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Abstract

Collision welding is a promising manufacturing approach for joining similar and dissimilar
metals without thermally influenced strength loss. This capability unlocks new potential for
lightweight construction. Among other things, components and welded joints can be made
more filigree and load-optimised. Widespread industrial use of this technology is still limited
by insufficient knowledge of the underlying joining mechanisms. In this paper, collision

welding is applied to an aluminium-steel material combination of steel (DC04) and
aluminium (AA6016). First, the welding process window for the material combination is

determined on a special model test rig by varying the collision speed and the collision angle,

the two main process parameters in collision welding. Shear tensile tests are then conducted
to refine the weld process window, focusing on the region exhibiting the highest shear tensile
strength values. Scanning Electron Microscope (SEM) images are used to analyse the weld
zone, revealing the formation of four different metallographic structures in the joint zone of
the welded samples. The area fractions of these structures are quantified and correlated with

collision angles and corresponding shear tensile strength values.
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1 Introduction

Mobility is a fundamental aspect of modern society, enabling access to education, healthcare
and the labour market. It includes private and public transport, logistics and infrastructure
(Miraftabzadeh et al., 2024). In 2023, the transport sector accounted for 21% of global CO2
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emissions, 38% of which came from passenger cars (Crippa et al., 2024; EDGAR, 2024;
IEA, 2025). In addition to CO2 emissions, both electric and combustion vehicles emit
harmful particulate matter from brake dust and tyre abrasion, known as "non-exhaust particle
emissions", which exceed exhaust particulate emissions from modern combustion engines
(EEA, 2023; OECD, 2020; Lopez et al., 2023; Timmers et al., 2016). Overall up to 10% of
the marine microplastics released each year originate from tyre abrasion (Kole et al., 2017;
Kollner, 2024a). As a result, the Euro 7 emissions standard will regulate these emissions for
the first time (ADAC, 2024; EC, 2022; Visnic, 2023).

Reducing vehicle mass is a key strategy for lowering these emissions (Bandivadekar
et al., 2008; Kollner, 2024b; OECD, 2017). A 100 kg reduction in the mass of a small
combustion vehicle reduces CO2 emissions by 10 g CO2/km (OECD, 2017). Increased
vehicle weight has a significant impact on non-exhaust particle emissions. For example, the
additional weight of 318 kg of an electric car compared to a comparable petrol car results in
up to 22% higher non-exhaust particulate emissions (Beddows and Harrison, 2021). This
underlines the environmental importance of lightweight design. Multi-material construction
using aluminium and steel, especially in high-strength variants, supports these goals (Tisza
and Lukacs, 2018). However, traditional fusion welding methods such as tungsten inert gas
(TIG) and laser beam welding face challenges due to the different melting points of the
materials (Atabaki et al., 2014; Carlone and Astarita, 2019). If a material bond is possible at
all, the melting of the materials leads to the formation of intermetallic phases in the weld
zone. The associated loss of ductility in the brittle metal joints limits the potential of the
materials used (Agudo et al., 2007; Khedr et al., 2023). To realise the full potential, a joining
process is required that allows strong aluminium-steel joints to be made while minimising
the loss of strength.

Solid-state or collision welding processes offer a solution by applying sufficiently high
pressure to join similar and dissimilar materials without active heat input, avoiding the
formation of intermetallic phases (Agudo et al., 2007; Kapil and Sharma, 2015; Khedr et al.,
2023). Joining feasibility is defined by collision speed and angle, with the process window
categorised into solid-phase, liquid-phase and hybrid joining regions (Niessen, 2022).
Electromagnetic pulse welding (EMPW) facilitates collision welding in industrial settings
by accelerating a joining partner via a strong electromagnetic field, creating a high-speed
impact weld (Atabaki et al., 2014; Golovashchenko, 2006; Kapil and Sharma, 2015;
Weddeling et al., 2010). Due to transient phenomena, the collision speed and angle
dynamically vary during the course of the EMPW collision, affecting the weld properties
(Stankevic et al., 2020; Wang et al., 2023). Currently, EMPW process design relies on
iterative methods, which are costly and introduce uncertainties in mass production
(Marschner et al., 2021). For future optimised design of EMPW processes, it is therefore
necessary to know the critical angle profile for the joint design during the collision in order
to best influence the achievable strength properties of the joint in a robust manner.

This study uses a mechanical collision welding test rig to analyse joint formation for
the material combination DC04 with AA6016-T4 at varying collision angles and speeds. The
aim is to determine the optimum angle range for joining and to correlate strength values with
collision parameters. Unlike previous studies which have assessed joint strength and
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microstructure at discrete points, this research uses SEM imaging to map joint structures
across the weld zone and relate these findings to tensile shear strength. This should provide
the basis for a future analytical model that predicts EMPW joint strength based on simulated
angular profiles, thereby aiding future process optimisation.

2 Materials and Methods

The tests in this work are carried out on a model test rig for collision welding, see the brief
functional description below. A detailed description of the test rig is given in (Kraus et al.,
2024). The specimens used are taken from aluminium sheets (AA6016-T4, thickness:
1.5 mm, tensile strength Rm: 235 N/mm?) and steel sheets (DC04, thickness: 2.0 mm, tensile
strength Rm: 310 N/mm?) by shear cutting. For each material, three tensile tests are
performed on a Zwick Roell 100 combined tensile and compression testing machine to
determine tensile strength in accordance with DIN 50125.

The model test rig for collision welding, developed at the Institute for Production
Engineering and Forming Machines (PtU) at the Technical University of Darmstadt, allows
the collision welding process to be investigated over the time profile of the collision with
constant and precisely adjustable collision parameters thanks to its fully mechanical design.
At the same time, it offers good observability of the process and the process phenomena.
Fig. 1 (a) shows the construction of the model test rig. The specimens to be welded (collision
area: length x width: 12.5 mm x 12 mm) are mounted at the ends of the two rotors rotating
in the same direction. The AA6016-T4 flyer specimen is pre-bent to set the collision angle £.
The DCO04 target is flat and is additionally supported by an anvil, see Fig. 1 (b). The collision
is triggered by an engagement mechanism when the desired speed is reached, causing the
specimens to collide at the position shown. The electromagnetic pulse welding (EMPW)
process described in the previous section is shown in Fig. 1 (c). In contrast to the model test
rig, in EMPW the flyer is accelerated towards the target by an electromagnetic field.

On the model test rig, the collision speed vimp 1s varied in five steps of 262 m/s,
279 m/s, 305 m/s, 331 m/s and 349 m/s by rotating the rotors at a specified speed to study
the transient EMPW process at discrete points. The collision angle f is varied between 3.5°
and 12.5°. The specimens are cleaned with acetone immediately prior to testing to eliminate
any influence on the test results from lubricant or corrosion inhibitor residues on the
specimen surfaces. High-speed observation of the collision is performed using a PCO hsfc
pro image intensifier camera, which acquires up to eight images per collision.

As shown in Fig. 1 (d), the mounting face and side edge areas of the collision welded
specimens are first cut off using a wet cut-off grinder in order to remove any effects of
specimen fabrication in the edge areas of the weld and to shorten the overall length
(14 = 1 mm) and width (8 = 1 mm) of the specimen for microscopic examination in order to
analyse the weld zone. The cut surfaces of the specimens are then ground on grinding and
polishing machines with SiC paper (grit size P320, P400, P600, P800, P1200, P2500 and
P4000) and polished with diamond suspension (3 um and 1 pm). The weld zone is examined
microscopically using a Phenom ProX scanning electron microscope (SEM), manufactured
by Phenom-World. The lengths of different joint structures along the length of the weld zone
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are measured with the microscope to analyse correlations between the joint structures that
occur and the shear tensile strength of the welded joint. The tensile shear strength of the
welded joint is determined on a Zwick Roell 100 combined tensile and compression testing
machine. For more detailed information about the tensile shear tests, see (Kraus et al., 2024).
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rotors

target anvil

structure b

Figure 1: (a) The model test rig consists of two synchronised rotating rotors and an
engaging mechanism; (b) The specimens are mounted at the end of each rotor (target
backside supported by an anvil, flyer pre-bent to set the collision angle f); (c) Process setup
for EMPW according to Bohme et al. (2019). The initially flat flyer is accelerated by the
electric field. Collision speed vimp and angle [ change during the collision; (d) Graphic
visualisation of the specimen cutting process and exemplary representation of different joint
structures along the length of the weld zone.

3 Results

3.1 Welding Process Window

The welding process window, as determined by the model test rig for the material
combination of aluminium AA6016-T4 (sheet thickness 1.5 mm) and DC04 steel (sheet
thickness 2.0 mm), is illustrated in Fig. 2. The collision welding tests are performed at
collision speeds Vimp 0f 262 m/s, 279 m/s, 305 m/s, 331 m/s and 349 m/s. Within the defined
process window, a collision weld test is considered successful if the two specimens cannot
be separated by manual force after the test (black dots). For the purpose of enhancing the
clarity of the diagram, the successful tests are shifted 2 m/s to the left on the collision velocity
axis in comparison to the unsuccessful tests (white dots). The formation of the first bonds
between the two materials occurs at a collision velocity of 305 m/s. The lower and upper
limit angles at that speed are 7.3° and 8.3°, respectively. At a collision speed of 331 m/s, an
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increased upper limit angle of 9.8° is determined, while the lower limit angle decreases
marginally to 6.8°. Furthermore, at a collision speed of 349 m/s, an even greater increase in
the upper limit angle to 11.2° is observed, whilst the lower limit angle decreases further to
6.5°.
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Figure 2: Welding process window of the material combination AA6016-T4 (flyer,
thickness: 1.5 mm) and DCO04 (target, thickness: 2.0 mm).

3.2 Tensile Shear Strength of Welded Joints in the Centre of the
Welding Process Window at 305 m/s, 331 m/s and 349 m/s

Following the determination of the welding process window, an investigation is conducted
into whether the tensile shear strength of the collision-welded joints is dependent on the
respective collision speed or whether it is independent of the collision speed. The tensile
shear strength is only compared for specimens located in the centre of the process window
at each of the three collision speeds (305 m/s, 331 m/s, 349 m/s). However, it should be
noted that the collision angle can only be preset in 0.5° increments by pre-bending the flyer
samples. Furthermore, due to the dynamics inherent in the model test rig, the rotors undergo
elastic deformations, which can be attributed to various factors such as the engagement
process, air resistance, and aerodynamic turbulence within the rotor protection housing.
Consequently, this results in a deviation of the actual measured collision angle from the pre-
set collision angle. To address this, a greater number of samples are welded at each of the
three collision speeds, and then three samples are selected for each collision speed that are
within a range of +0.3° around the mean collision angle of the process window. For the
process window illustrated in Fig. 2, the mean collision angle at a collision speed of 305 m/s
1s 7.8°. At 331 m/s, the angle is 8.3°, and at 349 m/s, 8.8°.
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The tensile shear strength values obtained demonstrate an increase with increasing
collision speed. Specifically, at collision speeds of 305 m/s and 331 m/s, the tensile shear
strength was recorded as 22 N/mm? and 55 N/mm?, respectively. For the specimens that were
welded at 349 m/s, a strength of 130 N/mm? was determined. Furthermore, the specimens
demonstrate divergent failure patterns during tensile shear testing. At both lower collision
speeds, the welded joints shear or slide against each other in the weld zone, see Fig. 3 (a).
The specimens exhibiting the highest strength demonstrate a combined failure pattern,
characterised by the presence of areas along the length of the weld zone where specimens
are separated by shearing or sliding against each other, and areas where shearing occurs
within the aluminium material, which possesses a lower tensile strength compared to steel.
Consequently, the strength of the welded joint in these areas exceeds the tensile shear
strength of the aluminium material. When viewed over the length of the weld zone, shear
failure in the aluminium material occurs predominantly in the middle, whereas shear or
sliding in the weld zone occurs predominantly at the beginning and end, see Fig. 3 (b), (¢).

Figure 3: Welded specimens after tensile shear testing (welding direction: right to left): (a)
Shear or sliding failure (top: DCO04, bottom: AA6016-T4); (b), (¢c) Shear failure in the
aluminium material (top: AA6016-T4, bottom: DC04).

3.3 Joint Structures in the Weld Zone

The preceding section's investigations indicate that the welded joints produced at a collision
speed of 349 m/s exhibit the highest tensile shear strength values. Further investigations are
being carried out to achieve a more precise statement about the tensile shear strength over
the entire angular range of the welding process window at 349 m/s. Metallographically
prepared specimens (procedure described in section 2) from the entire angular range are
examined in their weld zone by SEM. In instances where differing joint structures are
observed along the entire length of the weld zone of the specimens, the position and length
of the corresponding areas are measured, see Fig. 1 (d). These values are then used to
extrapolate the area ratios of the different joint structures to the total area Aw of the welded
joint. In cases where the length ratios of the structures on both sides of the specimen are
unequal, the area is calculated using non-square geometries such as a trapezoid. The SEM-
examinations of the weld zones reveal four distinct joint structures, as shown in Fig. 4 and
briefly explained below.
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The characteristic joint structure of a weld without an interlayer is shown in Fig.4 (a).
The aluminium alloy AA6016-T4 (light grey) and the steel DC04 (dark grey) are located
directly on top of each other. It is notable that in this structure, there is a very smooth and
nearly wave-free transition zone between the two materials, with no visible voids. The
structure in which an interlayer (medium grey) is present between the aluminium alloy and
the steel is illustrated in the SEM image of Fig. 4 (b), (c). It is evident that the interlayer
exhibits distinct variations in both colour and structure compared to the base materials. The
surface of the interlayer facing the steel (the bottom of the image) is visibly smoother in
comparison to the aluminium facing side, which has a much more uneven or wavy surface.
In accordance with the structure depicted in Fig.4 (a), no voids were observed in the SEM
images. The interlayer thickness varies between 5 pm and 30 pm, with a predominance of
10 um. In the interlayer, lighter streaks or more sharply defined lighter areas can be seen,
the colour of which is similar to that of the aluminium material.

As illustrated in Fig. 4 (d) - (f), the structures are defined by voids of differing shapes.
In the following, the structure of Fig. 4 (d), (e) will be referred to as a weld zone with a
cracked interlayer. It is noteworthy that the cracks manifest exclusively within the interlayer,
with no evidence of such fractures in either of the two base materials. The dimensions and
optical composition of the interlayer correspond to the crack-free state shown in
Fig. 4 (b), (c), so that an aluminium solid solution is also assumed here only in the cracked
state. In addition, the examination reveals areas where there is no bond or direct contact
between the two base materials, as illustrated in Figure Fig. 4 (f). EDS (Energy Dispersive
X-ray Spectroscopy) scans of a thin interlayer are shown in Fig. 4 (g).

(a) (b) (c) (d)
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Figure 4: SEM images of the characteristic joints structures of the weld zone (top: DC04,
bottom: AA6016-T4): (a) Without interlayer; (b), (¢c) With interlayer (medium grey, (b)
thickness < 3 um, (c) thickness < 10 um); (d), (e) With a cracked interlayer, (f) No contact
between joining parts in the weld zone; (g) EDS scans of a thin interlayer.
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3.4 Tensile Shear Strength as a Function of Collision Angle

As outlined in section 3.3, the tests for the collision speed of 349 m/s are conducted on a
substantially larger number of specimens, covering the full angular range of the process
window. The diagram in Fig. 5 shows the curve of tensile force and crosshead travel
determined with the combined tensile and compression testing machine for three specimens
welded at different collision angles B at a collision speed vimp of 349 m/s. The specimens
with a collision angle of 7.3° and 11.2° fail after a short travel distance of the testing machine
due to slipping in the welding zone, see Fig. 3 (a). The specimen with a collision angle of
9.2°, 1.e., in the centre of the process window, can withstand a significantly higher maximum
force. This results in failure of the welded joint due to shearing in the weaker aluminium
material, see Fig. 3 (b), (¢).

tensile force / kN

- | 1
0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6 1.8
crosshead travel / mm

Figure 5: Force-travel diagram showing crosshead travel and tensile force in the tensile
shear test for a collision speed of 349 m/s in dependence of the collision angle.

A total number of 27 specimens are investigated to determine the tensile shear strength and
area ratios of the joint structures (see next section 3.5). The area between the upper limit
angle (11.2°) and the lower limit angle (6.5°) is divided by these 27 specimens into three
angular areas. The first area I covers the angle range 6.5° - 8°, the second area II covers the
angle range 8° - 10°, and the third area III covers the angle range 10° - 11.2°. The mean
values for the tensile shear strength are shown in Fig. 6. The highest mean value of
131 N/mm? is observed in area II. In comparison, the strength values for area I and area III,
respectively, exhibit a sharp decline towards the upper and lower limits of the process
window. The lowest mean value of 30 N/mm? is measured in area I, while area III has a
slightly higher mean tensile shear strength of 40 N/mm?.
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Figure 6: Tensile shear strength in the angular areas for a collision speed of 349 m/s.

3.5 Area Ratios of the Joint Structures as a Function of Collision Angle

By means of the analysis of the 27 specimens using SEM, it was possible to determine the
area fractions of the structures shown and described in section 3.3, utilising the procedure
outlined in that same section. The results of the analysis are presented in the following
diagram (Fig. 7). The diagram contains the three joint structures weld zone without interlayer
(Fig. 4 (a)), weld zone with interlayer (Fig. 4 (b), (¢)) and no contact or cracked. The latter
category comprises the weld zone with a cracked interlayer (Fig. 4 (d), (¢)) and the no
contact between joining parts in the weld zone (Fig. 4 (f)), since neither of these structures
can transfer forces in the weld zone between the aluminium and steel material. Depending
on the angular area, different joint structures dominate. In area I, the no contact or cracked
joint structure accumulates for the largest area ratio of 73%. In contrast, in areas II and III,
the area ratio is comparatively reduced to 10% and 13%, respectively. The weld zone with
interlayer dominates the joint structure in area II with a ratio of 73%. In contrast, its
proportion in area I is significantly lower, at 23%, and it is absent in area III, with only 2%
observed. The weld zone without interlayer is the dominant joint structure in area III. The
area ratio of the latter increases from 4% in area [ to 17% in area Il and 85% in area IIL.

area ratio of the joint structure / %

2 [ without interlayer
[ with interlayer
[ no contact or cracked
areal (6.5 - 8°) areall (8-10°) area lll (10-11.2°)

Figure 7: Determined area ratios of the joint structures for a collision speed of 349 m/s.

4 Discussion

The results of this study show, at a collision speed vimp of 349 m/s, a correlation between the
collision angle B, the shear strength determined in tensile shear tests and the joint structures
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observed in the weld zone by SEM analysis. In the lower angle range (6.5 - 8°), the weld
zone is dominated by structures classified as no contact or cracked (Fig. 4 (d) - (f)). This can
be attributed to the highly dynamic behaviour of the closing collision gap. Small angles result
in high collision point velocities v¢ (Fig. 1 (b)), causing the gap to close rapidly. Surface
irregularities generate strong turbulence, hindering the ejection of the jet and particles and
leading to gas entrapment in the weld zone (Niessen, 2022). These entrapments appear in
SEM images as cracks or areas of no contact.

In the medium angle range (8 - 10°), lower collision point velocities v, allow the jet
and particles to exit the collision gap more effectively. At the same time, the conditions in
the collision gap (pressure, compression of the medium in the collision gap, gas friction due
to the escaping jet, etc.) still raise the temperatures high enough to allow localised melting
of the base materials, resulting in a weld zone with an interlayer (Fig. 4 (b), (c)). In the upper
angle range (10 -11.2°), the temperatures are no longer sufficient to induce melting,
resulting in a smooth, interlayer-free joint (Fig. 4 (a)).

The highest shear strengths were recorded in the medium angle range, despite the
dominance of the interlayer in the joints of this angle range. It is assumed that the material
properties of the interlayer are inferior to those of the two base materials. The high shear
strength values are explained on the one hand by the low thickness of the interlayer (average
thickness 10 pm), and on the other hand by the fact that the interlayer is not continuous over
the length of the joint zone. However it is always present in small sections, so the interlayer
does not fully express the influence of its material properties. It is also assumed that the high
shear strength of the joints mentioned is due to an increase in surface area caused by the
wavy interlayer, which locally interlocks the two base materials. The presence of a wavy
microstructure is also associated with favourable joint properties in terms of strength in
(Carpenter and Wittmann, 1975; Wittmann, 1973), among others. However, when
correlating the shear strength values with the surface areas of the joint structures, it is
important to note that the determined area fractions are extrapolated from only two SEM
cross sections per sample. Defects located between these sections, such as central voids, may
not be detected and may lead to inaccurate strength assessments.

A comparison of the observed joint structures with the characteristic joint structure
zones described in (Lysak and Kuzmin, 2003) shows that the smooth interlayer-free joint
typically forms in the upper angular region of the process window and shifts to larger
collision angles B with increasing collision point velocity ve. At the investigated collision
speed vimp 0f 349 m/s, this region lies at the lower threshold, which may explain the relatively
low shear strength values observed (on average 40 N/mm?, see Section 3.4). As shown in
(Lysak and Kuzmin, 2003), higher collision velocities shift this region to larger angles,
suggesting that smoother joints could achieve higher strength at higher velocities. It is
expected that an increase in collision speed will increase the welding process window for
the material combination of AA6016-T4 and DCO04, particularly in the direction of the upper
limit angle. Based on the statements in (Lysak and Kuzmin, 2003), it is also expected that at
higher collision speeds for the upper angle range, the specimens with a smooth joint structure
without an interlayer will have higher tensile shear strengths.
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At present, these assumptions cannot be verified due to the speed limitations of the
current model test rig for collision welding. A planned upgrade to a maximum speed of
500 m/s will allow more comprehensive investigations. The correlation approach introduced
in this work between shear strength and area fractions of different joint structures provides
a promising basis. However, future investigations will require larger sample sizes and finer
angular increments to minimise statistical scatter. In the context of electromagnetic pulse
welding (EMPW), such an approach can be used to simulate the transient behaviour of the
collision parameters and predict the resulting joint strength.

5 Conclusions

This study comprehensively investigates the collision welding process for the material
combination DC04 and AA6016-T4. Using a mechanical collision welding test rig, different
collision angles are analysed to determine their effect on the formation of the joint structure
of the weld zone and the tensile shear strength of the welded joints. The results show that
medium collision angles (8 - 10°) at a collision speed of 349 m/s produce the most
favourable welding conditions, characterised by minimal cracking and unconnected
structures, resulting in higher tensile shear strength. In future research, the planned extension
of the model test rig to collision speeds of 500 m/s will allow the potential further increase
in weld strength at higher collision speeds to be investigated. The use of larger sample sizes
and the subdivision of the angular areas into finer increments as well as a complete analysis
of the welded specimens with EDX will reduce the statistical scatter and provide more
detailed insights into the properties of the weld zone.
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