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Abstract:

Magnetic Pulse Welding (MPW) is a high-velocity impact welding technique
that allows the joining of dissimilar materials such as aluminium and copper.
Welding should be produced under the appropriate conditions: impact velocity
(200-500 m.s") and collision angle (10-30°). The formation mechanisms lead-
ing to the welding creation are not very clear. This work investigates the micro-
structure and hardness at the interface to understand these mechanisms.

Al/Cu and Cu/Cu samples were formed with identical process parameters. They
were first compared to the literature using Vickers microhardness. Obtained re-
sults are standard and correspond to previous studies. In a second step, a de-
tailed characterization of the interface using nanoindentation and electron back-
scattered diffraction (EBSD) methods is done.

Different behaviors were found at the interface between Al/Cu and Cu/Cu.
Al/Cu exhibited a thin layer of intermetallic compounds (IMC), increasing the
hardness at the interface. This layer was composed of Al,Cu and Al4Cuy com-
pounds, as demonstrated by Energy Dispersive Spectroscopy (EDS) and X-ray
Diffraction (XRD). Cu/Cu presented a dissimilar behavior at the interface. The
flyer sheet shows an increase in hardness due to grains deformation and distor-
tion. While, the base sheet manifested a decrease in hardness caused by dynam-
ic recovery or recrystallization at the interface. In both cases, the samples were
deformed and hardened due to the plastic deformation induced during impact.
These results are complementary to previous studies. They provide new insights
that could be used to improve our understanding of the mechanisms behind
such high-velocity impact welding.

Keywords: Microstructure, Magnetic Pulse Welding, Nanoindentation, Weld-
ing interface, Plastic deformation, Intermetallics
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1 Introduction

Nowadays, structural components made of welded joints must combine various prop-
erties to ensure a high strength under complex and severe loadings while being light-
weight. In order to combine these properties, different materials can be used simulta-
neously. However, usual welding techniques are mainly efficient to join similar mate-
rials. With dissimilar metals the melting temperature between the two elements can be
very different, leading to undesirable thermal effects such as an important Heat-
Affected Zone (HAZ) or a large area of Intermetallic Compounds (IMC). Other weld-
ing techniques need to be used for the welding of dissimilar materials.

Among others, Magnetic Pulse Welding (MPW), also known as Electro-Magnetic
Pulse Welding (EMPW), is adapted to join dissimilar materials such as Aluminum
(Al) and Copper (Cu). It is categorized as a High-Velocity Impact Welding (HVIW)
due to its impact velocity between a flying (flyer) and fixed (base) sheet during the
process (200-500 m.s)[1]. The accelerating energy of the flyer plate is supplied by
an electric pulse through an inductor (coil). MPW is known to have a very limited
HAZ at the interface between the two materials but they undergo severe plastic de-
formation especially at the interface [2]. Searchers investigated the link between the
interfacial morphology and the global [3] or local [4] mechanical properties of the
joints. The produced interface is inhomogeneous with specific features such as waves
and vortexes. These features are assumed to be a key marker of the process. Different
hypotheses were made to explain their formation, most known are based on the Kel-
vin-Helmholtz instability and shock-waves interaction [5].Numerical investigations
were also conducted to reproduce these features and demonstrate their mechanisms
formation [6].

Previous works shown effects on the local microstructure of similar (Cu/Cu [1],
AV/AL [7]) or dissimilar (Al/Fe [8], Al/Mg [9] or Al/Cu [10]) assemblies. However,
there was no specific study on the literature exploring the link between local micro-
structure and mechanical properties of Al/Cu and Cu/Cu assemblies by comparing
nanoindentation and microstructure maps at the interface. The comparison of these
maps permits to collect complementary data at the interface.

This work presents the properties evolution of the materials on the meso-scale of
the assembly and locally at the interface. An Al/Cu assembly is compared to a Cu/Cu
one produced under the same conditions. Several differences are highlighted to ex-
plain the underlying mechanisms on the microstructure at the interface.

2 Materials and Methods

2.1 Welds Characteristics

During this study, two couples of materials were welded by MPW. A commercial
1050 aluminum sheet of 1 mm thickness has been welded on a commercial copper of
2 mm for the first one. The second couple is an assembly of 2 copper sheets of 1- and
2-mm thickness. The welding was performed on a PULSAR 25 kJ-9 kV device with a



690 pF condenser and a theoretical frequency of 25 kHz at PFT Innovaltech in
France. The process parameters used during welding are described in Table 1.

Table 1 : MPW process parameters

Cu/Cu assembly Al/Cu assembly
Base plate (fixed plate) Copper — 2 mm Copper — 2 mm
Flyer plate (mobile plate) Copper — 1 mm Aluminum — 1 mm
Base strip sizing 98 x 30 mm 98 x 30 mm
Flyer strip sizing 98 x 30 mm 98 x 30 mm
Energy used (kJ) 19.4 19.4
Gap (mm) 2 2
Overlapping (mm) 7 7

(a) Overlapping
Inductor
’ Flyer plate (before welding)

Base plate

S
Flyer plate (after welding) pacet

Impact velocity

(b)
\ Impact angle

Fig. 1 : Scheme for the MPW set-up and parameters; (a) — General view of the set-up, (b) —
Impact velocity and angle orientation

Fig. 1a depicts the different elements from the MPW process as a schematic figure
with their position and localizations. Fig. 2 displays Cu/Cu and Al/Cu samples after
welding. The global aspect of the assemblies is different between the Al/Cu and
Cu/Cu samples because of the materials properties. Aluminum sheet is more de-
formed and twisted than the copper one due to lower mechanical properties. It is im-
portant to note that the impact angle and velocity (described in Fig. 1b) between
Al/Cu and Cu/Cu are not identical. This is linked with their different electric proper-
ties, hence leading to a different magnetic field.



2.2 Sample preparation

Welded samples were cut in perpendicular cross-section of the welding seam to ex-
tract sub-samples and to study the welding seam at the interface. An example of the
cross-section orientation is shown on Fig. 2. Cutting was performed using a Secotom-
10 (Struers) device. Then, the sub-samples were mounted using a CitroPress-5 (Stru-
ers) and polished by a Tegramin-25 (Struers).

/ Cross section position and orientation

Fig. 2 : Aspect of the samples after welding and example of cross-section direction;
(a) - Cu/Cu, (b) — Al/Cu.

Different polishing protocols were used on the sub-samples depending of the as-
sembly. For Cu/Cu, standard polishing was executed with Silicon Carbide (SiC) paper
up to Grit 2000, then it was electro-polished using a LectroPol-5 (Struers) device.
This protocol permits to reach very good surface preparation allowing to use
nanoindentation and Electron Back-Scattered Diffraction (EBSD) techniques on the
Cu/Cu samples.

For Al/Cu samples a different protocol should be used because it is not possible to
achieve a good electropolishing on both surfaces simultaneously. The samples were
polished with standard SiC papers up to Grit 2000, followed by 3, 1 and 0.25 um
diamonds solutions sprayed on different cloths in order to obtain mirror finish sam-
ples. A final step was realized with colloidal silica solution. While the surface quality
preparation was sufficient for nanoindentation, there was scratches present that make
EBSD analysis difficult. Therefore, a different protocol owed to be used. 3 mm cubic
pieces were extracted from welding using Wire Electrical Discharge Machining
(WEDM). These pieces were then ionic polished using an EM TIC 3X ionic beam
milling system (Leica).

2.3 Characterization Methods

Samples were analyzed using different characterization techniques to obtain several
complementary information. Mechanical characterization was performed using a mi-
crohardness indenter and a nanoindenter.

Micro-hardness testing was carried out using a micro-hardness testing machine
from Future Tech with a motor driven stage. Hardness was measured using a Vickers
indenter operating at 50 gf / 15 s according to ASTM E384-17 [11]. The distance



between each indent was 150 um. Nano-hardness measurements were performed
using a Hysitron TI980 (Bruker) device. Data were acquired using XPM mode (10 x
10 grid), which allowed ultra-fast indentation acquisition. The indents were made
using 700 uN with a spacing distance of 3.5 pm for Al/Cu and 2 um for Cu/Cu. The
use of these two techniques allowed to get global and local information on the me-
chanical properties of the sample.

Welding microstructure was studied using Scanning Electron Microscopy (SEM)
images and EBSD. Analyses were conducted using two apparatus, a JSM 7100F
(Jeol) and a Supra 40 (Zeiss) devices due to the different samples’ preparation proto-
cols.

3 Results & Discussions

Interface characterization was performed on Cu/Cu and Al/Cu samples produced with
the same process parameters (see Table 1).

3.1 Micro-hardness

Micro-hardness was used to obtain global information on the welds and a reference
to allow a comparison with previous studies.

Fig. 3 shows the measurements locations taken during this work. Longitudinal pro-
files were done at half the thickness of each plate. The Al/Cu sample exhibited a sig-
nificant gradient at the interface due to the use of dissimilar materials during the
welding process. These results are in agreement with previous works, particularly for
the copper hardness [10]. The Cu/Cu sample demonstrated a slight increase in hard-
ness on the welding area compared to the external part of the base plate indicating a
plastic hardening of the sample. This finding is consistent with a previous study done
on Al/Al welding [12].

It is important to note that intermetallic compounds (IMC) hardness were not visi-
ble in the results due to the large prints size (around 35 pm diagonal on the copper
side and 48 pm for the aluminum side) compared to the thin thickness of the IMC
layer (between 5-20 um). However, it can be seen that the copper base plate was more
hardened with the Cu/Cu assembly. These measurements were conventional and with
expected outcome. Although, they indicate that the samples examined are comparable
to those studied in the literature.
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Fig. 3 : Longitudinal and transversal microhardness Vickers for Al/Cu and Cu/Cu welds; (a)
and (d) — Al/Cu and Cu/Cu schemes with the measurement locations; (b) and (c) — Longitudinal
measurements on Al/Cu and Cu/Cu samples; (c¢) and (f) Transversal profile on Al/Cu and

Cu/Cu samples.



3.2 Nano-indentation

Second step of the characterization was to study locally the hardness across the in-
terface for Al/Cu and Cu/Cu samples using nanoindentation.
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Fig. 4 : Nano-indentation hardness maps and average profile lines, (a) and (b) — Hardness
maps for Al/Cu and Cu/Cu, (c) and (d) — Average hardness values along the Y-axis.

Fig. 4 shows the nanoindentation maps obtained for Al/Cu and Cu/Cu. The behav-
ior between the two components was different. In the Al/Cu case, there was an im-
portant increase of the hardness at the interface as a result of the presence of IMC (as
shown in the following subsection). No effects were measured beyond 10-15 pm
around the interface. The Cu/Cu nanoindentation map was different, it presented a
reduction in the hardness on one side of the interface and an increase of the hardness
on the other side. The impacted zone around the interface was slightly bigger than the
Al/Cu sample.



Additional characterization was performed to understand the origin of these varia-
tions.
3.3 SEM & EBSD

SEM allows us to get complementary information to those previously collected. Visu-
alization can help to understand and explain the different variations obtained.

- 0 < —m

| Indentation zone |
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Fig. 5 : SEM and EBSD images - Cu/Cu sample, (a) — BSE image of the EBSD location
with annotations, (b) IPF map, (¢) GOS map, (d) GROD map

Cu/Cu sample was observed under SEM, it presented a wavy interface. The Micro-
structure from the flyer and base plates were different due to their distinct production
conditions. The average grain diameter from the flyer was 10.5 um compared to 5.4
um from the base plate.

A micro-indentation was made at the interface to be used as a marker during the
EBSD / nano-indentation, it is represented under the yellow star in Fig. 5. Fig. Sa
display the location where the Cu/Cu nano-indentations testing was performed com-
pared to the EBSD map. The grains from the flyer part were heavily deformed close
to the interface. This can be observed on the Inverse Pole Figure (IPF) (Fig. 5Sb) map
where the grains have an internal gradient of colors. This distortion can also be com-
puted by the Grain Orientation Spread (GOS) (Fig. 5¢) map, which is the average
misorientation angle of a grain compared to its mean orientation. The more deformed
grains on surrounded by the red shape (continuous line) in Fig. 5c. This can be en-
hanced by using the Grain Reference Orientation Deviation (GROD) (Fig. 5d) map. It
is evaluating the misorientation from a local point of a grain to its mean orientation.
The work has been carried out using the MTEX toolbox [13] available with



MATLAB. GOS and GROD maps provide local information about deformation of
grains, and can be used to study the recovery and recrystallization of materials [14].
They differ from the IPF map, which indicates grain orientation.

We also found that grains from the base plate (just below the interface) were at the
opposite without any distortion. They had a GOS or GROD measurements equal to
zero. They are visible inside the purple shape (dashed line) in Fig. Sc. This may be a
mark of dynamic recovery or recrystallization that occurred during the welding pro-
cess. This explains the hardness drop measured during the nano-indentation due to the
limited quantity of distortion at this localization.

As explained previously in 2.2 Sample preparation, it was not possible to execute
nano-indentation and EBSD on the same location for Al/Cu. Another sample was

used.
0]
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Fig. 6 : SEM and EBSD images -7Al/Cu sample, (a) — SE image of the EBSD location, (b)
IPF map, (c) GOS map

Fig. 6 shows the microstructure characterization for Al/Cu sample. It is interesting
to note that the interface presents also dynamic recovery or recrystallization marks
(red shape in Fig. 6¢c). However, the impacted area is reduced compared to Cu/Cu.
Both sides have grains highly deformed. Copper grains (bottom side) are heavily
twinned for both welding cases, whereas aluminum grains are not (top side). This
agrees with the literature and the aluminum high stacking-fault energy [15].

IMC compounds were not indexed during the EBSD characterization due to poor
signal. They correspond to the white areas on Fig. 6b and Fig. 6¢. Energy dispersive
spectroscopy (EDS) and X-ray diffraction (XRD) were used to characterize these
IMCs. Room temperature X-ray diffraction (XRD) measurements were conducted
using a Cu-Ka radiation (A=0.15406 nm) X'Pert PRO PANalytical instrument. Two
IMCs were found that correspond to Al>Cu and AlsCuo (see Fig. 7).
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Fig. 7 : Al/Cu XRD diffractogram

4 Conclusion

Al/Cu and Cu/Cu assemblies were produced by MPW using identical process pa-
rameters. They were compared to the literature using Vickers microhardness and they
show standard hardness measurements. Then, they have been locally characterized at
the interface to highlight the local evolution in this area.

The Al/Cu and Cu/Cu samples demonstrated different behaviors and mechanisms.
Cu/Cu showed the creation small grains at the interface with a dissimilar behavior on
both sides. The area of the flyer part close to the interface increased its hardness due
to grain distortion. On the other hand, the close interface area from the base part had a
reduction in hardness due to dynamic recovery or recrystallization of grains during
the welding.

The Al/Cu samples did not present these characteristics on the same scale. The dy-
namic recovery or recrystallization area were more reduced compared to Cu/Cu.
However, two IMCs compounds were found at the interface, which they locally af-
fected the hardness by increasing it.
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