded. This was
independent of the geometrical spot arrangement and the welding parameters used. At
least one additional clamping punch was deemed necessary to protect previously welded
joints in this process. In both cases, illustrated in Figure 2, Spot A is welded before B. For
PC, a flat punch with a contact surface of 10 × 8 mm2 clamped both sheets in front of the
tool in the direction of oscillation (Figure 2a). The punch was kept in place next to the
sonotrode regardless of whether it covered a joint or not, which was the case when welding
the first Spot A. For SC, punches with a pyramidal profiled contact surface of 9 × 36 mm2

clamped the sheets laterally to the tool with a center-to-center distance of 16 mm each
(Figure 2b). While welding Spot A, only one punch was used in the overlap area, whereas
during welding of Spot B, two punches were applied on both sides of the tool. In the latter
case, one of the punches partially covered the Spot A, while the other lied on the aluminum
sheet outside the overlap area.
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Figure 2. The spot arrangements and schematic illustrations of the sonotrode and the clamping
punches being used to weld Spots A and B, in (a) parallel and (b) series configuration. All dimensions
in mm.

In the energy-controlled approach shown in this investigation, the main welding
parameters were the welding energy (WUS), the oscillation amplitude (u), the welding force
(FUS) and the additional clamping force (FCL). Tensile shear force (FTS) represented the
main quality criterion for the overlapping Al/steel joints, with the aim being quantitatively
reliable reproduction of weld quality and strength. Due to the high hardness of the
HCT980X, a sufficient combination of oscillation amplitude and welding force was required
to flatten its surface roughness on the microscopic scale. This enabled large surface area
of contact at the aluminum and steel interface, which is a key factor in ultrasonic metal
welding. Since AA6005A was the joining partner on the tool side, the sonotrode had to
transmit both the oscillations and the welding force via the aluminum to the interface. The
sonotrode surface pattern sometimes caused deep imprints on the low-hardness aluminum
sheets depending on the experimental parameters. These deep indentations often led to
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cracks in the Al sheet at the edges and were sometimes seen to grow into the adjacent
material as well. These cracks were seen to fail prematurely during tensile testing, resulting
in a significant increase in the scatter of the tensile shear strength across all samples.

The optimization of the weld parameters to obtain joints with a reliable strength was
the main challenge of this work. Initial tests defined general parameter ranges for both
spot arrangements and provided the basis for design of experiments (DoE). The software
MODDE® Version 12.1 (Sartorious Stedim Data Analytics AB, Umeå, Sweden) was used to
set up a quadratic model and a central composite circumscribed (ccc) design including star
points to set up a test plan. The DoE was based around three parameters, namely, welding
energy, oscillation amplitude and welding force. The test plan included 108 welds for each
of the two spot arrangements, with a total of 336 welds for PC and 410 for SC. Table 3
shows the parameter sets for PC and SC with the highest tensile shear forces FTS and best
reproducibility. The additional clamping forces FCL were determined in preliminary tests
and the possibility of using different parameter sets for the Spots A and B. For PC, positions
of Spot A and B are mirrored in reference to the longitudinal axis of the specimen. From a
geometric point of view, the use of the same parameters was reasonable. The parameters
were kept unaltered for first and subsequently welded spots. Although welding of Spot A
of SC employed only one additional clamping punch, which was loaded with 800 N and
placed with a center-to-center distance of 16 mm, welding of Spot B was also performed
with the same parameters. In this case, the additional clamping force was split between
the two punches, and the position of Spot B was not geometrically equivalent to Spot
A. However, when Spot B was welded, the sheets were already joined at Spot A with a
center-to-center distance of 20 mm. Tests revealed best results when choosing the same
parameters for A and B for both spot arrangements.

Table 3. Parameter sets for ultrasonic spot welding of PC and SC with the highest tensile shear forces
FTS and best reproducibility: welding energy (WUS), oscillation amplitude (u), welding force (FUS),
additional clamping force (FCL) and tensile shear force (FTS).

Specimen
Process Parameters Tensile Shear

Force FTS
[N]

WUS
[Ws]

u
[µm]

FUS
[N]

FCL
[N]

PC 2000 22.5 1485 1000 4076 ± 277
SC 2900 27.5 2700 800 3888 ± 308

Based on the results of DoE, the MODDE® software calculated predictions for the
tensile shear forces in the entire experimental space. Figure 3 shows the effect of the
welding energy WUS and the oscillation amplitude u on the tensile shear force FTS. For the
parameters shown in Figure 3, welding force FUS kept constant at 1485 N for PC and at
2700 N for SC. It can be seen that the parameters shown in Table 3 lie within the displayed
maxima. This was further confirmed by validation experiments performed at different FUS
values. The average tensile shear forces of 4076 ± 277 N for PC and 3888 ± 308 N for SC
confirmed these models.

Although the tensile shear forces are in a close range, the process parameters show
considerable differences. The values of the welding energy, the oscillation amplitude as
well as the welding force are significantly higher for the series configuration than for the
parallel configuration. This can be attributed to the fundamentally different positions
of the weld spots and clamping punches as well as the variation of the clamping punch
geometry. Large-area clamping punches at the sides of the sonotrode cause improved
restrictions on the freedom of movement of the aluminum sheet. This results in a higher
oscillation amplitude and welding force to enable sufficient relative movement between
the sheets to form a joint in the solid state. Simultaneously, the energy input into the areas
of the clamping punches appears to be so large that the welding energy for the series
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configuration must be significantly increased compared to the parallel configuration to
conduct sufficient energy at the interfacial area.
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All further experiments used the parameters in Table 3 as the baseline. Figure 4 shows
welded and tensile shear tested samples for both spot configurations. The joints failed at the
interface and did not reveal any significant visual differences between the first and second
spot. Mechanical testing caused slight plastic deformation of the aluminum sheets in the
area of the weld spots, resulting in small bulges towards the steel sheets. To examine the
mechanical performance of the individual spots, eight PC specimen cross-sections were cut
along their longitudinal axis and tested for their tensile shear forces. These tests revealed
almost equal results (2143 ± 180 N for Spot A and 2241 ± 272 N for Spot B). This confirmed
the identical quality of both spots and their even load distribution in uncut samples.
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3.2. Process Analysis

The temperature characteristics of the welds were investigated using a thermal/infrared
camera and NiCr-Ni thermocouples in separate tests. The thermocouples were placed at
the center of each weld spot at the interface of the two materials, as shown in Figure 5a–c.
The thermocouples were introduced into the setup by removing a minimal amount of
material from the steel sheets. Since the presence of the thermocouples could adversely
affect the results, experiments were performed both with and without the thermocouples.
Infrared imaging was carried out, however, for all the tests. Figure 5d and e show the
measurement spots of the thermography for PC and SC respectively. Due to the position of
additional clamping punches, thermal data of the sonotrode tip could only be collected
in the direction perpendicular to that of the oscillation for PC and in the direction of the
oscillation for SC. For both PC and SC, three spots were evaluated between the tip and
the aluminum sheet, shown as T1, T2 and T3 in Figure 5. For each test, the temperatures
observed at these three spots were averaged.
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Figure 5. Schematics illustrating the temperature measurement setup. Thermocouple placements for
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Figure 6 shows four characteristic diagrams with the generator power and the ther-
mocouple temperatures for ultrasonic welding of both spots of both connection types.
For both parallel and series configuration (shown in Figure 6a–d respectively), the peak
temperature values observed at the spots being welded were comparable (around 450 ◦C
for PC and 510 ◦C for SC). This can be attributed to the use of identical welding parameters.
Higher welding energies, amplitudes and forces used for the series configuration resulted
in higher peak values for generator power and temperatures as compared to those of the
parallel configuration. Prangnell et al. [20] observed temperatures exceeding 500 ◦C at the
interface of AA6111-T4/DC04 joints for welding times longer than 1.5 s. They explained
the long welding times for aluminum/steel joints with delayed welding due to interfacial
locking caused by very high clamping pressures. For both configurations, it was seen that
the slope at the beginning and the peak value of the temperature at the open Spot B was
higher during the welding of Spot A, compared to the temperature at the welded Spot
A as Spot B was being welded. The heat was generated by conduction from the welding
spot and friction between the clamping punch and the aluminum sheet. Furthermore, if
the sheets were not joined at Spot B during the welding of Spot A, friction between the
sheets at Spot B could occur, leading to the measurement of a higher temperature. Table 4
also reflects this, presenting the average results of the measurements. The distribution of
the measured values could be caused by the thermocouples in particular, as deviations in
shape and position could occur.
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Although the parameters used for both spots were identical, their welding times
differed considerably for both connection types. The standard deviation of the welding
times was low, albeit with a longer second weld for PC and a longer first weld for SC. For
SC, the shorter welding time of Spot B is due to the clamping punches on both sides and
the Spot A already welded. Increased power is required to achieve the nominal oscillation
amplitude due to the limited movement of the aluminum sheet. Compared to Spot A, the
same amount of energy at high power input results in a shorter welding time for Spot B. In
the case of PC, the increased power required to weld the first spot can be attributed to the
needed energy input in the additional clamping area. The joining partners are able to move
against each other, which is no longer possible during welding of the second spot. This
results in the opposite development of the welding times for the two spot arrangements.
Based on these results, the presence of a previously welded spot did not allow a general
prediction of the welding time of a second spot. The specific configuration is crucial. The
peak temperatures generated at a weld spot were independent of the welding time and the
power-time curve of the generator. The amount of welding energy, which was the same for
both weld spots of the two configurations, ultimately determined the peak temperature in
the joining zone.

Table 4 shows a comparison of the simultaneously taken thermocouple and infrared
camera readings. For PC welds, an average temperature difference of 177.5 ◦C for Spot A
and 178.5 ◦C for Spot B were observed, whereas in the series configuration these tempera-
ture differences were seen to be 214 ◦C and 196.4 ◦C, respectively.

Compared to tests performed with the infrared camera only, the measurements with
thermocouples showed slightly lower peak temperatures for PC and higher for SC. Due to
the position of the weld spots at the edges of the sheet, the parallel configuration means that
the steel sheet is only machined within the joining zone for the thermocouple placement
without significant effects on the measured temperature. For the SC configuration, the
steel sheets were machined to incorporate the thermocouples. Therefore the initial material
volume underneath the interface area was reduced and is no longer available for dissipating
the process heat. A simplified calculation could support this assessment. Consequently, a
higher peak temperature could be measured in the joining zone.
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In general, the thermocouple measurements can be considered as representative with
increased temperatures for SC. For all weld spots, the average peak temperature was above
400 ◦C and thus above the eutectic temperature of 381 ◦C of the Al-Zn system, enabling the
formation of a liquid Al-Zn phase at the welding site [21].

Table 4. Results from the thermal analysis in relation to welding times and peak generator powers during ultrasonic spot
welding of AA6005A to HCT980X.

Welding
of

Welding
Time tUS

[s]

Max.
Generator
Power [W]

Spot A
Measurement of Max. Temperatures

[◦C]

Spot B
Measurement of Max. Temperatures

[◦C]

Thermo-
Couple (TC)

Camera
with TC

Camera
without TC

Thermo-
Couple (TC)

Camera
with TC

Camera
without TC

PC Spot A 1.65 ± 0.06 1607 ± 124 424.6 ± 54.4 247.1 ± 28.1 255.9 ± 27.7 182.2 ± 73.1
PC Spot B 1.99 ± 0.06 1500 ± 57 109.7 ± 11.7 436.6 ± 55.8 258.1 ± 28.1 263.9 ± 19.3
SC Spot A 2.41 ± 0.20 2297 ± 175 518.5 ± 5.0 304.5 ± 27.6 270.1 ± 17.5 156.7 ± 8.1
SC Spot B 1.90 ± 0.27 2450 ± 230 113.7 ± 6.1 494.5 ± 21.9 298.1 ± 10.0 245.9 ± 10.5

3.3. Microscopic Analysis

Further investigations included analyses by optical and scanning electron microscopy
(SEM). Figure 7a,b show optical micrographs of cross-sections of the Spot A of the parallel
and series configuration. The Zn layer is clearly visible in both images. However, inhomo-
geneities can be seen at the contact surface of the steel and Zn layer. These inhomogeneities
increasingly occur at the edges of the weld spots. EDX mappings (Figure 7c,d) revealed
incorporation of zinc into the aluminum. Haddadi et al. [15] observed similar conditions in
AA6111-T4/DX53-ZF welds and attributed this to diffusion as well as the formation of a
liquid Al-Zn film at a temperature above 400 ◦C. They described a limited stepwise melting
of the galvannealed coating during a short ultrasonic welding cycle due to the layers of
intermetallic Fe-Zn phases with different individual melting temperatures. Compared to
the AA6111-T4/DX53-ZF welds, the AA6005A/HCT980X joints did not show an extensive
penetration of Zn along grain boundaries into the aluminum sheet. The initial thickness of
the Zn layer prior to welding is approx. 10 µm and was not significantly reduced by the
ultrasonic welding process.
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Figure 7. Optical micrographs and superimposed SEM/EDX maps of the Al/steel interfaces at
welding spots for (a,c) parallel layout as well as (b,d) series layout.

The fractured surfaces were characterized post-failure using EDX spot measurements.
Figure 8 shows SEM images for (a) PC and (b) SC from the aluminum and steel sides,
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respectively. The results of EDX spot measurements are displayed in atomic percentage for
the three main elements in the order Al/Fe/Zn beside the spots. The elemental distributions
may indicate intermetallic phases. However, this is inconclusive at present and can be
treated as an indicator. All images in Figure 8 show borders of the weld spots. In both spot
configurations, either very little or no aluminum was observed in the area of the weld spot
on the aluminum side. Iron and especially zinc are the predominant elements in this area.
According to Haddadi [17], a stoichiometric analysis of the two spots 1.74/25.56/71.05
and −/23.94/74.77 suggests that it could be the intermetallic phase Fe3Zn10. At the edges
of weld spots, the compositions −/17.98/81.44 and −/12.05/87.56 indicate Fe5Zn21 and
FeZn10, respectively. On the steel side of the weld spots, iron is predominant with zinc
also present in smaller quantities. At the borders are several areas which mainly contain
aluminum. −/11.8/88.2 indicates the presence of the intermetallic phase FeZn10.
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Figure 8. SEM images including EDX spot measurements of the fractured surfaces after tensile shear
tests for (a) parallel and (b) series configuration.

EDX mapping provided a detailed overview of the fractured surfaces of the sheets.
Figure 9 shows two superimposed images for the parallel configuration, where the elements
are illustrated in different colors. The aluminum side exhibits Zn and Fe in the area of the
weld spot and an adjacent transition zone mostly composed of Zn. There is also a transition
zone on the steel side, and white circles highlight aluminum spots. The area of the weld
spot contains Fe almost exclusively.

The fracture surface analysis findings indicate that the aluminum joined well with
the Zn layer as this layer mostly remained on the Al sheet. After welding, the connec-
tion between Al and Zn seems to be better than the connection between steel and its Zn
layer. Figure 10 schematically illustrates the surface conditions of the sheets after tensile
shear testing. As measurements detected aluminum spots on the steel side, breaking off
the Zn layer seems not to be the only failure mode. This indicates partial failure in the
cohesion of the Al sheet. Haddadi and Abu-Farha [16] investigated the ultrasonic welding
of AA6111-T4/DX53-ZF and concluded that the ultrasonic oscillation could damage the
brittle intermetallic phases Fe3Zn10 and Fe5Zn21 of the Zn layer. These were possible
starting points for cracks. They discovered that the phases were present in the hard galvan-
nealed zinc layer when the steel sheet was in its delivery condition. EDX measurements
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on cross-sections of HCT980X in delivery condition could also indicate the existence of
intermetallic phases.
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3.4. Classification and Assessment

Since all weld spots at the interface are approximately 9 mm × 9 mm, the tensile
shear strengths are calculated to approx. 25 MPa for PC and 24 MPa for SC. Compared
to publications on welding 6000 series aluminum alloys to galvanized steels by other
techniques, these strengths are in some cases significantly lower. However, it should be
noted that often steels with different mechanical properties and other galvanizing processes
were used. Cao et al. [22] welded 1 mm thick AA6061-T6 to 1 mm thick galvanized steel
using cold metal transfer (CMT) spot plug joining and achieved a tensile shear strength
of approx. 50 MPa. Chen et al. [23] joined a 1.2 mm thick AA6022-T4 sheet and a 2.0 mm
thick hot-dip galvanized low carbon steel sheet (HDG LCS) by resistance spot welding
(RSW) and obtained a tensile shear strength of 105 MPa. Yuce et al. [24] joined 1 mm thick
AA6082-T6 and 0.8 mm thick DP600 steel with a zinc coating by laser welding and reported
a tensile shear strength of approx. 109 MPa. Liyanage et al. [25] used friction stir spot
welding (FSSW) to join 1.15 mm thick AA6111-F and 1.8 mm thick zinc coated low carbon
steel. They achieved a tensile shear strength of approx. 127 MPa.

To assess the influence of the Zn coating on the performance of the AA6005A-T4/HCT980X
joints, some welding trials were done without Zn coating. The Zn layer was removed with
220 grit SiC paper, and the tensile shear forces increased by 76% using the same process
parameters. Nevertheless, due to corrosion issues, the protective Zn layer is mandatory
for a long-term automotive application of the welded joints. Even local avoidance of the
Zn layer at a weld spot is not an option for robust industrial applications. Since ultrasonic
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oscillations can damage the brittle intermetallic Fe-Zn phases of a galvannealed steel, a
coating with a decreased proportion of intermetallic phases can positively influence the me-
chanical performance of a joint. Therefore, galvanizing without subsequent annealing can
be advantageous for the joining process, regardless of possible disadvantages in shaping
the steel. The galvannealed HCT980X was replaced by the low alloyed and galvanized steel
HX340LAD + Z100 for some SC configuration trials. AA6005A/HX340LAD + Z100 joints
showed an average tensile shear force of 5990 ± 30 N and thus an increase of 54% compared
to AA6005A/HCT980X joints with an average tensile shear force of 3888 ± 308 N.

4. Conclusions

Multi-spot ultrasonic metal welding enabled the successful joining of AA6005A-T4
and HCT980X sheets in two configurations, parallel (PC) and series (SC). The spots were
welded one after the other, and the previously welded spots had to be protected from
the ultrasonic oscillations of subsequent welds. This was achieved by using additional
clamping punches that covered the pre-existing welds. The following conclusions will help
to develop future applications of multi-spot welded structures:

• Both spot configurations exhibited tensile shear forces in a comparable range (4076 ± 277 N
for PC and 3888 ± 308 N for SC), but significantly different process parameters (PC:
WUS = 2000 Ws, u = 22.5 µm, FUS = 1485 N, FCL = 1000 N; SC: WUS = 2900 Ws,
u = 27.5 µm, FUS = 2700 N, FCL = 800 N). This resulted from different positions of the
weld spots and clamping punches as well as the variation of the clamping punch geometry.

• The required power of the generator was dependent on the specific geometric con-
ditions for each spot. Therefore, the welding times differed considerably for the first
and second spot, despite identical welding parameters.

• The peak temperature values observed at the spots being welded, around 450 ◦C
for PC and 510 ◦C for SC, were comparable for the first and second spot, due to the
application of the same amount of welding energy.

• Microscopic investigations of cross-sections revealed an incorporation of zinc into the
aluminum but no significant reduction of the initial thickness of the Zn layer (approx.
10 µm).

• EDX measurements of fractured surfaces after tensile shear testing revealed the sep-
aration of the zinc layer from the steel sheet in the areas of the weld spots. These
measurements additionally pointed to the existence of intermetallic phases of Fe and Zn.
The zinc layer seemed to be the weakest structural link of the multi-metal structures.
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