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Abstract:

Interface temperature of electromagnetic pulse welding is difficult to measure by insitu
methods. Here, the local temperature rise is investigated using the kinetics of precipitates and
dispersoids (transformation or dissolution) at the interface zone (IZ) and affected zone (AZ) of
three welds. This fine scale analysis allows estimating of local temperature range for AZ that
reaches between 250 - 360 ° C on both sides of narrow 1Z, while the IZ itself experiences
between 360 - 500 ° C or even beyond 500 °C. The interface temperature increases with the
increasing impact intensity. The current work estimated thermal field based on the precipitate
transformations, which occur during the ultra-fast temperature rise at the interface in

electromagnetic pulse welding.
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1. Introduction

Electromagnetic pulse welding (EMPW) becomes a growing interest in automotive
industry, thanks to its capability to weld similar and dissimilar materials and to produce
lightweight structures for reducing greenhouse gas emission [1, 2]. The impact completes
within hundreds ps along with high-speed (hundreds of m/s) collision and an extremely high
strain rate of up to 10°~107 s™! at the interface [3]. EMPW has also been known as a solid-state
cold welding since it does not use a heat source to weld materials as for conventional welding
[4]. However, excessive local shear deformation during high-speed collision can heat the
interface while producing a welded joint with a thermally activated diffusion [5].

The local interface temperature of the joint is usually predicted using analytical
calculation [6] or computational modelling [7] during this high-speed dynamic process.
However, investigating the evolution of precipitates across the interface enables to better
understand the local temperature rise at a fine scale and to classify the zones, which have
experienced different thermomechanical conditions during EMPW. Therefore, this study
focuses on the transformation and dissolution of precipitate and dispersoids kinetics across the
interface to establish the understanding of the thermal field across the interface of EMPW joints.
2. Material and methods

Evaluation of precipitates and their kinetics are investigated for EMPW aluminum
samples using TEM observations. AA6061-T6 was used as the base material (BM). The
microstructure of the base material is provided in supplementary material. The welding tests
are performed using EMPW 25kJ - 9kV machine equipped with a 690 puF capacitor bank and a

coil system composed of a three turn coil and a field shaper that generates 10 kHz pulse electric



current. The welding parameters [discharge voltage, initial air gap] are set to obtain three
different welding conditions with: (1) low impact intensity [6.5kV, 3mm)], (2) medium impact
intensity [7.5kV, 4mm] and (3) high impact intensity [8.5kV, 4mm]. These samples are referred
to as Sample 1, Sample 2, and Sample 3, respectively.
3. Results and discussion

The evolution of precipitates due to the high-speed collision is shown in Fig. 1 in the
interface zone (IZ) and thermally and mechanically affected zone (AZ). The heat source that
activates this precipitates transformation in these zones is produced by the plastic work due to
the extensive shear deformation during the interfacial collision. In what follows, the
identification of temperature ranges for different precipitates are based on a literature survey
[8-10]: B": dissolution 250°C, B": formation 250°C and dissolution 360°C, B: formation 360°C
and dissolution 500°C. The B’ precipitates are distinguished from the  precipitates due to their
difference in shape, rod-shaped and square shaped [11], respectively.

Figs. 1a and b are obtained from Sample 1 corresponding to the lowest impact intensity.
In the AZ (Fig 1b), the B’ precipitates area fraction is about 0.19% (see statistical analysis below
for more detail) which is the lowest among those three welding cases. The presence of low
amount of B’ precipitates and the complete absence of " in the AZ suggest the temperature has
overpassed the B” dissolution temperature, i.e. larger than 250°C, in that zone [8]. No square-
shaped larger B-Mg>Si precipitates are evidenced in that zone. The IZ contains B’ and B
precipitates (Fig. 1a). The presence of a square-shaped B-Mg»Si precipitate is clearly evidenced
in Fig. 1a and this is found throughout the IZ. A high dislocation density is observed in the zone

of B’ and P precipitates formation (Fig. 1a) which is a sign of the extensive plastic deformation



in IZ. Together, these observations (Fig. la-b) indicate that the IZ experiences the
transformation of B”—p'—f, which allows to estimate the reached temperature to be between
360 °C - 500 °C for I1Z and between 250 °C - 360 °C for AZ.

The microstructural changes for the medium impact intensity (Sample 2) are presented in
Figs. 1c and d. Whereas, Sample 1 exhibits more equiaxed grain (Fig. 1b, highlighted by yellow
dashed line), Sample 2 has elongated fine grain (Fig. 1d, highlighted by yellow dashed line)
that indicates plastic work is more intense in Sample 2. The grains are flattened due to the high
strain rate shearing. Macroscopic elongations within a highly confined shearing have also been
clearly evidenced in previous studies [12]. The elongated fine grains are dominant for Sample
2 (Fig. 1d) and coexist with a few equiaxed grains showing thereby the onset of more
significant recrystallization. Furthermore, the IZ of Sample 2 has a higher density of B'+f
precipitates (Fig. 1c) that suggests the temperature is slightly higher than that of Sample 1.

For the high impact intensity case (Sample 3), TEM observations of the IZ show only
small amount of B’ and B precipitates and even more elongated and flattened grains (Fig. le).
This result indicates significant increase of dissolution of precipitates in the IZ zone due to the
increase of heating resulting from large plastic deformation.

Moreover, a qualitative TEM image analyze using a series of images obtained from those
three welding conditions are used to compare the area fraction of dispersoids, B’ and f3
precipitates, and the findings are summarized in Fig. 2. We made the statistical analysis based
on the 2D images, which are indeed come from the projected area of 3D thin volume of TEM
samples. Here, we reasonably assumed all the TEM samples are in similar thickness and

sufficiently thin. Since they represent the projected area, it has been called as “area fraction”



in this manuscript.

Sample 1 [6.5kV, 3mm] Sample 2 [7.5kV, 4mm] Sample 3 [8.5kV, 4mm]
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Fig. 1. TEM images of the AA6061-T6/AA6061-T6 interface obtained at various impact intensities; Sample 1:
(a) Bright field (BF) image showing high density dislocations, B’ +B, dispersoids in IZ (b) dispersoids and B’ in
AZ, some equiaxed grains; Sample 2: (c) high density of B’ +f in IZ (d) few equiaxed grains and elongated fine
grains, and dispersoids with various shapes in AZ; Sample 3: (e) IZ showing low content of '+ and dispersoids
(f) Few B’ and dispersoids in AZ.

The dispersoid fraction decreases slightly in the AZ from Sample 1 to Sample 3, and more
significantly in the IZ due to the increase of impact intensity (increase of local temperature and
pressure from Sample 1 to Sample 3). The typical 50 us of the welding time with the
temperatures below 500 °C [13] are not expected to lead to this dissolution, however the large
plastic deformation in the IZ may occur due to this interesting phenomenon.

As discussed earlier, the transformation of B”—f' is observed in the AZ with the absence
of B in all three cases while the area fraction of B’ in AZ increased from Sample 1 to Sample 3,

respectively, due to increased local heating. This result indicates that the temperature in AZ in



Sample 3 reaches the highest values while it still remains below the B'—f transformation
temperature (360 °C) [8]. It corroborates with the observations (Fig. 1), where no B-Mg>Si
precipitates are found in the AZ in any of these samples. The area fraction of B'+f3 in 1Z is also
overlaid in Fig. 2. It shows an increase of '+f in IZ when increasing the impact intensity from
Sample 1 to Sample 2. However, for Sample 3 contains a very low fraction of B'+f that can be
attributed to the temperature in IZ exceeding the B dissolution peak, i.e. a temperature around

500 °C [10]. Supplementary material summarizes these findings.
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Fig. 2. Area fraction of dispersoids in both AZ and 1Z, B’ in the AZ and '+f in the IZ corresponding to the EMPW
samples. Base material (BM) data is added here for comparison purpose, it should be considered irrespective of

AZ and IZ. The standard deviation (SD) obtained from the statistical analysis of a series of images come from

different zones are added here as the error bar.

4. Conclusions

In summary, the present study shows an inverse prediction of the thermal confinement
during EMPW using TEM nanoscale analysis. The TEM results in the AZ zone shows the
dissolution B” precipitates of base material and transformation to ' precipitates, providing the
temperature is reached between 250 °C and 360 °C in that zone. The formation of B precipitates

from successive "—p'—f transformation indicates a temperature of 360°C to 500°C has been



reached during the interfacial collision. These B precipitates are dissolved within the I1Z zone
at the high intense impact condition [8.5 kV, 4 mm] and reveals thereby the temperature in that
weld has reached beyond 500 °C. Thus, the precipitate analysis permitted an inverse estimation
of the temperature range at the fine scale resolution of TEM during the ultra-fast welding

process.
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