Welding in the World (2024) 68:1837-1852
https://doi.org/10.1007/540194-024-01760-2

RESEARCH PAPER q

Check for
updates

Enabling magnetic pulse welding for dissimilar tubular arrester cable
joints

M. GraB'@® .- N. Sommer’ - S. Bohm'

Received: 1 November 2023 / Accepted: 21 March 2024 / Published online: 8 April 2024
© The Author(s) 2024

Abstract

Climate change exacerbates the need for resource-efficient and cost-effective production processes across manifold indus-
tries, including the field of electrical connections. This specific field is characterized by a conflict of objectives, i.e., weight
reductions while maintaining joint strength and electrical conductivity. From a material point of view, the use of aluminum
as a conductor material is suitable for this application, as it is lighter than copper, a classical conductor material. Electrical
conductors are often used in the form of flexible cables, so-called stranded wires. This type of conductor as well as the fact
that the sole use of aluminum in electrical systems is not feasible, e.g., because the predetermined connection terminals of
power electronic components are made of copper, creates a substantial demand for dissimilar aluminum-copper cable arrester
joints. However, traditional fusion-based welding processes have proved incapable of reliably producing these dissimilar
aluminum-copper joints because of thermophysical effects and chemical incompatibilities, the latter eventually leading to
the formation of intermetallic phases. These phases adversely affect the quality of the joint in terms of both mechanical and
electrical performance. Yet, magnetic pulse welding, a pressure welding process, is ideally suited for producing dissimilar
metal joints on the basis of a low energy input during the welding process. Consequently, the formation of intermetallic phases
is restrained. However, magnetic pulse welding has not been sufficiently investigated for the reliable contacting of stranded
cables to tubular arresters. As a result, this paper focuses on the fabrication of tubular stranded cable arrester joints using
magnetic pulse welding. To shed light on possible material combinations, aluminum-to-aluminum and copper-to-copper
joints as well as their dissimilar counterparts are welded. Subsequently, the joints are characterized with regard to their
microstructure and quasi-static material strength. Electrical characterization comprises the four-wire Kelvin measurement
method to evaluate the resistance of the electrical joints. The results demonstrate that magnetic pulse welding is ideally suited
to join the aforementioned material combination and joint configuration due to its process characteristics eventually leading
to material continuity. As a result, the stranded wires are welded to the tubular arresters rather than crimped. Consequently, a
comparative analysis of the joint properties with those of the joining partners shows that the measured electrical resistances
and mechanical tensile forces may be considered very good.

Keywords Magnetic pulse welding - Pressure welding - Collision welding - Electrical joints - Conductor materials -
Stranded cables
1 Introduction and state-of-the-art

1.1 Magnetic pulse welding in the field of electrical
conductors
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Welding, Solid State Welding, and Allied Joining Process. Electrical connections, in the following referred to as con-
tacts, are increasingly important due to the continuing elec-
trification of applications, e.g., in the automotive industry
[1]. The connection of electrical consumers to the power
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copper. This leads to weight savings, which is favorable in
terms of resource efficiency.

Nevertheless, the exclusive use of aluminum as a con-
ductor material is often not possible in complex modern
systems, e.g., as connections to power electronics compo-
nents and other purchased components are made of copper,
or by installation space limitations that preclude the use of
aluminum. The closest possible alternative is the partial
substitution of copper by aluminum, for which individual
segments of the power supply can be designed as aluminum
parts. Another trend is the utilization of flexible and highly
flexible cables. However, this trend, in combination with the
increased use of aluminum as a conductor material, poses
major challenges for contacting processes due to the forma-
tion of intermetallics [2], eventually rendering fusion-based
welding processes unsuitable.

On the contrary, magnetic pulse welding (MPW) is a
pressure welding process initiated by a high-frequency cur-
rent flowing through a welding coil. This alternating current
generates a magnetic field [3], subsequently inducing eddy
currents in electrically conductive joining partners posi-
tioned nearby. Eventually, these eddy currents generate a
secondary magnetic field, which interacts with the primary
coil magnetic field by exerting a force on the joining part-
ner and accelerating it away from the coil [4-6], leading
to welding upon collision of the joining partners. Manifold
investigations illustrate that both aluminum and copper can
be joined well using MPW [7]. This applies to both similar
and dissimilar joints [§—11]. Zhang [12] and Huberth et al.
[13] have demonstrated that sheet metal joints in overlap-
configuration are well-feasible; due to the jetting during
MPW collision, bare metal surfaces are brought together
under high pressure. Dissimilar joints between aluminum
and copper can be created under consideration of the typical
boundary conditions for MPW. These boundary conditions
can be high temperatures during the joining process in the
joining gap, which can cause local melting [5]. Furthermore,
due to the transient joining mechanism of MPW, parts of the
joining area are not welded [3].

The influence of MPW-specific process parameters on
inherent electrical joint resistances has been investigated by
Psyk et al. [11]. They analyzed the effect of the MPW dis-
charge energy, acceleration distance, and overlap length on
the electrical joint performance of Al-Cu joints and revealed
that the discharge energy positively affects the electrical
joint quality. Increasing flyer thickness negatively affected
the mechanical joint properties. The acceleration distance
was adjustable over a wide range for joints with an alu-
minum flyer, while the process window was more narrow for
copper flyers. However, the alloys used were pure aluminum
and a Cu-DHP, which is considered unideal for electrical
applications because of its comparatively poor electrical
conductivity. In addition to studies on sheet metal joints,
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rotationally symmetric joints were investigated as well. In
addition, [8] showed that similar and dissimilar joints of the
Al-Cu type can be realized using MPW. It has to be noted,
however, that the tube-rod joints which were mainly realized
in the investigation are comparatively simple to fabricate
using MPW since no counter support needs to be employed
as the rod represents this itself. Moreover, Shen et al. inves-
tigated the so-called electromagnetic pulse crimping in the
context of joining cables and terminals using a force-fitted
approach. Nevertheless, electrical investigations of the joints
have not been carried out [14]. The current state-of-the-art
in the field of magnetic pulse welding of cable arrester joints
illustrates that no investigations have been carried out on
material continuity between the arrester and the cable.

Consequently, there is a significant lack of information
regarding the electrical properties of MPW joint connec-
tions, in particular for the economically important stranded
cable arrester joints. All electrical characterizations per-
formed so far for joints made by means of MPW refer to
static joint properties [11, 15]. The effect of material conti-
nuity due to welding between a cable and an arrester as well
as long-term exposure to elevated temperatures in order to
reveal a possible deterioration of the electrical joint proper-
ties have not been investigated.

1.2 Scope of the present investigation

As a result, the present investigation seeks to fill this gap
and characterize stranded cable arrester joints manufactured
using MPW. Also, the usage of stranded cables as target
in combination with the occurrence of the MPW joining
mechanism represents a novelty previously undocumented
in literature. In addition to the aforementioned, the studies
are supplemented by detailed electrical characterization,
and particular focus is set on the material continuity due
to welding of the outer wires of the cable to the arrester.
Correlations between the determined joint properties and
the MPW process parameters as well as the utilized join-
ing partners are identified. Furthermore, the stranded
cable arrester joints, which are also considered dissimilar
aluminum-copper joints, are exposed to elevated tempera-
tures to shed light on their long-term stability. Concluding,
a quality assurance method based on active thermography is
presented, which provides additional means of qualification
for the use of MPW for the industrial joining of stranded
cable arrester joints.

2 Materials and experimental methods

For the investigations presented here, standard cables
were selected. As arresters, tubular copper and aluminum
were used. The alloys were chosen on the basis of their
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superior electrical characteristics in bulk. The aluminum
tube is a pure aluminum alloy with 99.5% aluminum
content, and the copper tube is the CW021A alloy, both
known to be well-conducting. The geometry of the arrest-
ers was chosen to represent application-oriented geom-
etries, such as those used in commercially available cable
lugs. An overview of the cables and arresters used as well
as their technical specifications is given in Table 1

2.1 Welding setup

For all welding experiments, the setup shown in Fig. 1 was used.
It consists of a field shaper, see Fig. 1 a and Fig. 2, and mounts
for the cable and the arrester. The field shaper has an active area
of 10 mm which ends with a radius of 2 mm to both sides.

The diameter of the active area of the field former was
12.6 mm. This was ideally suited to the 12-mm outer diam-
eter of the arresters, since the active area of the field former

Table 1 Materials used as

I Material Type and description Wall thickness of Diameter of a Nominal cross
joining partners tubular arrester [mm]  single wire [mm]  section [mm?]

Copper @ 12-mm tubular arrester 1 X 34.56

Copper @ 12-mm tubular arrester 1.5 X 49.48

Aluminum @ 12-mm tubular arrester 1.5 X 49.48

Copper Flexible cable X 0.4-0.41 10

Copper High flexible cable X 0.2-0.21 10

Aluminum Flexible cable X 0.5-0.51 10

Copper Flexible cable X 0.4-0.41 16

Copper High flexible cable X 0.2-0.21 16

Copper Flexible cable X 0.4-0.41 25

Copper High flexible cable X 0.2-0.21 25

Copper Highly flexible cable X 0.1-0.11 25

Fig.1 a MPW setup with field ‘ \ '
shaper not in welding position.
b MPW setup with field shaper
and arrester in welding position
as well as adjustable cable
holder with inserted cable

.
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had to be insulated and any deviations in the arrester geom-
etry could be compensated.

The joints were positioned and joined according to the
schematic in Fig. 3. The dimensions were chosen so that
both electrical characterization and mechanical testing could
be performed.

The welding system used was a BlueWave PS48-16 from
the manufacturer PSTproducts GmbH. The system supplies a
maximum discharge energy of 48 kJ at a maximum charging
voltage of its 6 capacitors of 18 kV. For the investigations,
discharge energies between 20 and 40 kJ were applied. The
values were adjusted in steps of 5 kJ. The MPW system was
equipped with a two-winding MP2 round coil, likewise from
the manufacturer PSTproducts GmbH.

2.2 Specimen preparation and analysis of cable
compaction and microstructure

The arrester cable joints were cut in the center of the
deformed area and perpendicular to the longitudinal axis by
means of a wet cutoff grinder. Subsequently, the specimens
were embedded in cold-curing acrylic resin (ClaroCit of the
company Struers GmbH), ground to mesh 4000, and finally,
polished with diamond suspension (grit size 1 um). For
investigations on cable compacting and the microstructure,
no etching was employed. The specimens were inspected
using optical light microscopy (OM, Leica DM2600) and
scanning electron microscopy (SEM, Zeiss REM ULTRA
PLUS) equipped with energy-dispersive X-ray analysis
(EDS, Bruker 6160). The latter was operated at accelera-
tion voltages of 1.5 kV and 20 kV. Selected specimens were
analyzed by means of a micro-computed tomography device
(Xradia Versa 520 from the manufacturer Carl Zeiss X-ray
Microscopy, Inc.). The specimens were transilluminated
with a resolution of 17 um.

2.3 Cable compacting

For the analysis of the cable compaction, cross sections are
measured by means of a microscope. The cable cross section

compacted by the MPW collision is the objective parameter.
To allow a comparison of the measured values despite hav-
ing different cable cross sections, the measured values are
divided by the respective nominal cable cross section. This
ratio is referred to as the degree of compaction in this contri-
bution. The lowest determined degree of compaction is used
to define the reference for the mechanical investigations.

2.4 Electrical characterization

For the determination of the electrical resistances, the
four-wire Kelvin measurement method is used. The setup
of the electrical characterization is depicted in Fig. 4. An
overview of the technical data of the used electrical meas-
urement device and the performed tests is presented in
Table 2 It is important to note that not only the electrical
resistance of the joints was measured, as all the meas-
ured values represent integral values. Consequently, the
measured electrical values include the resistance of the
joint zone, the resistances of the base materials of the
stranded cable and the arrester between the voltage tap-
ping points, and, to a small extent, the resistances of the
clamping blocks containing the voltage tapping points. As
a result, a comparison of different cable cross sections is

Vs

Voltage tapping

Fig.4 Setup for electrical characterization of welded cable arrester
joints

Fig.3 Schematic illustration of
the welding configuration (bot- R s ¢
tom) and a photographic image

of a sample joined by means of
MPW (top) Overlap
Arrester Stranded Cable
20 mm
80 mm ¢ B

> 150 mm
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Table 2 Technical data of the electrical measuring device and param-
eters of resistance measurements

Manufacturer Schuetz Messtechnik GmbH
Model MR5-200C

Measurement principle Four-wire Kelvin measurement
Max. current 200 A

Resolution 0.1 Q for R <200 pQ

Max. measurement time 1h

Current used for resistance measure- 50 A
ments

Measurement time 5s

not possible, since they have different cross sections and
the joint zone is not independent from the cable cross
section. However, all stranded cable arrester pairings can
be analyzed group wise regarding their cross section. The
influence of the MPW discharge energy and the cable
type (flexible or high flexible) on the electrical quality
could thus be investigated. For a comparative evaluation
of the measured electrical resistances, reference meas-
urements are indicated. These measurements were con-
ducted with the same test setup (cf. Figure 4) and consist
of results of the pure cable without any connection to an
arrester.

2.5 Mechanical characterization

The stranded cable arrester joints were tested under quasi-
static conditions using uniaxial tensile tests. The quasi-
static regime was selected in order to enable a quick and
reliable comparison of the strength of all joints. To ensure
the best possible force introduction into all wires of the
cable for the tensile test, the joints were embedded in a
fast-curing polyurethane resin (Biresin G27 of the manu-
facturer Sika Deutschland GmbH) on the stranded cable
side. Subsequently, the arrester was manually flattened
with a vice. Both ends of the joints were then clamped
into a universal tensile testing machine (Z100, ZwickRoell
GmbH & Co. KG) and tested with a constant test speed
of 10 mm/s. For the evaluation of the mechanical proper-
ties, the cable cross sections, the maximum compaction of
85% as shown in Fig. 6, and the material-specific tensile
strength in the R200 condition are used. This results in
reference tensile forces of 1700 N for joints with a 10-mm?
copper cable, 2720 N for joints with a 16-mm? copper
cable, and 4250 N for joints with a 25-mm? copper cable.
The aluminum cable used is specified by the manufacturer
Leoni AG with a tensile strength of min. 70 N/mm?. This
results in a reference force of 595 N for the 10-mm? cable,
considering the compaction.

2.6 Investigation of thermal stability

To determine the thermal stability of stranded cable arrester
joints made using MPW, a selection of joints is exposed
in the furnace. The furnace is a forced-air furnace so that
all specimens are equally exposed. The temperature was set
at 150 °C and the exposure time was 168 h. These bound-
ary conditions were specified by the industry as part of the
research project on which the investigations are based. The
objective is to investigate stranded cable arrester joints under
operating conditions. This should provide an initial impres-
sion of the influence of the material-specific thermal expan-
sion coefficients on the possible degradation of the joints.
Particularly the correlation of the results with the occurrence
of welding between the arrester and the cable is intended
to provide information about the quality of the joints and
their origin.

2.7 Active thermography as a quality assurance
method

A suitable quality assurance method is essential for the suc-
cessful industrial application of the MPW for electrically
loaded stranded cable arrester joints. Active thermography
provides itself as a non-destructive testing method for this
purpose. It can be integrated into production processes and
enables users to obtain both qualitative and quantitative
information about the quality of the joint. Qualitative here
is understood as the analysis of the homogeneity of the tem-
perature development in the joint area. Quantitative analysis
covers the evaluation of defined areas, e.g., the area of the
arrester formed by the MPW process, and determines the
average temperature there over a defined period of time.

The technical data of the thermographic sensor and the
measurement parameters used are listed in Table 3. The exci-
tation mode for active thermography was a current supply
of 400 A and the resulting heat generation within the joints.
The specimens are clamped in aluminum contact blocks.
These contact blocks have holes for the arrester and cable
geometries used. High-current cables are screwed to the con-
tact blocks and connected to a TDK-Lambda power source.
The power source used delivers up to 1500 A DC.

3 Results and discussion

3.1 Cable compacting and analysis of the arrester
and stranded cable joint

In a first step of the investigation, cross sections from
the center of the joint zone are examined. These cross
sections are analyzed macroscopically with regard to the
cable compaction present there. A quantitative evaluation
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Table 3 Technical data of the thermographic system used and param-
eters of thermographic investigations

Thermography system FLIR SC5600-M

Detector type Photo quantum detector

Cooling system Stirling cooler

Spectral range 2.5-5.1 ym
Resolution 640x 512 pixels
Pixel pitch 15 pm

Aperture F/3, FOV (field of view): 20° X 16°
MFD 160 mm

Digital full frame rate 100 Hz
Integration time 3-20,000 ps
Temperature calibration 5-1500 °C
Temperature accuracy +1% oder+1 °C
NETD <20 mK
Parameters of thermography analysis

Integration time 500 ps

Sampling time 20s

Acquisition frequency 30 Hz

Image resolution 792 % 540 pixels
Bit depth 32 bit

Excitation mode Active, by applied current of 400 A

of the compaction data obtained is conducted in order to
identify the influence of the MPW process parameters as
well as the effect of the joining partner geometries, in
particular the cable cross sections. Figure 5 presents the
compaction as a function of MPW discharge energy of a
dissimilar aluminum-copper joint. The arrester is a 12-mm
aluminum arrester with a wall thickness of 1.5 mm, and
the cable is a flexible 10-mm? copper cable. From 20- to
30-kJ discharge energy, a decrease of the cross section
of the stranded cable is evident and measurable. Empty
spaces at the contact points of the individual wires have
disappeared. Thus, the higher discharge energy applied
results in better compaction of the wires due to the greater

kinetic energy of the arrester caused by the higher dis-
charge energy. Between 30 and 40 kJ, there is no signifi-
cant change in terms of compaction. However, this is due
to the fact that all the empty spaces have already been
compacted.

Figure 6 summarizes the findings of the investiga-
tion regarding the compaction of similar copper—copper
cable arrester joints as line diagram, where the degree of
compaction is plotted on the Y-axis. It is defined as the
quotient of the measured cross section and the nominal
cross section. Arresters with an outer diameter of 12 mm
and a wall thickness of 1 mm were used, as well as 10-,
16-, and 25-mm? stranded conductors, both flexible and
highly flexible. The effect of MPW discharge energy on
the degree of compaction is evident from the declining
curves in all cases. Higher MPW discharge energies pro-
vide better cable compaction. This applies regardless of
cable type and diameter. A decreasing trend can be seen
for individual cables, especially those with the smallest
cross sections. Analogous to the results in Fig. 5, there
is a limit to compaction. This is observable because the
empty spaces between the wires have been fully com-
pacted. Further compaction would be associated with
material removal from the joint zone or material com-
pression, neither of which is to be expected in the MPW
process. The larger cable cross sections continue to show
increasing compaction then the discharge energy rises
from 30 to 40 kJ. This can be attributed to two effects,
distinctively different compared to the small 10-mm?
cables. First, there are more empty spaces between the
individual wires to be compacted because the cables
consist of a higher number wires in general. Second, the
kinetic energy of the arrester is reduced compared to the
small cables, because the arrester has a shorter distance
to travel to the cable due to the larger cross section of the
cable. Accordingly, it is accelerated to lower velocities.
The fact that the amount of wire contact points possesses
an effect on compaction is also apparent when the highly

Fig.5 Compacting of a 12-mm aluminum arrester with a wall thickness of 1.5 mm and a flexible 10-mm? copper cable at different discharge

energies
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Fig.6 Analysis of compaction of MPW joined similar copper
arrester-copper cable joints

flexible 16- and 25-mm? cables are examined at 40 kJ
discharge energy. Both cross sections are less compacted
as high flexible cables than the corresponding flexible
cables. This can be explained by the larger number of
wire contact points in the high flexible cables due to the
smaller diameter of the individual wires.

As intermediate conclusion, it can be stated that
MPW compacts stranded cables with excellent results.
Both cross section and flexibility of the cable prove to
have an effect, as the number of wires to be compacted
increases with the flexibility and cross section of the
cable. However, since statements on the compacting of
the cables only provide limited information on the prop-
erties of arrester stranded cable joints, the following sec-
tion shall detail the inherent electrical and mechanical
characteristics.

3.2 Electrical and mechanical characterization
of magnetic pulse welded stranded cable
arrester joints

Similar copper—copper cable arrester joints with an arrester
wall thickness of 1 mm provide excellent electrical and
mechanical properties, as Fig. 7 visualizes. The effect of the
MPW discharge energy is evident as low discharge energies
result in inadequate joint properties regardless of the cable
cross section. For all three cross sections, a discharge energy
of 25 kJ results in poor electrical conductivity as is evi-
denced by the comparison with referential resistance meas-
urements. At 30-kJ discharge energy, all connections are
sound except for one consisting of a highly flexible 25-mm?
cable. A further increase in energy steadily reduces the joint
resistance. Accordingly, the type of cable, either flexible
or high flexible, has a small effect on the quality, though
connections that include flexible cables have slightly better
properties. This may be ascribed to the better cable compac-
tion due to the small number of individual wires as shown
in Fig. 6. The mechanical properties of almost all joints are
excellent from an applied discharge energy of 30 kJ, regard-
less of the cable type. This is evident from the comparison
with the reference force. A single 10-mm? specimen welded
with 40 kJ shows low tensile force. This is probably due to
the acceleration distance. This distance, combined with the
high discharge energy, results in high collision speeds that
may destroy the cable. This is emphasized by the observa-
tion that this specimen failed in the weld during the tensile
test. Accordingly, for this joining partner pairing, the dis-
charge energy should not be selected too high.

The same material combination as in Fig. 7 is analyzed
in Fig. 8, except that the wall thickness of the arrester has
been increased to 1.5 mm. On the basis of the comparison
with the reference measurements, the electrical properties
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Fig.7 Mechanical and electrical characterization of a joint of a copper arrester (wall thickness 1 mm) and a copper cable of different types and

cross section. Each square represents a measured value

@ Springer



1844

Welding in the World (2024) 68:1837-1852

Cable Type
54 m High Flexible " "on -
m  Flexibl
exible 5 .l. 2 "
44 = Ref. Force
L]
L) ]
..-l- Ny, Sy e o®

Ref. Force

Tensile Force [kN]
w

4m Ege

2 ol l'.--'_
Ref.Force "® <]
- -.

o

25] 30 J3s] 40 [25] 30 Jas] 40 |25 30 J3s] 40 |
10 16 25 |

Applied Discharge Energy [kJ]
Cable Cross Section [mm?]

200 4

180 4 [ Cable Type
& Ref. Resistance m High Flexible,
—1604 ™ m  Flexible
g
=1404 u '
8
S120m = .
® o Ref. Resistance
§ 100 4 “ . J= =
o L)
5 80 4 e 8 '- . Rof. Rosistance
E gl l'll..-.....-. LY
§ nl“l..-.. a
w 40 4 ]
20 4
0
25| 30 [35] 40 |25] 30 |35] 40 J25] 30 [35] 40 |
10 16 25 |

Applied Discharge Energy [kJ]
Cable Cross Section [mm?]
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of all connections can be rated as good starting from 30-kJ
discharge energy. This is independent of the cable cross sec-
tion and cable type. However, the connections with a flex-
ible 10-mm? cable at 30 kJ still show large variations in the
measured values, which can be reproducibly minimized by
further increasing the discharge energy. Accordingly, the
higher wall thickness of the arrester compared to the results
in Fig. 7 does not pose a problem for MPW, which in turn
underlines the flexibility of the technique with regard of
the joining partner geometries. The mechanical properties
are excellent for joints with 16-mm? cables already from
25 kJ, as shown by the assessment with the reference force.
This applies regardless of the cable type. The joints with
10-mm? cables present a greater challenge and require 30 kJ
of discharge energy. From then on, the determined values
are close to or above the reference force. For joints with
25-mm? cables, the cable type is decisive for the selection
of the discharge energy. High flexible cables require 35-kJ
discharge energy, while flexible cables are considered good
from 25 kJ, as evidenced by the comparison with the refer-
ence force. This is due to the poor compaction of the highly
flexible cables as a result of the larger number of empty
spaces between the individual wires, compare Fig. 6. The
load introduction is therefore not homogeneous. It should
be noted that the two comparatively low tensile forces deter-
mined for the joints made with 35-kJ discharge energy and
a flexible 25-mm? cable are the result of the cables being
pulled out of the casting resin and, thus, cannot be correlated
to the intrinsic joint behavior.

In addition to similar copper joints, similar aluminum
joints of a 12-mm aluminum arrester with a wall thickness
of 1.5 mm and a flexible aluminum cable with a cross
section of 10 mm? also provide excellent electrical and
mechanical joint properties, as the comparison with the
reference force and resistance states. Figure 9 shows that

@ Springer

good electrical and mechanical properties are achieved
at 20-kJ discharge energy. A very good electrical resis-
tivity value for 30-kJ discharge energy is remarkable. To
shed further light on the underlying mechanisms, com-
puter tomography measurements were performed on joints
manufactured using two different discharge energies, 20 kJ
and 35 kJ. At 35 kJ, a defective cable was detected, while
at 20 kJ, the cable was completely intact. The defective
cable is due to excessive forces resulting from the collision
with the arrester. The two poorer readings for the 30 kJ
joints therefore indicate that there might have been defects
as well, possibly to a lesser extent than in the 35 kJ joint.
However, these defects do not occur in every repetition,
which is why one of the joints features superior electrical
properties. This can be explained by the positioning of the
cable in the arrester. This is varying for every joint due to
the flexibility of the cable and therefore the collision pro-
cess between the arrester and the cable also varies. This
may result in partial failure of the cable. The ideal dis-
charge energy is therefore one that eliminates the potential
for cable failure, e.g., a discharge energy between 25 and
30 kJ. The mechanical properties of the joint are independ-
ent of the discharge energy applied. Even damage to the
cable from excessive collisions at high discharge energies
does not minimize the measured tensile force. This is pre-
sumably due to the fact that the cable is already ideally
joined to the arrester before the defective area, which is
in the center of the joint. The pu-CT image of the 35 kJ
joint supports this assumption. In this image, the cable is
very well joined to the arrester next to the damaged area.
Accordingly, the force is introduced into all wires by the
arrester despite a defective area.

Consequently, it can be derived that joints with aluminum
cables require different processing than joints consisting
copper cables. Excessive application of discharge energy
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causes mechanical damage to the cable, which has a par-
ticularly negative effect on the electrical properties.

In subsequent examinations, dissimilar copper-cable-alu-
minum arrester joints were analyzed with regard to tensile
force and electrical resistance, as Fig. 10 illustrates. The
aluminum arrester has a diameter of 12 mm and a wall thick-
ness of 1.5 mm. The copper cables were of various cross
sections and were used in both flexible and high flexible ver-
sions. All arrester-cable combinations have favorable electri-
cal and mechanical properties, as shown by the comparison
with the reference measurements. Joints with a 10-mm?
cable are excellent from 20 kJ. Accordingly, the aluminum
arrester is better suited for large acceleration distances than
its copper equivalent. This is consistent with the research of
Psyk et al. [11]. In the case of 16-mm? cables, the type of
cable has an effect on the discharge energy required for good
joints. High flexible cables require more energy, which is

due to the larger number of individual wires and correspond-
ing empty spaces that have to be compacted. However, the
high flexible cables can be classified as good both mechani-
cally and electrically from as low as 25 kJ, as evidenced by
the reference measurements. For joints with 25-mm? cables,
both the influence of the discharge energy and of the cable
type are evident. The discharge energy positively influences
the mechanical and electrical properties for both cable types.
Nevertheless, the high flexible cables clearly require con-
siderably more discharge energy in order to provide good
electrical and mechanical properties, as underlined by the
comparison with the reference measurements. This is due
to the larger number of empty spaces between the wires,
which are present here in the greatest numbers due to the
largest cross section. Additionally, the acceleration distance
is the smallest. The application of high discharge energies
is therefore indispensable for this joining partner pairing.
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Finally, as another dissimilar joint, copper arresters with
wall thicknesses of 1 mm and 1.5 mm are joined to 10-mm?
flexible aluminum cables using MPW. Figure 11 illustrates
the electrical and mechanical properties as a function of
the applied discharge energy and the wall thickness of the
copper arrester. The effect of the arrester wall thickness is
clearly evident.

Joints of the arrester with 1-mm wall thickness present
the best electrical and mechanical properties at 25-kJ dis-
charge energy, as the comparison with the reference force
and resistance reveals. Both a reduction and an increase of
the discharge energy cause a deterioration of the mechanical
and electrical joint properties. Accordingly, the process win-
dow for this joining partner combination is very small. This
is underlined by the observation that only two out of three
measured values of electrical resistance at 25-kJ discharge
energy are lower than the reference. Increasing the arrester
wall thickness to 1.5 mm significantly shifts the process win-
dow to higher discharge energies. The electrical resistances
of such joints are lower than the reference only at discharge
energies 30 kJ and 35 kJ. And this is not the case for all
experiments of the respective group. In terms of mechani-
cal properties, only one joint welded with 30 kJ is above the
reference. These results can be accounted for by the destruc-
tion of the aluminum cable due to the MPW collision. Both
arrester wall thicknesses do not exclude destruction, but they
influence its extent. The thinner arrester is accompanied by
a greater acceleration distance and is also less stiff. Accord-
ingly, a relatively small discharge energy leads to a collision
that destroys the cable or parts of its wires.

To put these results into perspective, it is important to
note that the geometries of the arresters and cables used do
not perfectly match each other, as evidenced by the com-
parison of the aluminum cable cross section of 10 mm?
with the arrester cross sections of 49.5 mm? and 34.6 mm?,

respectively, with further superior electrical conductivity of
the copper. Damage to the individual wires would be less
likely using aluminum stranded cables with cross sections
of 16 mm? and 25 mm?, eventually leading to a reduced gap.
This assumption shall be detailed in a future study.

Accordingly, this joining partner and material combina-
tion proves to be challenging and emphasizes that the MPW
process requires ideal adaptation to the materials of the join-
ing partners and their geometries.

In light of the results, it can be concluded that MPW
enables the robust production of a large variety of stranded
cable arrester joints. Precise process control is essential, in
particular when using aluminum cables. The joints produced
exhibit excellent electrical and mechanical properties, as
evidenced by the comparison with the respective reference
measurements. Causes for this property portfolio are inves-
tigated in the subsequent sections.

3.3 Joint analysis of the stranded cable/arrester
and individual wires

Particular emphasis during the following analysis is put
on whether the outer wires are welded to the arrester and
to determine whether the wires in the cable are only well-
compacted or also partially welded to each other.

The joint of an aluminum arrester to a copper cable is
shown in Fig. 12. The overview shows that the arrester
encloses the outer wires of the stranded cable. Welded
copper wires are also visible. MPW-typical phenomena
occur both between the arrester and the stranded cable
as well as between the copper wires, indicating a welded
material connection. A vortex formation between two cop-
per wires and a local material accumulation between a
copper wire and the aluminum arrester are visible. Both
phenomena are known to be caused by the collision that
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Fig. 11 Mechanical and electrical characterization of a joint of a copper arrester with 1 mm and 1.5-mm wall thickness and a flexible 10-mm?

aluminum cable. Each point and square represent a measured value
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Fig. 12 Cross section of a joint
between an Al arrester with 1.5-
mm wall thickness and a flex-
ible 10-mm? Cu cable, joined
by means of 40-kJ discharge
energy. Detailed SEM images
from the center of the cable and
from the edge as well as an EDS

mapping

Material
mix
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" rorosiy]

EHT =20 kV
WD =10 mm

occurs during MPW. A detailed examination of these areas
using SEM and EDS shows that a mixture of copper and
aluminum is present at the transition between the stranded
cable and the arrester. In these areas, the aluminum and
copper are unevenly distributed, and the oxygen content
is locally increased. This is a result of the extremely short
process time of the MPW and the resulting high tempera-
ture gradients. As a result, locally different chemical com-
positions are present. The pores observed are caused by
the material being ejected during the collision between
the arrester and the stranded cable, which is referred to as
the jet. The jet is locally trapped by the joining partners,
resulting in its porous solidification. This is analogous to

Wires welded to
each other

Material
deposit

Welded wires

Wavy interface
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N
L
Well Vs

compacted 4
. EHT = 20 kV Signal A = SE2
wires — WD =10 mm Mag = 500 X

Varying Al
and Cu
content

Signal A = SE2
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the studies of Bellmann et al. [5]. All findings pinpoint the
welding of the arrester to the stranded cable.

In the center of the stranded cable, the individual wires
are well compacted and predominantly hexagonal in shape,
see Fig. 12 detail 2. An SEM image clearly illustrates that
welding also occurs between individual wires in the center
of the stranded cable, illustrated in Fig. 12 detail 3. It shows
a typical MPW wavy interface between two single wires,
including locally porous area. These phenomena prove that
a collision between the wires has occurred, which is a pre-
requisite for a weld. The weld is clearly visible as the wavy
interface disappears at one point. From this position, no sep-
aration between two of the individual wires is observable.
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The microstructural phenomena shown in Fig. 12 are associ-
ated with excellent electrical and mechanical joint properties
(compare Fig. 10). This is presumably due to an increase in
transverse conductivity and a more effective introduction of
force into the individual wires of the cable.

In addition to the consideration of aluminum arrester and
copper cable joints, joints of a copper arrester and an alu-
minum cable are analyzed in Fig. 13 using SEM and EDS.
These investigations concentrate again on the occurrence
of welding between the arrester and the stranded cable as
well as on the occurrence of welding between the single
wires of the cable. The overview image clearly reveals that
a large number of the single wires of the stranded cable are
not welded together. This can be attributed to the oxide layer
of the individual wires, which must necessarily be removed
for a perfect joint.

However, the magnified SEM image in Fig. 13 detail 1
demonstrates that welding has occurred locally between sin-
gle aluminum wires. A wavy interface is visible that transi-
tions into a weld. This can be attributed to the varying MPW
process variables “collision point velocity” and “collision
angle” during the collision process. These process variables
have to be within certain ranges, the so-called process win-
dows, in order to enable welding. For welding between two
individual aluminum wires, the process window is narrow
because the oxide layer negatively affects the welding pro-
cess. As a result, only limited parts of the stranded cable
are welded.

The interface between a copper arrester and an alu-
minum stranded cable is observed on the same specimen.
A detailed SEM image and an EDS line scan indicate that

Fig. 13 Cross section of a joint
between a Cu arrester with
1-mm wall thickness and a flex-
ible 10-mm? Al cable, joined

by means of 30-kJ discharge
energy. Detailed SEM images
from the center of the cable and
from the edge as well as an EDS
line scan to provide an estimate
of the chemical composition

Cu arrester

'

EHT = 1.50 kv

Material mix

EHT =20 kV

30pm WD =10 mm
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there are certain areas between the arrester and the cable in
which the main elements of both joining partners, as well
as oxygen, are identified. This pinpoints that local material
mixing occurs as a result of the welding process, but the
joint is significantly worse than the joints with aluminum
arresters shown in Fig. 12. This can be attributed to two
effects. First, the copper arrester deforms less than its alu-
minum counterpart due to its higher strength. Second, the
energy used in the MPW process is limited because the
aluminum cable fails at too high discharge energies that go
hand in hand with high velocities of the arrester (compare
Fig. 9). It is presumably a brittle fracture of the cable due
to the high compressive stress resulting from the impact
of the arrester. This limits the tolerable energy input of the
process, which has the consequence that the oxide layer of
the aluminum cable cannot be completely removed from
its individual wires.

The transition between the aluminum arrester and the
aluminum stranded cable is also examined, see Fig. 14.
The detailed SEM images clearly show the existence
of a weld. Deposits of material can be seen adjacent to
the welded area due to the deformation of the aluminum
arrester and its collision with the aluminum cable. Accord-
ingly, the MPW process effectively removed both the oxide
layer of the aluminum arrester and that of the single wire.

It was proven that the MPW joining mechanism occurs
between the arrester and the stranded cable as well as
between the individual wires of the cable and induces
welding. In order to evaluate the performance of these
joints for electrical applications, they are exposed to ther-
mal stress.
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Fig. 14 Cross section of a joint
between an Al arrester with 1.5-
mm wall thickness and a flex-
ible 10-mm? Al cable, joined
by means of 30-kJ discharge
energy. Detailed SEM images
from the edge of the cable

EHT=1,50 kvV
WD =3,2 mm

3.4 Examination of the thermal resistance
of arrester stranded cable joints made by MPW

The thermal resistance of the joints is examined on the
basis of an exposure in a furnace and its effect on the
electrical properties of those joints. Figure 15 shows the
electrical resistances of the joints before and after expo-
sure to the furnace. It can be seen that the similar joints
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Material
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aluminum-arrester-aluminum cable and copper-arrester-
copper cable show no change in resistance. There are sev-
eral reasons for this. First, the static electrical resistances
are very low. This indicates welding between the cable and
arrester and well compacted and welded wires in the cable.
In addition, there are no thermally induced mechanical
stresses due to the similarity of the materials of the joining
partners. To illustrate the quality of the joints under thermal

Fig. 15 Electrical resistance of
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stress, it should be noted that Fig. 15 shows samples man-
ufactured using 25-kJ discharge energy, unless otherwise
noted. A comparison with Figs. 8 and 9 illustrates that the
initial joint resistance could be further reduced by increasing
the MPW discharge energy. The high flexibility of the copper
cable is also not a limitation. This joint also shows no ther-
mally induced degradation. The investigated dissimilar joint,
consisting of an aluminum arrester and a flexible 10-mm?
copper cable, also shows no thermally induced degradation.
This is due to the excellent weld between the arrester and the
stranded cable, see Fig. 12, which is also underlined by the
determined resistances (see Fig. 10). Potential mechanical
stress due to the different thermal expansion coefficients of
copper and aluminum do not seem to be a concern.

The dissimilar joint, which consists of a copper arrester
and a flexible 10-mm? aluminum cable, is the only speci-
men that does not show satisfactory electrical performance
after exposure in the furnace. The initial resistance is already
high and increases tremendously after exposure. At 25-kJ
discharge energy, which was sufficient for all other joints, the
resistance increases by 650%. This is due to the weak mate-
rial bonding of the cable wires to the arrester and insufficient
cable compaction. The thermal stress, which also causes
mechanical stress, now leads to a significant deterioration
in the electrical properties of the joint. As a corrective meas-
ure, it is possible to adjust the MPW process by applying a
higher discharge energy of 30 kJ. This increased discharge
energy results in a significant improvement in the proper-
ties for this joining partner pairing. Both the initial elec-
trical resistance and the resistance after furnace exposure
are drastically reduced. The thermal-induced degradation is
decreased to 73%. At this increased discharge energy, weld-
ing between the arrester and the stranded wires occurs more
frequently. This increases the durability of the joint, allow-
ing it to withstand thermally induced mechanical stresses.
Nevertheless, the unideal outcome can be attributed to the
welding conditions of the arrester and the stranded cable as
well as its microstructure, which is revealed in Fig. 13.

These results clearly indicate that MPW is suitable for
manufacturing joints that can withstand thermal stress.
However, the MPW process must be precisely designed. In
particular, focusing on welding between the stranded cable
and the arrester is desirable.

3.5 Implementation of a quality assurance method

In order to investigate the feasibility of using thermography
for quality assurance of MPW-joined stranded cable arrester
joints, joints of an aluminum arrester and a highly flexible
copper cable with a cross section of 25 mm? were analyzed.
Two MPW discharge energies, 20 and 35 kJ, were applied.
The electrical resistances of the joints studied were 109 puQ
(for 20-kJ discharge energy) and 65 uQ (for 35-kJ discharge

@ Springer

energy). Figure 16 shows the temperature development of
both joints under a load of 400 A for a period of 20 s.

The temperature plotted is the average temperature in
the area deformed by the MPW process. The temperature
increase of the joint made with 20-kJ discharge energy is
significantly steeper than the temperature increase of the joint
made with 35-kJ discharge energy. This indicates that the
initial higher joint resistance causes higher heat generation
and that thermography is capable of detecting this difference.
The qualitative analysis of four thermographs, both MPW
discharge energies, obtained after 10-s and 20-s inspection
time, also reveals substantial differences. The temperature is
evenly distributed in the 35-kJ joint, justifying its superior
performance. The joint welded with 20-kJ discharge energy
already shows hot spots after 10-s inspection time, which
are in the saturation region of the 2 °C scale selected in this
study. Accordingly, the thermographic results are in excellent
agreement with the measured electrical joint characteristics.

It can be clearly stated that thermography can be applied
as a quality assurance method for the joints investigated
here. Both qualitative and quantitative conclusions can be
derived to assess the quality of the joint.

4 Conclusion

The present study focused on the application of MPW for the
fabrication of similar and dissimilar aluminum and copper
stranded cable arrester joints. The findings presented allow
for the following conclusions to be drawn:

e By means of MPW, stranded cables with cross sections
between 10 and 25 mm?, of flexible or high flexible type,
were successfully joined with tubular arresters of 12 mm

Mean temperature in the joint °C
5 Al-arrester / highly flexible 25 mm? stranded Cu-cable 200

MPW discharge energy!
—20 kJ
——35kJ

Temperature development [°C]

Time [s]

Fig. 16 Thermographic analysis of an Al-arrester-highly flexible Cu-
cable joint
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diameter and 1-mm or 1.5-mm wall thickness. Both con-
ductor materials copper and aluminum were considered,
which were joined similar and dissimilar to one another.
Nevertheless, stranded aluminum cables can be mechani-
cally damaged by the MPW immanent collision and
accordingly must be joined with lower discharge energy.

e The cable compaction observed was affected by the
applied discharge energy, cable cross section, and cable
type. A correspondingly designed MPW process ensured
a good cable compaction.

e The joints exhibited excellent electrical and mechani-
cal properties based on comparative evaluation with the
cables used.

e [t was verified that welding occurred between the arrester
and the stranded cable as well as between the individual
wires of the cables. This ranged over a wide spectrum
of similar and dissimilar aluminum copper joints. Ther-
mophysical effects and chemical incompatibilities at the
material interface of aluminum and copper have not been
an impediment due to the low temperature input and the
short process time of MPW.

e MPW-typical phenomena such as jetting and locally high
temperatures in the joining area occur and can be identi-
fied on the basis of the microstructure.

e By designing the MPW process according to the findings
of the microstructure, matched to the joining partners,
thermally stable joints could be achieved.

e The excellent mechanical and electrical joint proper-
ties were the result of well-compacted cables and mate-
rial continuity due to welding between the arrester and
the cable, as well as between the individual wires of
the cable. The occurrence of welding and the resulting
material continuity should therefore be targeted in future
investigations and applications.

e Active thermography can be employed as non-destruc-
tive testing method that provides insight on the electrical
quality of a joint.

e An evaluation of the mechanical properties of magnetic
pulse welded joints by comparison with crimped joints is
pending and should be sought. However, when conduct-
ing a comparison, it should be noted that classic cable
lugs are not always suitable for the MPW process, as for
MPW, there has to be an acceleration gap. Consequently,
a suitable methodology for the comparison of the tech-
nologies must be developed.

Future studies should focus on the investigation of ideal
joint designs. In particular, reducing the wall thickness of
copper arresters when joining them to aluminum cables
appears to be advantageous in terms of cross sections and
the associated material-specific electrical conductivities.
Additionally, increased experimentation with aluminum

cables, especially with larger cross sections, should be
pursued. This might reduce the mechanical damage of the
aluminum cables. Furthermore, detailed investigations of
the resistance distribution in the welded area, as well as its
correlation with the MPW process design should be sought.
A transition to joining stranded wires with flat conductors
is also desirable to fully validate the ability of the MPW for
electrical applications.
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