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Abstract

Aluminium-copper hybrid parts, as a substitution to copper parts, result in weight
and cost reduction, and are relevant in applications related to the electronic, heating
and cooling sector. However, aluminium to copper joined by thermal welding proc-
esses presents challenges in terms of achieving good joint quality. This is attributed
to their dissimilar mechanical and thermal properties which result in large stress
gradients during heating. This study investigated joining of aluminium to copper
sheets by electromagnetic pulse welding, which is a solid-state process that uses elec-
tromagnetic forces for joining of dissimilar materials. Hybrid sheet welds were ob-
tained for all parameters conditions, selected according to a Taguchi L18 design. The
structural and mechanical characteristics were examined and related to the welding
parameters by means of a Pareto analysis and response graphs. The welded zone
started with a wavy interface with interfacial layers and defects and evolved to a flat
interface without interfacial layers. The maximum transferable force depended on
the minimum specimen thickness and the strength of the hybrid sheet weld. In case
of aluminium sheet thickness reduction, the maximum transferable force was linearly
correlated with the aluminium sheet thickness. High quality joints were obtained for
no aluminium sheet thickness reduction and for a sheet weld strength which was at
least as high as that of the base material. The most effective way to increase the
transferable force was to lower the initial gap and to increase the free length, which
resulted in no aluminium sheet thickness reduction. Alternatively, the use of a
rounded spacer decreased the effect of the aluminium sheet thickness on the trans-
ferable force. An increase in weld width was achieved for an increase in capacitor
charging energy and gap, whereas an increase in weld length was obtained for a de-
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crease in gap. An increase in weld width did not necessarily result in an increase in
the transferable force. In the regarded cases, a hybrid sheet with narrow weld width
could therefore have higher quality.

Keywords

Electromagnetic Pulse Sheet Welding, Aluminum-to-Copper Welds,
Dissimilar Metal Welds, Transferable Force, Interfacial Morphology

1. Introduction

Global trends force industry to manufacture lighter, safer, more environmental friendly,
more performant and cheaper products. A multi-material design exploits materials
with desired properties for each part of the component or product. However, design of
products is hindered by challenges in the field of joining technology. Conventional
thermal welding technologies are mostly suitable for assemblies of similar metals with
comparable melting temperatures, and hence restrict the materials that can be joined,
the type and the quality of the joint. In contrast, solid-state welding technologies allow
both dissimilar and similar metals to be joined, since no significant melting of the base
metals occurs.

Electromagnetic pulse welding is an innovative solid-state welding technology that
belongs to the group of pressure welding processes, since it uses electromagnetic forces
for the deformation and joining of materials. It was originally suggested in [1]. Elec-
tromagnetic pulse welding is based on the electromagnetic forming process, which was
invented by Harvey and Brower in the 1960s [2]. In this process, a power supply is used
to charge a capacitor bank. When the required amount of energy is stored in the ca-
pacitors, it is instantaneously released into a coil, during a very short period of time
(typically 10 - 15 ps). The discharge current induces a strong transient magnetic field in
the coil, which in turn induces eddy currents and a magnetic field in the outer work-
piece. The interaction between these two magnetic fields generates a Lorentz force. In
case of electromagnetic pulse welding, this force causes one workpiece to impact with
another workpiece. Under the correct circumstances, this leads to an atomic bond be-
tween the two metal workpieces. The electromagnetic welding mechanism is therefore
similar to explosion welding, since the deformation takes places at a very high velocity.
The deformation force is however created in a safe way, by using electromagnetic forces
instead of explosives [3]. A comprehensive review of the electromagnetic forming
process, including a section about electromagnetic pulse welding is given in [4] [5].

Compared to thermal welding processes, important advantages of electromagnetic
pulse welding have been documented in literature. One important issue is that pressure
instead of heat is employed to realise the metallic bond, as stated by [6]. Numerical
simulations considering the temperature development during electromagnetic pulse
welding support this theory [7] [8]. An experimental confirmation of the absence of

eutectic microstructure via microstructural analysis is given in [9]. However, other
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publications suggest that especially at high capacitor charging energies very locally high
temperatures can lead to melting and solidification, which at least contributes to the
weld formation [10] [11]. Another advantage includes joining of conventionally non-
weldable materials in a quick and cost-effective manner. An example of such a weld is
given in [12]. Here aluminium tubes are electromagnetically pulse welded to titanium
rods. This material combination is usually very problematic, due to the high affinity of
titanium to atmospheric gases at elevated temperatures, which leads to the formation of
hard and brittle metalloid phases. Additionally, in electromagnetic pulse welding the
negligible temperature increase of the part allows immediately unloading and further
processing with other equipment. Moreover, the high repeatability [13] [14], the con-
tact-free process character allowing the use of coated or sensitive materials [15] and the
lower environmental impact [16] are benefits of electromagnetic pulse welding.

Dissimilar aluminium-copper joints are of interest for wiring and cable systems,
where they are commonly employed in transition pieces for high direct current bus
systems. The partial substitution of copper with aluminium allows for both mass and
cost reduction, with a minimum loss of conductivity. In the field of e-mobility, alu-
minium-copper joints are used to connect additional cells to batteries consisting of
aluminium and copper electrodes [17] [18].

However, the hybrid structure of aluminium to copper presents a number of chal-
lenges in terms of achieving a high strength joint. Both copper and aluminium have
some similar properties that make it difficult to weld by fusion welding. These include
high thermal conductivity, high thermal expansion coefficient, relatively low melting
point, brittleness at elevated temperatures and less viscosity of molten metals. More-
over, aluminium to copper joined by fusion welding can contain large stress gradients,
due to their highly dissimilar mechanical properties and different thermal expansion
coefficients [17] [19]. Also the resulting melting pool and subsequent formation of brit-
tle intermetallic phases, can lead to cracking of the joint during cooling down. On the
other hand, solid-state welding techniques such as electromagnetic pulse welding allow
for joining to occur below the melting temperature [17].

Electromagnetic pulse welding can be used for tubular and sheet applications, placed
in the overlap configuration. Mainly aluminium-copper tubular components have been
documented in literature for their interfacial morphology and mechanical properties
[19] [20] [21]. In contrast, research on the interfacial morphology and mechanical cha-
racteristics of aluminium to copper sheet components is rather limited [22]-[24]. This
is attributed to difficulties in concentrating and controlling the magnetic field in the flat
coil [25] [26]. Also the effect of the process parameters on aluminium to copper sheet
joints has not been studied so far.

The objective of the present work was to investigate the electromagnetic pulse weld-
ing of aluminium to copper sheets achieved at different parameter combinations. These
were selected according to a Taguchi L18 design. First, the weld shape, interfacial mor-
phology, transferable force, failure modes and dimensions of the weld seam were ana-

lysed in detail. Subsequently, the effect of the welding parameters on these structural
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and mechanical characteristics was investigated using a statistical approach. Finally, a
modification of the experimental set-up is examined to improve the maximum trans-
ferable force of the hybrid sheet weld.

2. Experimental Procedure
2.1. Material Details

ENAW-1050 H14 and Cu-DHP R240 (Phosphorus-Deoxidised Copper) sheet materials
were used for the present study. Both sheets have a width of 240 mm and a thickness of

1 mm. Their mechanical characteristics are shown in Table 1.

2.2. Electromagnetic Pulse Welding Equipment

The electromagnetic pulse welding installation comprises 4 main parts, as shown in

Figure 1(a).

© 1] 2] 3]

High Voltage Energy Storage Work Table

Status-Indicatin Cabinet Capbinet
Light g\i

Failure-Indicating ‘
LEDs Panel

Operating _
Panel

Power Control
Panel and Board
(behind the
Service Door)

Figure 1. (a) Electromagnetic pulse welding installation; (b) tool coil applied for sheet welding.

Table 1. Properties of the EN AW-1050 H14 [27] and Cu-DHP R240 sheet [28].

Hardness Yield strength (Ry,) Tensile strength (R,,) Elongation (Asg )

Sheet material
[HV] [MPa] [MPa] [%]
EN AW-1050 H14 30 >85 105 - 145 >2
Cu-DHP R240 65-95 >180 240 - 300 >8
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1) High-voltage cabinet containing the grid power supply, which is used to charge the
capacitor bank,

2) Energy storage bank containing the capacitors, which stores the energy that is used
to accelerate the sheet,

3) Work table containing the coil, which generates the magnetic field necessary for ac-
celerating the sheet and producing the weld,

4) Control panel, for setting the required voltage.

The main characteristics of the pulsed power generator (Pulsar MPW 50/25) are
summarized in Table 2.

The tool coil used for all tests is illustrated in Figure 1(b). This rectangular coil was
manufactured by Poynting GmbH, Dortmund [29]. It has an active section of the
winding, which is used for welding, while other parts of the winding serve for closing
the current loop only. The width and length of the active section of the conductor are

10 mm and 150 mm, respectively.

2.3. Experimental Set-Up Configuration and
Electromagnetic Pulse Welding Principle

Figure 2 presents a cross-sectional view of the active section of the coil conductor de-
picted in Figure 1(b). It shows the configuration of the aluminium and copper sheet in
relation to the tool coil. The aluminium sheet is called flyer sheet and is located on top

of the coil conductor. The copper sheet is called target sheet. The gap is the distance by

Target sheet: copper

Right
Left spacer i ,,G?P
Flyer sheet: aluminium
Conductor !
! {
. Overlap
1
| Free length

Figure 2. Principle set-up configuration with a straight, sharp-edged spacer, used for all the pa-
rameter combinations. Cross-sectional view of the active section of the coil conductor in Figure

1(b).

Table 2. Characteristics of the pulsed power generator (Pulsar MPW 50/25).

Characteristic Value
Maximal charging voltage 25kV
Maximal storage energy 50 kJ
Maximal pulse energy 40 kJ (22.36 kV)
Maximal pulse current 500 kA
Voltage-energy ratio V= \/% , where E in [J] and V in [kV]
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which the aluminium flyer sheet is separated from the copper target sheet prior to dis-
charge. The overlap is the overlap distance between the tool coil and the aluminium
flyer sheet. The free length is the part of the aluminium flyer sheet that is being acceler-
ated towards the copper target sheet. Figure 2 illustrates the principle set-up configura-
tion that employs a straight, sharp-edged spacer and is used for all parameter combina-
tions. The function of this spacer is to create the gap between the aluminium flyer and
copper target sheet. A modified set-up configuration is depicted in Figure 3. This one
uses a rounded right spacer, which is only applied for a selection of parameter combi-
nations.

The electromagnetic welding principle is as follows: in first instance, an AC current
in the power supply is rectified which charges the capacitor bank to the selected energy
level. The electrical energy stored in the capacitors is the discharge energy. Once the
bank is charged, the switch is closed and the energy is instantaneously discharged
through the coil. A damped sinusoidal current induces a strong transient magnetic field
in the coil. The magnetic flux lines intersect with the aluminium flyer sheet, which re-
sults in an induced electromagnetic force and corresponding Eddy currents and mag-
netic field. This magnetic field caused by the Eddy currents in the aluminium flyer
sheet opposes the original transient magnetic field caused by the coil current. The dif-
ference in magnitude of the magnetic fields generates Lorentz’ forces that repel the
aluminium flyer sheet away from the coil. Hence, the aluminium sheet impacts with the
copper target sheet at high velocity in a few microseconds. If collision angle and veloc-
ity are in the range of the weldability window, a jetting effect occurs which causes the
expulsion of oxides and contaminations on both sheet surfaces. After collision, the re-
sulting Lorentz forces press the atomically clean surface of the aluminium flyer and
copper target sheet together to form a weld. Bonding between the two materials occurs
when the distance between their atoms becomes smaller than the range of their mutual
attractive forces [21] [25].

2.4. Parameter Combinations

Based on exploratory welding experiments, a set of parameters was identified that pro-

duced a sound weld. However, 54 parameter combinations would have to be considered

Target sheet: copper
( k\ Right spacer Gap

Left
eft spacer Flyer'sheet: aluminium
Conductor
Overlap
Free length

Figure 3. Modified set-up configuration with a rounded spacer, used for a selection of the para-
meter combinations. Cross-sectional view of the active section of the coil conductor in Figure

1(b).
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in order to perform a full factorial research. Other statistical methods were therefore
employed for the design of experiments and the interpretation of the results. This al-
lowed reducing the number of experiments without losing a significant amount of in-
formation and accuracy. For this purpose, the Taguchi design L18 was applied, for
which only 18 out of the 54 parameter combinations were selected. The according pa-
rameter combinations are listed in Table 3.

The following welding parameters were varied, namely:
* Capacitor charging energy £,
* Overlap between flyer sheet and actuator o,
* Initial gap between flyer and target g ;.o
* Freelength /

The fixed parameters were chosen as:
* Capacitance C'= 160 pF,
e Target thickness ¢

arget

= Flyer thickness £, = 1 mm,
* Target width w,,,,. = Flyer width w;,., = 240 mm,
* Active length and width of tool coil = 150 and 10 mm.

Table 3. Parameter combinations, based on the Taguchi L18 design, considered for analysing electromagnetic sheet welding of EN AW-
1050 flyers to Cu-DHP R240 targets.

Varied parameters Fixed parameters
Specimen Capac‘itor l?e ::::2’1 Irl;:(ti:vleiip Free ‘ Target thickness £,  Flyer width wy,, Active
no. charging flyer and flyer and length Capacitance C = = l‘ength and
energy E actuator arget g [mm] [uF] Flyer thickness #,,,  Target width Wi, w1d'fh of tool
[kJ1 o [mm] (mm] [mm] [mm] coil [mm]
1 5.51 8 1 10
2 5.51 6 1 15
3 5.51 8 2 10
4 5.51 6 2 20
5 5.51 6 3 15
6 5.51 8 3 20
7 6.48 8 1 15
8 6.48 6 1 20
? 648 6 2 10 160 1 240 150 and 10
10 6.48 8 2 15
11 6.48 8 3 10
12 6.48 6 3 20
13 7.50 6 1 10
14 7.50 8 1 20
15 7.50 6 2 15
16 7.50 8 2 20
17 7.50 6 3 10
18 7.50 8 3 15

%%
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All parameter combinations were performed according to the principle set-up con-
figuration shown in Figure 2. The experiments were carried out in a random order, in
order to minimise the risk of consecutive errors and to reduce the possible influence of
nuisance variables (such as temperature and humidity) that are not controlled in the
experimental design.

Prior to conducting a welding experiment, the flyer sheet and target sheet dimen-
sions were measured to ensure the correct geometrical parameters. Subsequently, both
parts were cleaned thoroughly using steel wool and acetone. This removed all con-
taminations from the surfaces, such as dust particles or lubricating oil from the ma-
chining process. Otherwise, these contaminations could possibly interfere with the
creation of a welded joint. In [30], it is stated that the surface of the part should be as
clean as possible. In that case, already at relatively low charging energy the jet effect is
sufficient to clean the surface from the remaining contamination. Consequently weld

formation is fostered.

3. Weld Characterisation

The weld quality was first determined by visual inspection of the weld shape and quan-
tification of the length of the weld seam. Furthermore, metallographic examination was
conducted to quantify the width of the weld seam and to investigate the interfacial
morphology. Lap shear testing was performed to obtain the maximum transferable
force. To that end, the hybrid sheet weld was cross sectioned perpendicular to the weld
seam. In this way, 1 specimen (dimensions 5 x 30 mm) for metallographic examination
and 3 specimens for lap shear testing (dimensions 45 x 270 mm) was obtained (see
Figure 4). The metallography specimen was embedded in epoxy, grinded and me-

chanically polished to obtain metallographic cross-sections for optical microscopy.

Lap shear Lap shear Lap shear
test test test
specimen specimen specimen

2

1

Figure 4. As-welded EN AW-1050/Cu-DHP R240 sheet weld, cross-sectioned perpendicular to
the weld seam to obtain 1 metallography specimen and 3 lap shear test specimens.
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Furthermore, the load course during magnetic pulse welding was characterised via
measuring the inductor current. This was done with the aid of a Rogowski coil during
all experiments. The following significant characteristics were determined from the cur-
rent courses (see also Figure 5):

* Significant frequency £ according to [31], which can be calculated based on the cur-
rent rise time £, according to Equation (1)

e Maximum inductor current /,

max

f:

4. At )

rise

It turned out that the significant frequency varied between 42.7 and 48.5 kHz for all
considered parameter combinations. Thus, none of the regarded varied parameters had
a noteworthy effect on the frequency. The maximum inductor current varied between
229 and 301 kA.

Figure 5 shows a typical current course during magnetic pulse welding, for which
the first half wave of the current course is relevant since welding occurs within this time

period.

4. Results and Discussion
4.1. As-Welded Hybrid Sheet Weld: Weld Shape and Weld Length

Aluminium/copper sheet welds were successfully obtained for all parameters condi-
tions considered. A typical example of such a hybrid sheet weld is shown in Figure
6(a). The weld length, ie. the extension of the weld seam parallel to the coil conductor,

was measured based upon visual inspection. The range of weld lengths achieved for

Inductor current (kA)

200

-3—
Time (ps)

Figure 5. Typical current course during magnetic pulse welding of EN AW-1050 flyer to Cu-
DHP R240 target (specimen no. 14).
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JE-CA-44e

(a) (b)

Figure 6. (a) EN AW-1050/Cu-DHP R240 sheet weld with an indication of the length and width
of the weld seam, (b) Indent shape located at the extremities of the hybrid sheet weld.

all parameter combinations varied from 165 to 182 mm, which corresponded to ap-
proximately 69% - 76% welded length of the total sheet length. A summary of the weld
lengths obtained is listed in Table 4. The weld width—i.e. the extension of the weld
seam—was quantified based upon metallographic examination. This will be discussed
in section 4.2.

Visual examination showed that an indent shape located at the extremities of the
weld was present, as indicated in Figure 6(b). This indent was attributed to the change
of the current direction at the end of the coil conductor, which resulted in a current
concentration at the sheet extremities. In addition, a reduction in the aluminium sheet
thickness near the welded zone was observed. No rupture of the aluminium sheet how-
ever was detected.

4.2. Weld Interface: Interfacial Morphology and Weld Width

A typical metallographic cross-section obtained at the centre of the hybrid sheet weld is
illustrated in Figure 7(a). The first impact was at the left extremity of the aluminium
flyer sheet, after which the welding formation advanced to the right. In general, all met-
allographic cross-sections showed that the welded sheets evolved from a non-welded
zone to a welded zone. This can possibly be attributed to the evolution of the direction
and magnitude of the Lorentz force. This force determines the impact angle and the
impact velocity during the welding process, as illustrated by measurements and model-
ling studies performed by [12] [24] [32] [33]. The combination of the impact angle and
the impact velocity is defined in the so-called welding window, which specifies the re-
quirements of the impact angle and impact velocity for welding to occur [32]. [34] ex-
emplary shows the course of impacting angle and velocity during alignment of flyer and
target in relation to the welding window. It specifically shows that the curve describing
this course of collision parameters can leave and re-enter the welding window, leading
to unwelded zones in the part. The welded zone corresponds to the width of the weld
seam. In addition, a reduction of the aluminium sheet thickness near the welded zone

was observed in some specimens.
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Length of First
the weld impact Weld start Weld end £
- 1 4
— 1 .. ]
~‘ i B Aluminium
i e N A TR SRS S T e : sheet
Width of the weld - —— ' thickness
reduction

Welded zone = width of the weld

oy & = & . — Y
Welsiar < s

. \k'

- oAl
e - . -

(®)

Figure 7. (a) Typical metallographic cross section, obtained at the centre of the hybrid sheet
weld; (b) Detailed view of the interfacial morphology evolution (specimen no. 2).

A detailed view of a typical interfacial morphology evolution of a welded zone is pre-
sented in Figure 7(b). At first, the welded zone started with a relatively flat interface
with a small light grey interfacial layer. Subsequently in the weld middle, the interface
waviness amplitude—defined as the difference between the maximum and the mini-
mum of a wave—increased. Also the interfacial layer thickness increased as well (indi-
cated in Figure 8). The composition of the interfacial layer evolved to a mixture of light
grey and dark grey layers, which denoted that different phases were present within the
layer. Moreover the interfacial layer became strongly porous, with randomly dispersed
porosities in different sizes. These porosities could originate from either melting or
metallographic preparations. The transverse microcracks in the interfacial layer can re-
sult from shear stresses, developed during solidification cracking. These shear stresses
could arise because of differences in the thermal expansion coefficient of the adjacent
copper and aluminium, as investigated by [20]. Finally towards the weld end, a small
wavy interface and thin interfacial layer without any defects was present. In general, the
interfacial waviness amplitude and interfacial layer thickness observed for all parameter
combinations ranged from 4 to 12 pm and from 2 to 14 pum, respectively.

The width of the weld seam was quantified, based on measurements on the metal-
lographic cross-sectional views as shown in Figure 7(b). These weld widths ranged
from 1 to 6 mm and are summarised in Table 4. The effect of the welding parameters
on the width and the length of the weld seam will be discussed in the Section 4.4.

4.3. Transferable Force and Failure Mode

Lap shear testing was conducted in order to obtain the maximum transferable force of
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Table 4. Quantification of the weld seam, measurement of the aluminium sheet thickness reduction and results of the lap shear test.

Visual

inspection Metallographic analysis Lap shear test
Absolute value of Maximum
Specimen Length Width Al}l:.mli(nium sfheet the maximum transferable
no. of the weld  of the weld :N:l:dir:less atter . N transferable force in fo‘rce/specimen
seam seam .8. [mm] Failure position the lap shear test [kN] width [N/mm]
[mm] [mm] . (original A p
thickness: 1 mm) verage of the 3lap  Average of the 3 lap
shear specimens shear specimens

1 173.4 1.1 0.9 In the joint 4.6 102.2

2 174.8 3.3 1.0 In the aluminium base material 5.3 117.8

3 168.5 4.8 0.8 In the aluminium base material 4.4 97.8

4 168.8 3.8 1.0 In the aluminium base material 5.2 115.6

5 165.2 2.3 0.7 In the aluminium base material 4.1 91.1

6 176.4 4.4 1.0 In the aluminium base material 5.1 113.3

7 175.9 1.4 1.0 In the joint 5.1 113.3

8 176.6 4.0 1.0 In the aluminium base material 5.3 117.8

9 172.6 3.8 0.8 In the aluminium base material 4.7 104.4

10 171.2 5.9 0.7 In the aluminium base material 4.2 93.3

11 167.9 4.9 0.5 In the aluminium base material 2.6 57.8

12 168.9 3.2 1.0 In the aluminium base material 5.2 115.6

13 177.8 4.2 0.9 In the aluminium base material 5.2 115.6

14 182.0 44 1.0 In the aluminium base material 5.3 117.8

15 173.9 4.3 1.0 In the aluminium base material 5.2 115.6

16 174.8 6.1 1.0 In the aluminium base material 5.2 115.6

17 174.4 52 0.6 In the aluminium base material 3.8 84.4

18 171.8 5.0 1.0 In the aluminium base material 5.1 113.3

Interfacial waviness amplitude ) Interfacial layer thickness kisiomriml

Figure 8. Detail of the interfacial layer morphology in the weld middle and indication of the in-
terfacial waviness amplitude and interfacial layer thickness.

the hybrid sheet weld. The dimensions of the lap shear test specimen were 45 x 270 mm
(see Figure 9). Three lap shear tests were carried out for each parameter combination
in order to guarantee reproducibility of the results. The absolute values of the maxi-
mum transferable force ranged from 2.6 to 5.3 kN. Accordingly the maximum trans-
ferable force/specimen width ranged from 57.8 to 115.6 kN. These results are listed in
Table 4. Two different general failure modes—failure in the base material and failure in

the joint—occurred during lap shear testing. Most of the specimens failed in the
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270 mm o

Figure 9. Geometry of the lap shear test specimen.

aluminium base material due to necking, either close to the joint or further away from
the joint. In contrast, failure in the joint occurred in very few cases only.

Figure 10 illustrates the type of failure mode and the corresponding transferable
force/specimen width versus elongation graphs for the hybrid sheet weld. These graphs
were compared to the transferable force/specimen width of the aluminium base mate-
rial. The width of the lap shear test specimen was 45 mm, whereas the width of the ten-
sile test specimen was 20 mm.

For hybrid sheet welds with no aluminium thickness sheet reduction after welding,
Figure 10(a) shows that the transferable force/specimen width of the hybrid sheet weld
reached that of the base material. Accordingly, the strength of the hybrid sheet weld
was at least as high as that of the base material. This behaviour was defined as a “high
quality” joint. In this case, the hybrid sheet weld typically failed in the base material.
For hybrid sheet welds with an aluminium sheet thickness reduction of approximately
50%, Figure 10(b) illustrates that the transferable force/specimen width of the hybrid
sheet weld was slightly more than 50% of that of the base material. This can be ex-
plained since the transferable force/specimen width depends on the minimum speci-
men thickness (which is about 50% of that of the base material here) and the strength of
the hybrid sheet weld. This strength might be slightly increased in the hybrid sheet
weld, due to strain hardening effects during electromagnetic pulse welding. Regarding
joint quality evaluation, it can be stated that the strength of the hybrid sheet weld ex-
ceeded 50% of that of the base material, but it cannot be known whether or not it
reached the strength of the base material. Also in this case, failure typically occurred in
the base material, due to the large sheet thickness reduction. For hybrid sheet welds
with an aluminium sheet thickness reduction of approximately 10%, Figure 10(c) shows
that the transferable force/width of the hybrid sheet weld was slightly lower compared
to that of the base material. Accordingly, the strength of the sheet weld was slightly
lower compared to that of the base material. This is also the reason why the specimen
failed in joint and not in the base material, here.

Also, the maximum transferable force obtained was linearly correlated to the alu-
minium sheet thickness after the welding operation (see Table 4): a reduced aluminium
sheet thickness resulted in a lower maximum transferable force. For failure in the alu-
minium base material, a high maximum transferable force of 5.3 kN (specimen no. 2)
was achieved when no reduction of the aluminium sheet thickness after welding has
occurred. However, a much lower transferable force of 2.6 kN (specimen no. 11) was
obtained at 50% reduction of the aluminium sheet thickness. This is also the highest %
sheet thickness reduction found for all failures in the aluminium base material. Like
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Type 1: Failure in the aluminium base material Type 2: Failure in the joint

Close to the joint or Further away from the joint

130.0 L . 130.0 .
S Aluminium base material Aluminium base material 1300 Aluminium base material
£ 1100 s 1100 § 1100
] £
2 - £ 5
2 5% g - 90.0 §,€ 90.0 A Hybrid sheet weld
o € 2 S, % (specime
g3z 700 : } SE 790 i J{ Hvbrid sheet weld g E-700- menn
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Figure 10. Two types of failure cases and corresponding transferable force/specimen width vs. elongation curves for hybrid sheet welds of
aluminium flyers to copper targets (width of the lap shear test specimen = 45 mm, width of the tensile test specimen = 20 mm). (a) No
aluminium sheet thickness reduction; (b) With 50% aluminium sheet thickness reduction (=max. reduction observed for failure in the
aluminium base material); (c) With 10% aluminium sheet thickness reduction (=max. reduction observed for failure in the joint).

wise, for failure in the joint, a transferable force of 5.1 and 4.6 kN was achieved at no
aluminium thickness reduction and at a 10% aluminium thickness reduction, respec-
tively. The highest % reduction of the aluminium sheet thickness was therefore ob-
served for failure in the aluminium base material. This correlation between the maxi-
mum transferable force and the aluminium sheet thickness reduction will be discussed
in more detail in Section 4.4. In this section, the welding parameters are related to the
maximum transferable force.

Moreover, the occurrence of the 2 types of failure modes is related to the measured
weld width (see Table 4). Failure in the joint only occurred at smaller weld widths,
ranging from 1.1 to 1.4 mm. In contrast, failure in the aluminium base material only
occurred for longer welder widths, ranging from 2.3 to 6.1 mm. However, no correla-
tion between the maximum transferable force and the weld width nor the weld length

was identified.

4.4. Effect of Welding Parameters on the Structural and
Mechanical Characteristics

The relation between the various welding parameters and the aluminium thickness
sheet reduction after welding, the maximum transferable force and the dimensions of
the weld seam was thoroughly investigated. To this end, the individual results of the 18

different parameter combinations (orange dots in Figure 11 and following) were first
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Figure 11. Aluminium sheet thickness as a function of (a) initial gap between aluminium flyer
and copper target sheet, (b) free length.

examined. Based on that analysis, the main parameters affecting the weld characteris-
tics and their general trends were identified (blue line in Figure 11 and following). Af-
terwards, this same data was analysed by means of a Pareto analysis and predicted re-
sponse graphs for the transferable force and the dimensions of the weld seam.

Main parameters affecting the aluminium sheet thickness reduction near the

welded zone

Figure 11(a) shows that the lowest initial gap of 1 mm most likely resulted in the
smallest reduction of the aluminium sheet thickness, whereas Figure 11(b) shows that
the highest free length of 20 mm always resulted in no reduced aluminium sheet thick-
ness. Contrary, a combination of the highest initial gap of 3 mm and the lowest free
length of 10 mm, resulted in the highest sheet thickness reduction of 0.5 mm (specimen
no. 11) and 0.6 mm (specimen no. 17).

A strong interaction was suspected between these 2 parameters, which can be ex-
plained geometrically. For the lowest value of the free length of 10 mm, only an alu-
minium sheet length of 2 or 4 mm (depending on the overlap distance) remains that
was not covered by the coil conductor. This small aluminium flyer sheet length should
bend towards the copper target sheet over an initial gap distance of 3 mm in a time pe-
riod of ps. Therefore, this parameter combination resulted in the largest reduction of
the aluminium sheet thickness. The original aluminium sheet thickness of 1 mm was
most likely retained for the lowest initial gap of 1 mm and the highest free length of 20
mm.

Main parameters affecting the maximum transferable force

A similar trend as observed for the aluminium sheet thickness has been identified for
the effect of the welding parameters on the transferable force. Figure 12(a) and Figure
12(b) show that for the lowest initial gap of 1 mm and the highest free length of 20 mm,
the highest transferable forces were obtained. At these particular parameter values, also
no aluminium thickness reduction was observed, as illustrated in Figure 11.

Therefore, the transferable force was investigated as a function of the aluminium
sheet thickness (see Figure 13). This showed that a linear correlation existed between
the aluminium sheet thickness near the welded zone after welding and the maximum
transferable force. Indeed, a reduction in the aluminium sheet thickness resulted in a

lower transferable force. The aluminium sheet thickness can also be related to the
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Figure 12. Maximum transferable force as a function of (a) initial gap between aluminium flyer
and copper target sheet, (b) free length.
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Figure 13. Maximum transferable force of the hybrid sheet weld as a function of the aluminium
sheet thickness

fajlure mode during lap shear testing. This is because welds with a large aluminium
sheet thickness reduction of 20% or more, tended to fail in the aluminium base material
due to necking (see Table 4).

No effect of the capacitor charging energy or the overlap distance on the transferable
force was identified for the regarded experiments. A Pareto analysis confirmed that the
gap and the free length were the 2 dominating parameters affecting the transferable
force (see Figure 14).

Main parameters affecting the weld length

An increasing weld length was mainly noticed at a smaller gap of 1 mm (see Figure
15). A Pareto analysis also showed that gap is the dominating parameter affecting the
weld length, while all other considered parameters were less important with regard to
this effect (see Figure 16).

Main parameters affecting the weld width

The capacitor charging energy and gap were the main parameters causing variation
of the total weld width (see Figure 17). A larger capacitor charging energy up to 7.5 kJ
resulted in a longer total weld width and a lower variation thereof. Regarding the initial
gap, an optimum value was observed within the selected outer parameter boundaries,
which is likely to be situated between 2 and 2.5 mm.

A Pareto analysis confirmed that the capacitor charging energy and the gap were the

dominating parameters affecting the weld length (see Figure 18).
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Figure 14. Pareto effects for the transferable force F determined during lap shear testing on
welding of EN AW-1050 flyers to Cu-DHP 240 targets (1 = overlap length; g, ... = gap; E = Ener-
gy; O = Overlap).
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DHP 240 targets (g, = gap; E = Energy; 1 = overlap length; O = Overlap).
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Figure 18. Effects Pareto for the weld width, obtained by welding of EN AW-1050 flyers to Cu-
DHP 240 targets (E = Energy; g,...a = gap; O = Overlap; | = overlap length).

More detailed insight in the dominating effects of the welding parameters was given
via the predicted response graphs. These graphs show for each of the influencing pa-
rameters how it affects the weld characteristics, assuming that all other parameters are
fixed to the pre-selected values. In particular, the predicted response graphs in Figure
19 show the transferable force, the weld width and weld length as a function of the ca-
pacitor charging energy, overlap, gap and free length. This means that the graph in the
upper left corner shows the effect of the capacitor charging energy on the transferable
force if the overlap is fixed at 8 mm, the gap at 2 mm and the overlap at 14 mm. Pre-
dicted response graphs can be generated for any set of pre-selected values within the
parameter range considered in the study with the help of the Cornerstone software [35].
For other combinations of pre-selected values, the height and the slope of the curves
can vary, but the general trends, described in the following, usually are similar.

The predicted response graphs confirm the same trend of the effect of the capacitor
charging energy, overlap, initial gap and free length on the weld characteristics, as ob-
served for the individual results plotted in Figure 12, Figure 15 and Figure 17. The
most effective way to increase the transferable force is to lower the initial gap and to in-
crease the free length, since both parameters also resulted in a smaller aluminium sheet
thickness reduction near the welded zone. The transferable force was not significantly
and unambiguously influenced by the capacitor charging energy. An increase in weld
width was mainly achieved for an increase in capacitor charging energy and initial gap,
whereas an increase in weld length was obtained for a decrease in initial gap. In general
for all 3 weld characteristics, the initial gap is one of the most influential parameters,
since this distance between flyer and target sheet is one of the factors that determined
the impact angle and impact velocity.

Furthermore, an increase in weld width did not necessarily result in an increase in
the transferable force. A hybrid sheet with narrow weld width, but without remarkable
thinning of the aluminium, could therefore have a higher quality compared to one with
long weld width but severe pre-damage in the aluminium. However, no unambiguous
relation between the weld width and the transferable force was identified in these test
series. This can be attributed to the aluminium sheet thickness reduction, which is the
dominant parameter affecting the transferable force attained (see Figure 13). The

original aluminium sheet thickness should therefore be maintained after the welding
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operation, in order to eliminate the effect of thickness reduction on the transferable

force.

4.5. Modified Experimental Set-Up with a Rounded Spacer

Based on the results obtained by the Taguchi L18 design, 3 specimens showed a large
reduction (from 30% up to 50%) of the aluminium sheet thickness near the welded
zone after welding. It was proven that this was attributed to the sharp edge of the right
spacer in combination with the specific parameters considered. This aluminium sheet
thickness reduction in the welded zone significantly lowered the maximum transferable
force attained. Hence, these particular parameter combinations were repeated using a
rounded spacer. The modified experimental set-up showing a rounded spacer with a
radius of 1.5 mm is illustrated in Figure 3.

All specimens with a rounded spacer displayed no visual reduction of the sheet
thickness, which was beneficial for the joint quality and in particular the transferable
force. However, when the sheet thickness was measured by optical microscopy, a small
thickness reduction of 10 % was still present compared to the original sheet thickness of
1 mm. This small reduction was probably caused by elongation of the sheet material
during the welding operation. Figure 20 shows a comparison between the aluminium
sheet thickness reduction obtained with a straight, sharp-edged spacer and a rounded
spacer, for the same parameter combination. Here, the effect of the spacer on the alu-
minium sheet thickness reduction is clearly illustrated. Furthermore, no correlation
with the capacitor charging energy selected was identified, since all aluminium sheet
thickness values obtained with a rounded spacer were similar for the different energies.

The transferable force for hybrid sheet welds produced with a straight, sharp-edged
spacer and with a rounded spacer is compared in Table 5. Although an increase in the
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Table 5. Comparison of the aluminium sheet thickness and transferable force for welds produced with a straight, sharp-edged spacer and

a rounded spacer, for the same parameter combinations.

Hybrid sheet welds obtained with a straight, sharp-edged spacer Hybrid sheet welds obtained with a rounded spacer
Specimen no. Aluminium sheet Average maximum Aluminium sheet Average maximum
thickness after transferable force of 3 lap thickness after transferable force of
welding [mm] shear specimens [kN] welding [mm] 3 lap shear specimens [kN]
11 0.5 2.6 0.9 4.6
17 0.6 3.8 0.9 4.3
5 0.7 3.9 0.9 4.4

Figure 20. Effect of using a (a) straight, sharp-edged spacer, (b) rounded spacer on the alumi-
nium sheet thickness near the welded zone (specimen no. 5) (original aluminium sheet thickness
=1 mm).

maximum transferable force is noticeable, the highest transferable force (up to 5.3 kN)
which was obtained for welds without a sheet thickness reduction (see Table 4), was
not achieved. It is likely that a modification of the radius of the rounded spacer may in-
crease the transferable force even further. However, it would be more convenient to in-
crease the free length to 20 mm or decrease the initial gap to 1 mm if a higher transfer-
able force is desired, as shown in the predicted response graphs in Figure 19.

The use of a rounded spacer in producing the hybrid sheet weld therefore had a
beneficial effect. An increase of 28% - 80% in the aluminium sheet thickness and an in-
crease of 13% - 77% in the transferable force was achieved, compared to the use of the
straight spacer (see Table 5). However, it has to be considered that by using a fillet ra-
dius on the spacer, the welds no longer had an effective free length of 10 mm. It would
therefore be more correct to report a corrected free length, e.g. 11.5 mm instead of 10

mim.

5. Conclusions

Aluminium-copper sheets were joined by means of the electromagnetic pulse technol-
ogy using different parameter combinations, selected according to a Taguchi L18 de-
sign. The weld shape, interfacial morphology, transferable force, failure modes and di-
mensions of the weld seam were examined in detail. Subsequently, these structural and
mechanical characteristics were related to the welding parameters, namely the capacitor

charging energy, the initial gap, the overlap distance and the free length. A Pareto
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analysis allowed identifying the most influential welding parameters. The trends be-
tween these dominating parameters and the weld characteristics were determined using
predicted response graphs. A modification to the experimental set-up configuration
consisted of using a rounded spacer instead of a straight, sharp-edged spacer. This was
done to avoid aluminium sheet thickness reduction near the welded zone. The follow-
ing conclusions can be drawn from the present experimental study.

Hybrid sheet welds were successfully obtained for all parameters conditions consid-
ered. An indent shape located at the extremities of the weld was attributed to the
change of the current direction at the end of the coil conductor, resulting in a current
concentration at the sheet extremities. The centre of the hybrid sheet welds evolved
from a non-welded zone to a welded zone. Based on measurements and modelling
studies found in literature, this can be explained by the evolution in the direction and
magnitude of the Lorentz forces, which determine the impact angle and velocity during
the welding process. Under the correct welding conditions, a jet occurred that removed
the oxide layers and hence established a metallurgical bond. The welded zone started
with a wavy interface with interfacial layers and evolved to a relatively flat interface
without interfacial layers.

The absolute values of the maximum transferable force during lap shear testing
ranged from 2.6 to 5.3 kN. Accordingly, the transferable force/specimen width during
lap shear testing ranged from 57.8 to 115.6 N/mm for a lap shear specimen width of 45
mm. The maximum transferable force depended on the minimum specimen thickness
and the strength of the hybrid sheet weld. For no aluminium sheet thickness reduction,
the maximum transferable force was determined by the hybrid sheet weld strength and
fajlure occurred in the base material. Hence, high quality joints were obtained for no
aluminium sheet thickness reduction and for a sheet weld strength which was at least as
high as that of the base material. For small aluminium sheet thickness reductions (ap-
proximately 10%), and for a sheet strength slightly lower compared to that of the base
material, failure occurred in the joint. At large aluminium sheet thickness reduction of
20% or more, the maximum transferable force was linearly correlated to the aluminium
sheet thickness and hence failure occurred in the base material. In this case, a reduced
aluminium sheet thickness resulted in a lower maximum transferable force.

The most effective way to increase the transferable force was to lower the initial gap
to 1 mm and to increase the free length to 20 mm, since both parameters resulted in no
aluminium sheet thickness reduction near the welded zone. Alternatively, the use of a
rounded spacer to produce the hybrid sheet welds resulted in a higher transferable force
and a smaller aluminium sheet thickness reduction, compared to hybrid sheet welds
produced with a straight, sharp-edged spacer. Therefore, this modified experimental
set-up allowed to decrease the effect of the aluminium sheet thickness reduction on the
transferable force achieved. The weld width obtained ranged from 1 to 6 mm and an
increase was mainly achieved for an increase in capacitor charging energy and initial
gap. However, an increase in weld width did not necessarily result in an increase in the

transferable force. A narrow weld width could therefore have higher joint quality. The
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weld lengths obtained ranged from 165 to 182 mm and an increase was noticed for a

decrease in the initial gap.
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