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Abstract

Electromagnetic pulse welding (EMPW) is a promising solid-state joining process, offering
fast and strong bonding with no heat affected zone. Despite the growing interest in this
process, there is little understanding of the dynamic phenomena that lead to bonding and
microstructural changes during EMPW of key engineering materials such as age-hardenable
aluminium alloys. This study combines experiments with numerical modelling of plastic
deformation to provide an insight to these phenomena in joining of a high-strength aluminium
alloy in the T4 and T6 temper conditions. Initially, bonding criteria are postulated in view of
the calculated plastic strain at the interface of the T4 sample. These criteria are then used for
the prediction of the extent of bonded interfaces for different sets of materials and process

parameters. The predictions are shown to be in quantitative agreement with the experimental
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results for the T6 sample. The corresponding microstructural studies show that bonding is
associated with remarkable microstructural changes in the samples, including dissolution of
precipitates, formation of high-angle boundaries, and recrystallisation, especially near the
bonded interfaces. Moreover, the results of post-weld heat treatments and mechanical testing
demonstrate that the impact-induced deformation in EMPW can also influence subsequent
precipitations, hence result in improved properties of the entire sample, in a way not

achievable by conventional age hardening treatments.

Keywords: Electromagnetic pulse welding, Bonding, Finite element analysis, Microstructure,

Aluminium alloys.



1. Introduction

Electromagnetic pulse welding (EMPW) is a fast and reliable joining process, which is
becoming increasingly attractive for various industrial applications, particularly in
manufacturing with high-strength aluminium alloys. In this process, a high-energy magnetic
field is used to accelerate a flyer workpiece towards a (similar or dissimilar) substrate, leading
to a high-velocity impact and solid-state bonding, without forming a detrimental heat affected
zone (HAZ). Kore et al. (2011), Bellmann et al. (2016), Shanthala and Sreenivasa (2016), and
Pereira et al. (2018) provide descriptions of the EMPW process and its applications. Many
studies, including those by Kwee et al. (2016) and Shribman (2008), suggest that the high-
velocity impact leads to the removal of oxides and contamination from the interacting
surfaces, hence to the formation of an atomic bond between the two metal workpieces. Palmer
et al. (2006) reported that the impact could also be associated with mechanical intermixing,
severe plastic deformation and localized melting/re-solidification. Moreover, formation of a
jet between the surfaces during joining has been considered as an important prerequisite for
successful welding. Kapil and Sharma (2015) describe jet formation as a mechanism to clean
the surface from contamination and oxides, while the impact forces continue to press the

metal plates together enabling a metallurgical bond.

Interface morphology: EMPW can also be associated with the formation of a wavy interface.
This feature has prompted several researchers to focus on the interface morphology of the
EMPW joints. Nassiri et al. (2014) described a wavy interface as the outcome of a ‘shear
instability” — which should be distinguished from the adiabatic shear instability (ASI) as
referred to later in this paper. Ben-Artzy et al. (2010) attributed this morphological instability
to a Kelvin—-Helmholtz instability mechanism. Psyk et al. (2011) and Elsen et al. (2010)
reported that the formation of a wavy interface depended on the velocity of impact, while

Shribman (2007) suggested that material properties also could play a role. However, the



literature is not conclusive on the role of interface morphology in bonding. Gobel et al. (2010)
and Groche et al. (2014) posited that a wavy interface was not necessary to obtain a

successful weld. Parchuri et al. (2019) suggested that a wavy interface could improve the joint
strength because of mechanical interlocking, whereas Acarer et al. (2003) reported no obvious

difference in strength between wavy and flat interfaces.

Local melting: There has also been some debate in the literature on the likelihood and the role
of melting and re-solidification in EMPW. Gdbel et al. (2010) and Ben-Artzy et al. (2008)
considered the presence of an intermetallic phase at the interface as an indication of interfacial
melting in joining of dissimilar metals. Raoelison et al. (2015) suggested the formation of an
amorphous phase at the interface resulted from localised melting followed by rapid
solidification. Nassiri et al. (2015) used numerical simulations to show that interfacial melting
could occur in EMPW of Al6061-T6 workpieces when the impact velocity was higher than
500 m/s. In a more recent study of EMPW of dissimilar metals (Cu/Al6060-T6), Li et al.
(2020) provide conclusive evidence, backed by numerical analysis, for interfacial melting
under extremely severe impact conditions, i.e. with impact velocities in the range 600-900
m/s. Although there is little published literature on the EPMW of similar metals, it is
conceivable that melting can also occur during joining of similar metals at extremely high
impact velocities. However, Kapil and Sharma (2015) argued that for typical EMPW
conditions, the increase of temperature at the interface was often not high enough to melt any
of the mating members. Also, Uhlmann and Ziefle (2010) reported that melting could always
be avoided by either decreasing the energy level or by changing the impact angle. Although
there is evidence that melting can occur under certain conditions, there is no consensus about
the necessity of local melting to achieve a strong weld. Since melting and re-solidification can
lead to the formation of solidification defects and brittle intermetallic phases, it is reasonable

to assume that melting is generally unfavourable for bonding. In any case, the most relevant



questions — in addition to whether or under what conditions melting can occur — are: (1)
whether melting is essentially a favourable feature, and (2) whether melting is a prerequisite

for bonding, i.e. it can play a decisive role in joint formation.

Microstructure: Further to the questions of interface morphology, melting, and their roles in
bonding, Lee et al. (2020) and Chen et al. (2016) provide an extensive discussion of the
microstructure of the EMPW joints. Nevertheless, the effect of EMPW on different aspects of
microstructure evolution — e.g. in terms of grain structure or distribution of precipitates, which
are central to the mechanical strength of age-hardenable aluminium alloys — is yet to be fully

understood.

Objectives: The aim of the current study is twofold: (1) to shed light on the bonding
mechanism at the micro-level in EMPW, by focusing on the interfacial conditions that are
deemed to be relevant to bonding, and (2) to devise a quantitative bonding criterion that can

be used as a basis for process optimisation, for any given set of materials properties.

Bonding mechanism: To provide a new angle on the bonding mechanism in EMPW, the
dynamic phenomena in this process may be compared to those in explosive welding and cold
spraying (CS). In all these processes, bonding results from high-velocity impact and the
associated high-strain rate deformation. Specifically, there is a characteristic critical velocity
for bonding in all these processes, relating to the speed of plastic wave in the material.
Exceeding this characteristic velocity is often manifested by material jetting, which is a key
feature in all these processes. For instance, Hammerschmidt and Kreye (1981) and McCune et
al. (1995) demonstrated — in explosive welding and CS, respectively — that the generated
high-velocity impact is associated with localised deformation and manifested by material
jetting from the colliding surfaces. These similarities clearly encourage transfer of the existing
experience in explosive welding and CS to EMPW, e.g. with regards to the influence of

material properties on the critical velocity, despite differences in the length scale. It should be



noted that the size of objects in impact-induced bonding is of a lesser significance, so that the
principles of bonding mechanisms should be somewhat transferable across different length
scales, Assadi et al. (2016). For example, a common key principle is that bonding is closely
linked to the development of high plastic strains at the interface. In this study, we follow the

same principle and focus on the evolution of interfacial strains.

Bonding criterion: A central challenge in the application of EMPW is to identify and optimise
the conditions that lead to successful bonding. In analogy with explosive welding, Nassiri et
al. (2019) posit that successful joining takes place when the impact angle («) and the impact
velocity (vi) fall within a certain range. Zhang et al. (2010) report that the impact velocity for
successful bonding is typically in the range 200-400 m/s. It is conceivable that the range of
impact of velocity for successful bonding (i.e. the ‘bonding window’) is not an invariant and
that it should depend on material properties. For instance, Weddeling et al. (2012) show that
hardness is a key factor in EMPW. Despite these findings, a comprehensive correlation
between material properties and the bonding window is yet to be established. Even if the
bonding window is known, a remaining challenge will be to achieve the desired values of a
and vi, which cannot be set directly on the equipment. Kwee et al., (2016) and Raoelison et al.
(2013) show that both o and v; depend on several primary process parameters, such as
workpiece dimensions, airgap, overlap and charge energy from the welding setup. Also, the
physical properties of the material (including density and electromagnetic properties) will
have a major influence on the acceleration of the flyer workpiece, and hence on the impact
velocity. Thus, contriving a general bonding criterion and subsequently optimising the
EMPW process with respect to « and v; is not straightforward. There is yet another
complication: In contrast to explosive welding, a and vi in EMPW are often not constant. This
is mainly due to the inhomogeneous distribution of the electromagnetic forces, which are

localised to a small region around the coil.



The challenge: Understanding the bonding mechanism and devising a bonding criterion
require a detailed analysis of the dynamic phenomena at the interface. However, the very
short process time (commonly less than100 ps in EMPW), besides the opacity of the
materials, makes it almost impossible to perform direct experimental observation of the
dynamic interaction of the contact surfaces and to investigate the bonding mechanism at the
micro-level. To address this problem, modelling and simulation of the process can be used to
gain a better insight into the relevant dynamic phenomena at the interface. There have been
several studies of EMPW using this technique, including those by Bellmann et al. (2016)

Bataev et al. (2019), and Li et al. (2020).

Our approach: In this paper, we aim to combine experiments with numerical modelling to
provide a detailed analysis of the dynamic phenomena responsible for bonding. Numerical
simulations of the impact are performed in order to gain an insight to the development of
thermomechanical field variables within the material, particularly at and around the interface.
Based on this, a bonding criterion is devised, which can provide guidelines for parameter
selection at the process level. The proposed criterion is also used to predict the extent of
bonding for various material properties and process conditions. Moreover, we investigate the
impact of EMPW on the microstructure, particularly in relation to the effect of high strain-rate
deformation on the evolution of grain structure and precipitates under different processing

conditions.

2. Methods

2.1. Materials and processing
To investigate the impact of EMPW on the microstructure, especially with regards to
precipitation, a Constellium's patented commercial high-strength 6000-series aluminium

extrusion alloy (Constellium HSA6™) was welded in both the T4 (solution heat treatment,



naturally aged) and T6 (heat-treated to maximum strength) temper conditions. Both joints
were also subjected to a post-joining ageing practice (comparable to the T6 ageing practice)
for further microstructural studies. Sections of a 2 mm thick extrusion were machined to a

width of 200 mm. Their hardness and tensile properties are shown in Table 1.

Table 1. Tensile properties of the examined aluminium samples

Yield strength Tensile strength
Temper Hardness [HV] Elongation [%]
(Rpo.2) [MPa] (Rm) [MPa]

T4 84+2 19145 305+7 21+1.8

T6 11242 315+2 351+3 9+0.4

A pulsed power generator PS96-16 Blue Wave with a maximum capacitor charging energy
and voltage of 96 kJ and 16 kV, respectively, from PSTproducts GmbH was used in this
work. Figure 1 shows a schematic cross-sectional view of the EMPW setup. The flyer
workpiece sits 2 mm away from the target, with an 8 mm overlap. A discharge energy of

50 kJ was used, which produced a primary current pulse approximating a damped sine wave

with a peak amplitude of 655 kA and a frequency of 17.37 kHz through the coil.
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Figure 1. Schematics of the active section of the EMPW setup.

2.2. Characterisation methods

After welding, the joints were broken open mechanically to examine the weld quality.
Raoelison et al. (2013) provide a description of this method. For the successfully welded
samples, the central parts containing the longest weld interface were cross-sectioned and
prepared for metallographic examination by optical microscopy. The changes in mechanical
properties of the joint area were inferred from a hardness profile across the joint in the
longitudinal and transverse directions. These profiles were generated using a Vickers hardness

indenter operating under 100 gf / 12s as per BS EN 1SO 6507-1.

Electron backscatter diffraction (EBSD) was carried out using a Zeiss Supra 35VP scanning
electron microscope operating at 20 kV. The surface preparation for EBSD samples was
conducted by standard metallographic grinding and polishing steps followed by vibration
polishing for 3 h on a 0.05-um colloidal silica suspension using a VibroMet 2 apparatus from
Buehler. The EBSD scanning step sizes were 0.25 and 0.5 pum for the welded and base
material regions, respectively. The obtained EBSD data were analysed by using TSL OIM

Analysis software.

The microstructure was also examined by transmission electron microscopy (TEM). TEM

samples were taken from two locations (reference and joint) and prepared by using precision



grinding holders to grind 3-mm discs to 100 pum thickness in the same plane as the surface of
the flyer plate. The discs were then electropolished using a TenuPol electrolytic preparation
equipment from Struers Ltd. with a solution of 25% nitric acid in methanol operating at -40 to
-35 °C. Diffraction contrast TEM analysis was carried out in bright-field mode using a

JEOL 2100 microscope with the sample orientated to the [001] zone axis. Atomic resolution
imaging of the precipitates along the same zone axis was performed on a JEOL JEM-ARM
300F, equipped with spherical aberration corrector optics both in image and probe-forming
modes, operated at 200 KV accelerating voltage. Annular dark-field (ADF) scanning
transmission electron microscopy (STEM) images were acquired using a probe with 28.8
mrad convergence semi-angle, summing the scattered electrons intensity in the range of 79 to

240 mrad (9 cm camera length) to form an ADF image.

2.3. Modelling of deformation

The thermomechanical part of the EMPW process, including the acceleration, impact and
viscoplastic deformation of the specimens, was simulated by using the dynamic temperature-
displacement algorithm available in the finite element software, ABAQUS. The simulations
were performed initially for the T4 sample, assuming a Johnson-Cook plasticity model for the

flow stress with strain-rate sensitivity:
c=(A+BgHY(A+ClnéH(1-T"™) 1)
where ois the flow stress, e is the plastic strain, £* is the plastic strain rate normalised with

respect to a reference strain rate (assumed here to be unity), and T" = (T—Tref)/(Tm—Tref) in
which Trer is the reference temperature (assumed here to be 25 °C), and Tr is the melting
(solidus) temperature of the alloy. The constants A, B and n are chosen in a way as to

correspond to the mechanical properties given in Table 1 — e.g. to give the same ultimate

tensile strength, Rm, as obtained from the condition do = do/de. The Johnson-Cook and other
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material parameters used for the simulations are given in Table 2. Simulations were
performed for the T4 specimen in a 2D plane-strain domain, initially for a case with a 2-mm

airgap between the target and the flyer plates.

A Lagrangian finite element method was used with distortion control and a minimum element
size of 10-100 um around the contact zone. The elements were 4-node plane strain thermally
coupled quadrilateral, nonlinear displacement and temperature, reduced integration, with
hourglass control. An inelastic heat fraction of 0.9 was considered to account for plastic
dissipation. Linear elasticity was used predominantly throughout the study, while an equation
of state (EOS) was considered to check the influence of thermoelastic heating under
compression. The model did not include calculation of the electromagnetic forces and heat
generation due to eddy current. The Lagrangian method was used to enable tracking the
interface and applying customised interaction properties to the interface (in this case
comprising a coefficient of friction of 0.5 and equal frictional dissipation to the master and
slave surfaces). Moreover, the Lagrangian method was found to better resolve strain
localisation as compared to arbitrary Lagrangian-Eulerian (ALE), which tend to smear out
steep strain gradients. On the other hand, the Lagrangian method may suffer from excessive
mesh distortion and so not suited for quantitative modelling of the interface morphology. To
simulate morphological instabilities, Eulerian FEM, or smoothed particle hydrodynamics
(SPH) would be more appropriate. However, for the purpose of the present study, which
focuses on strain localisation at the surface, these methods do not offer a merit over

Lagrangian FEM.

The loading due to the generated Lorenz force was mimicked by applying a non-uniform
transient surface pressure on the flyer plate. The pressure amplitude was assumed to vary with
time according to a half-sinusoidal relation over 30 us, consistent with the measured

frequency of about 17 kHz. The shape and the amplitude of the peak pressure was varied by
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trial and error until a match was obtained between the simulated and the real deformed
shapes. For the T4 sample, a match was achievable by using the following pressure (p)

distribution as a function of distance (x) from the centre of the coil:

P = po exp [—(x/8)"] 2)
The parameters po and & were taken as adjustable parameters and varied within a range until a

perfect match was obtained between the simulated and the real geometries, with po = 200 MPa

and 6= 11.4 mm. Figure 2 shows the pressure distribution corresponding to these best-fit

parameters.
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Figure 2. Amplitude of the assumed magnetic pressure as a function of distance from the coil
centre (a) at the peak time (15 ps), and (b) for the entire loading time (the first pulse). The
insets in (a) show the lateral dimension of the coil (15 mm width) and the position of the edge

of the flyer (with a 1 mm offset) with respect to the coil axis.
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Table 2. Material parameters assumed for finite element modelling

Property

Value

Unit

Density, p
Thermal conductivity, x
Specific heat capacity, cp
Thermal diffusivity, a = &/(oCp)
Thermal expansion coefficient, S
Young’s modulus, E
Shear modulus, G
Poison’s ratio
EOS parameters’:
Grineisen coefficient, j
Co
S
Johnson-Cook parameters:
Melting temperature, Tm

Reference temperature. Tref

Thermal softening exponent, m

A (T4) |A(T6)
B (T4) | B (T6)

Strain hardening exponent, n

2700, 2750° kg m™

151

900
6.21x10°
2.32x10°
72.4,80"
26.2"

0.33

1.97
5.24x10°

14

650
25
1
190 | 300
300 | 200

0.5

Strain-rate hardening coefficient, C 0.01

W mtK?

Jkgt K1

GPa

GPa

m/s

°C

°C

MPa

MPa

* Used for sensitivity analysis (section 3.3)
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3. Results of modelling

3.1. Deformation of the specimens

Figure 3 shows the deformation pattern in the T4 specimen, as well as the evolution of the
equivalent plastic strain (PEEQ) during the impact. The outer solid contour in Fig. 3c (orange
line in colour version) corresponds to the edge of the modelled specimens after impact. As
shown in the figure, there is an excellent match between the real and the simulated boundaries
of the deformed plates, using the pressure distribution function in Eq. (2) with a peak pressure
of 200 MPa. A more detailed description of the distribution of plastic strain, especially at the
interface, as well as diagrams showing FEM mesh distortion will be given in the following
sections, e.g. in Fig. 4a. Also, an unmasked closeup of the interface of the same specimen is

shown in Fig. 13.
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Figure 3. Deformation of the T4 specimen simulated at (a) 16 us, (b) 18 us, and (c) 50 us

after the start of loading. The inner contours indicate distribution of the equivalent plastic
strain. The outer solid contour (orange in the colour version) in (c) corresponds to the FEM

feature edges, superimposed on the real cross-section of the plates after EMPW.
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3.2. Impact kinetics

Figure 4 shows the kinetics of the impact during EMPW, and the temperature distribution
shortly after the impact. Figure 4a shows the nodal temperature (NT11) and the deformed
mesh at 50 ps after loading. The temperature rise shown in Fig. 4a results from the dissipation
of plastic work which occurs mainly over a period of about 4 us. The plastic work is
calculated for the entire model and saved as a default history output by ABAQUS, Fig. 4c.
This characteristic process time corresponds to a thermal diffusion distance (vat) of about

15 um, which is significantly smaller than the characteristic dimensions of the specimen,
hence implying the process to be almost fully adiabatic. This assumption would also be valid
for individual elements, which are larger than 20 um in this study. It should be noted,
however, that the element size has a significant influence on the maximum nodal temperature,
plastic strain, and the horizontal (x) component of velocity at the interface. This effect will be

discussed in the next section.

As shown in Fig. 4e, the initial impact velocity at the first point of contact (node °S’) is about
350 m/s. At this point, the contact angle is about 5°. The contact angle is calculated manually
from the instantaneous coordinates of the corresponding surface nodes on the flyer and target
plates. With the progress of the process, the impact velocity decreases to 270 m/s, and the
contact angle increases to a maximum value of about 15° around node ‘E’. The velocity of the
contact point, v, shows the same trend (Fig. 4b). This characteristic velocity drops to less
than half of its initial value (>4000 m/s) towards the end of impact. As mentioned before,
variability of the impact angle and the characteristic velocities (vy and v¢) is a unique feature

that distinguishes EMPW from explosive welding.
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Figure 4. Calculated distribution of temperature (in Celsius) at 50 ps (a), horizontal
component of the velocity of the interfacial nodes at different times during the impact (b),
history of the kinetic energy (c), and history of the horizontal (d) and perpendicular (e)

components of nodal velocities at three different locations.

3.3. Sensitivity to material parameters

Depending on the alloy grade and manufacturing steps, the material parameters can vary
within a range. Moreover, the results of modelling can be influenced by the modelling
approach, e.g. when using linear elasticity as opposed to equation of state (EOS). To quantify
the influence of the variations in material properties, simulations are performed for alternative
values of Young’s modulus and density, as well as for a case where the elastic response of the
material is modelled by using an EOS (Table 2). Figure 5 shows the results of the simulations
with alternative parameters and assumptions. As shown in the figure, there is little deviation
from the reference case (E = 72 GPa, p = 2700 kg/m®) by changing the parameters. Therefore,

the results of simulations throughout this study and the corresponding interpretations should
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be applicable to all aluminium alloys whose properties fall within the examined range of these

properties.
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Figure 5. Calculated strain profiles along an interfacial path on the target (substrate) for four

different sets of assumed material properties.

3.4. Mesh sensitivity

The simulations presented so far correspond to a non-uniform mesh with a minimum element
size of 100 um around the contact region. The results show, however, that the plastic
deformation is highly inhomogeneous, especially around node ‘E’ at the interface (Fig. 4a).
Therefore, the calculated field variables (i.e. the equivalent plastic strain and temperature)
only represent the average values for the corresponding elements; they can change
substantially with the reduction of the element size. This is shown in Fig. 6, where the
interfacial strain profiles are plotted for three mesh configurations, 1, 2 and 3, with the
minimum element size of 100, 50 and 20 um, respectively. The mesh configurations shown as

insets on the right of the figure correspond to the same interfacial location (around node ‘E’
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for mesh 1, Fig. 4a) and the same time (19 us) after impact. Note that at this time the impact
is still in progress, hence there is a difference between the interface geometries shown in Fig.
4a and Fig 6. The figure shows that the overall level of the interfacial plastic strain increases
substantially with decreasing the element size. It is also interesting to note that decreasing the
element size to 20 um results in the emergence of qualitatively different deformation patterns
that are indicative of material jetting. These patterns would not be captured in the models with
coarser elements. Moreover, the emergence of jetting was found to be associated with a
prominent increase in the amplitude of the ‘horizontal velocity spikes’ as shown in Fig. 4b. In
the current analysis, further decrease of the element size would result in excessive mesh

distortion and numerical instability.
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Figure 6. Calculated strain profiles along an interfacial path on the flyer and the target
(substrate) for the three mesh configurations of 1, 2 and 3, with the minimum element size of
100, 50 and 20 um, respectively. The insets show a close-up of the same interfacial location

for all three configurations at 19 us after the start of loading (i.e. 4 us after the initial contact).
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The uncertainty in the calculation of the interfacial plastic strain, because of mesh sensitivity,
can be alleviated in the calculation of the interfacial temperature. This can be done through an

analytical treatment as explained below, starting with the following energy balance:

frode = pc,dT 3
where f is the inelastic heat fraction (assumed to be 0.9 throughout this study), and r is a
correction factor (>1) to compensate crudely for thermal effects due to thermo-elasticity,
friction, viscous dissipation, and heat conduction. Assuming a Johnson-Cook relation without
rate-dependency (i.e. C = 0 for simplicity), separation of variables and integration gives the

temperature as a function of plastic strain as follows:

Ag+Be™t/(n+1)
pCp(Tm=Trer)/(fT)

T =Ty — (Tn — Trer)€Xp [_ (4)

Figure 7a shows a plot of the above relation with the parameters given in Table 1. For
comparison, the figure also shows the results of the corresponding FEM simulations. It is
clear that a finer mesh is expected to produce physically more exact results with respect to
spatial resolution of the thermal and mechanical field variables. On the other hand, a coarser
mesh would be associated with less distortion and hence lead to a more accurate correlation
between plastic strain and temperature under a purely adiabatic condition with no additional
thermal effects. Thus, the figure includes the FEM results for all three mesh configurations.
An important property of this model is that the temperature approaches the melting point
asymptotically. This is because the additional thermal effects are incorporated as a coefficient
in Eq. (3) for simplicity. By considering the thermal effects as additional terms on the left-
hand side of Eq. (3), the temperature can exceed the melting point. In that case, however, the
simple analytical solution, Eq. (4), will not be available. For the purpose of the present

analysis, the analytical model can still be useful as it provides a basis to estimate interfacial
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temperatures, with respect to the extent of thermal softening and the possibility of adiabatic

shear instability (ASI).

Figure 7c shows the effect of element size on the maximum plastic strain as obtained from
FEM simulations, and the corresponding temperature as calculated from Eq. (4). In view of
these results, the maximum strain rate is expected to reach values in order of 10° 1/s when the
element size approaches zero. However, the correlation between the plastic strain and the
element size is highly non-linear, so that an estimation of the maximum strain and strain rate
at zero element size is not feasible. This is so, also because the scattering of the calculated
strains is more prominent for finer mesh configurations. Therefore, extrapolation of the
maximum strain to zero element size would be futile. This is nevertheless not the case for
temperature. In view of the asymptotic form of Eq. (4), the maximum temperature for
infinitesimal elements would be expected to reach temperatures around the melting point. As
will be discussed later in more detail (section 5), this result demonstrates that the impact will
be associated with extreme thermal softening, and that ASI will be inevitable for the
examined cases. As mentioned above, the model is too simple to predict melting at zero
element size, but the experimental results show no indication of melting (section 4).

Therefore, it can be concluded that bonding in the examined systems does not require melting.
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Figure 7. Calculated correlation between the temperature and plastic strain (a), its close-up
near the origin (b), and the correlation between the maximum plastic strain / temperature and
the element size (c). The analytical model in (a) and (b) relates to Eq. (4) with the parameters

given in Table 1.
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4. Experimental results

4.1. Bonding and mechanical characterisation

The debonding tests showed that welding could be successfully achieved for the examined
aluminium alloy in both T4 and T6 temper conditions. Microscopic observations showed a
region of intimate contact (bonding) of ~7.1 mm of the total contact length of about 12 mm

for the T6 sample, and ~8.4 mm for the T4 sample.

Figure 8 shows that the overall hardness of the joint region was raised as compared to the
base material, which had an original hardness of ~80 Hv (black dashed line in Fig. 8b) in the
T4 condition. As seen from Fig. 8b, the hardness was increased to 90-120 Hv along the
centreline of both the flyer and the target plates around the joint. Moreover, the hardness
profiles on the two plates show opposite trends, i.e. increasing along the welding direction in
the centreline of flyer plate, while decreasing in the target plate. Figure 8c shows the hardness
profile along a transverse direction, indicating a maximum of about 120 Hv at the bond line.
These profiles are in qualitative agreement with the simulations in view of the strain

hardening effect, i.e. larger plastic strains should result in higher values of hardness.

After a post-weld ageing to the T6 temper, the base material hardness reaches ~110 Hv (red
dashed line in Fig. 8b). Further increase in hardness (up to around 125 Hv) is observed around
the joint region, which implies a noticeable effect of plastic deformation on the subsequent
precipitation hardening. On the other hand, the difference in hardness along the centrelines of
the flyer and target plates is not significant. All hardness values after T6 post-weld treatment
are consistently higher across the joint as compared to the as-welded T4 condition. This is so,

especially for the region far way the weld interface (i.e. 1 to 2 mm from the joint interface).
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Figure 8. Hardness profiles on the cross-section of the welded T4 sample: (a) optical image
of the cross-section of the sample marked with the location of hardness testing points, (b) the
corresponding hardness profiles along the centreline of flayer and target plates before (T4-
joint) and after T6 post-welding ageing (T6 PWA), and (c) hardness profiles in the transverse
direction. the solid symbol curve represents the hardness after welding in the T4 condition,
and the open symbol represents the hardness after T6 post-welding ageing condition. The
(blue) rectangular markers in (a) show the locations of the samples taken for TEM studies

(Figs 10 and 11).

4.2. Microstructural characterisation

The microstructure of this material is typical of a high strength 6000-series extruded alloy. A
high density of Fe/Mn based dispersoids prevents recrystallisation, creating a peripheral
coarse grain structure at the surfaces and a fine fibrous texture at the core. The majority of the
strengthening comes from the precipitation of metastable Mg-Si-Cu structures when the
material (which is quenched immediately after extrusion) is aged. There are many structural

possibilities for the hardening precipitates — Andersen et al. (2018) list 13 possible precipitate
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phases in the Al-Mg-Si(-Cu) system. In this alloy, the majority of precipitates were identified

as either Q', B", or a disordered L phase as shown in Fig. 9.

Figure 9. (a) Bright-field TEM image of precipitates in the un-bonded T6 material (b-d) High
resolution ADF-STEM images of various precipitates with (c) overlayed Q' unit cell
configuration (Saito et al., 2014) (d) overlayed B" unit cell configuration (Andersen et al.,

1998).

To investigate the effect of the EMPW process on the grain structure, EBSD analyses were
performed on both the joint and the base material regions. Figure 10 shows an overview the
EBSD results, where the grain structure around the bonded interface can be compared to that
of the base material. The inverse profile figure (IPF) map with high angle boundaries (HABs,

0>15°) in Fig. 10a shows that the grains in the vicinity of the interface are highly deformed
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and skewed along the welding direction. There is also an indication of fine recrystallized
grains at the interface, Fig. 10b. A high density of HABs can be observed even in the areas
away from the joint interface. However, locations closer to the joint interface are dominated
by significantly higher densities of HABs and sub-grains (red lines in Fig. 10c). Quantitative
measurement of the misorientation angle distributions, as performed on a large area of joint
region and base material, indicates a much higher HAB (15° to 65°) density from, 5.2x10°
mm2, as compared to the base material, 8.3x10° mm. The base material, as seen from the

IPF and misorientation maps (Figs 10b-c and e-f), shows a typical extrusion texture.

Figures 10d & g show the kernel average misorientation (KAM) with a 5° threshold angle for
the joint interface region and the base material, respectively. It is clear that the high kernel
values (from 1 to 5) are predominant in the regions around joint interface rather than the base
material. Zero KAM locations (blue area in Fig. 10d) with high misorientation angle

boundaries (6>15°) can be an indication of recrystallization.
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Figure 10. EBSD results: (a) Inverse pole figure (IPF) map with of the region near the joint
interface in the welded T4 sample (the grey lines represent the high-angle grain boundaries,
0>15°); (b), (e) IPF map, (c), (f) misorientation map and (d), (g) kernel average misorientation
map of the area marked in (a) and of the base material, respectively. Black lines are high-

angle (6>15°) boundaries, red lines are low angle (5°<6<15°) boundaries.
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Figure 11 shows bright-field TEM images of two different locations, reference and joint (as
marked in Fig. 8a) in the T4 sample. The low magnification TEM images in Fig. 11a & b
show a prominently higher dislocation density in the joint region, and a complex sub-grain
structure. The difference in dislocation density between the reference and joint regions can
clearly explain the measured difference in the hardness between these regions. Figure 11b
also shows a ‘patchy’ dislocation cell structure in the highly deformed joint region. Lee and
Chen (2006) provide examples of this feature, which is commonly found in high strain-rate

deformation processes. In the T4 condition, no resolvable hardening precipitates were

expected in the microstructure, and none were observed in either the reference region or in the

vicinity of the joint (Fig. 11d & e). Figure 11c also indicates some recrystallisation in the T4

sample after joining (T4 joint) and T6 post welding treatment (T6 PWA). Although the grain

structure is clear, there is still a high density of dislocations and some parts with no indication

of recrystallisation. Figure 11f shows an evidence of fine precipitates in the joint region.
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Figure 11. TEM (bright-field) images of the welded T4 sample at different magnifications:

(@) and (d) show grain boundaries and dispersoids in the reference region, (b) and (e) show
high density of dislocation and smaller grains in the vicinity of the joint region, (c) and (f)
show recrystallization and fine precipitates in the joint region after post-weld T6 ageing

treatment.

Figure 12 shows TEM images of different locations in the T6 sample. In this sample, the
TEM image from the reference and joint regions (Fig. 12a & b) also indicate a significant
increase in dislocation density after joining. At higher magnifications, the TEM image from
the reference region (Fig. 12d) shows the typical distribution of ", Q' and L precipitates in
the T6 condition. As shown in Fig. 12e, it is interesting to note that the high density of needle-
like B", Q' precipitates seen in the reference region are no longer observable after joining, with
some regions appearing to show no precipitates at all. The remaining precipitates appear to be
globular and are likely to be equilibrium phases (e.g. Mg2Si or Q) precipitated on features like
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dislocations before the quench after extrusion (similar to those seen in Fig. 11d). Once an
additional T6 ageing treatment is applied to the T6 welded sample, less recrystallisation can
be observed; compare Figs 11c and 12c. Zurob et al. (2002) attribute this to the precipitates
providing a Zener pinning force to slow down or even halt the process of recrystallisation. A
higher magnification TEM (Fig. 12f) shows that the precipitates are very coarse, which is
consistent with the hardness measurements, showing no increase in hardness at the joint

region (Fig. 8).
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Figure 12. TEM images of the welded T6 sample in the reference region at (a) low and (d)
high magnifications, showing "and Q' precipitates, and in the joint region at (b) low and (e)
high magnifications, showing globular (possibly equilibrium phase) precipitates; (c) and (f)

show partial recrystallization and coarse precipitates after post-weld T6 ageing, respectively.
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5. Implications for bonding

5.1. Bonding criterion

As mentioned in the introduction, the mechanism of bonding in EMPW has been widely
discussed in the literature. The previous studies have identified several factors and features
with a possible role in bonding. These include material jetting, formation of a wavy interface,
and localised melting. In addition to the experience obtained from these EMPW-specific
studies, conditions that lead to successful bonding can be discussed in view of the existing
experience on similar solid-state processes, such as explosive welding and cold spraying, in
which bonding occurs as a result of high-velocity impact and severe plastic deformation at the
interface. In those other processes, various bonding criteria have been discussed at two
different levels: (1) at the process level, i.e. considering the impact conditions (the impact
velocity and the impact angle), and (2) at the micro-level, i.e. considering the microscopic
conditions at the interface, such as the interfacial strain or temperature. A comprehensive
bonding criterion should incorporate the relevant parameters at both levels, so that the critical

conditions at the micro-level become a basis to work out those at the process level.

In explosive welding, the bonding criteria are often formulated and expressed solely in terms
of the impact velocity and the impact angle. The relevance of the latter is interpreted in view
of the velocity of the contact point, ve. An established criterion in explosive welding is that
bonding can be achieved only if v¢ is below the speed of sound in the solid. The simulation
results suggest that this condition is typically fulfilled in EMPW (Fig. 4b). This is so because,
unlike in explosive welding, the impact angle and the corresponding vc in EMPW varies over
a relatively wide range; it is thus likely that the condition is fulfilled at least in a part of the

contact zone. The role of the impact velocity is more intricate and should be discussed in view
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of the microscopic conditions, i.e. the thermomechanical history of the interface at the micro-

level. This is explained below.

A prime assumption for solid-state bonding is that the surface oxide layers should be broken
up or removed from the system, so that there is a possibility for clean metallic surfaces to be
in tight contact to form a metallic bond. A way to achieve this, is to stretch the interface to a
certain level of strain under compressive hydrostatic pressure, so that the oxide layers are
broken while the microscopic gaps between the oxide-free surfaces are closed. In high-
velocity impact processes, this can happen through generation of localised shear forces at the
interface, leading to large interfacial plastic strains, which is often associated with jetting and
adiabatic heat generation. The latter effect in turn results in thermal softening, which can
further facilitate localised plastic deformation and lead to adiabatic shear instability (ASI).
Assadi et al. (2003) show that in cold spraying, there is a distinct transition to ASI with
increasing the particle impact velocity, which coincides with the corresponding critical
velocity for bonding. Therefore, ASI has been taken as a criterion for particle bonding to
predict the critical velocity as a function of material properties. Since the ASI criterion takes
account of both work hardening and thermal softening during plastic deformation, the critical
velocity can be linked to both thermal and mechanical parameters. However, quantitative
simulation of ASI is not straightforward, mainly because of the high sensitivity of the results
to the mesh size (Fig. 6). In the present study, extrapolation to zero element size (Fig. 7b)
shows that ASI is likely to occur (i.e. difficult to avoid) for the given set of process and

materials parameters.

Alternatively, a bonding criterion can be conceived in view of the trend of plastic strain
profiles along the corresponding contact surfaces as calculated using a ‘medium-size’ mesh
(mesh 2 in Fig. 6). Figure 13 shows these profiles for both the flyer and the target plates of the

T4 sample, scaled to the real length, and superimposed on the cross-section, of the welded
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coupon. It can be noted that (a) the boundaries of the welded interface coincide with the

extrema of the strain profiles, and (b) the strain on both the flyer and the target plates are more

or less equal within the region between the extrema. The latter point implies conformal

deformation in the welded region, i.e. there is little relative displacement of the contact

surfaces in this region. In view of these observations, bonding in EMPW can be conceived to

occur when the interfacial strains on both surfaces exceed a nominal threshold value (relating

to an expected ASI at the hypothetical zero element size) at the same time.
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Figure 13. An image of the cross-section of the T4 specimen (a) and the corresponding strain

profiles along the paths on the interacting surfaces as obtained from FEM simulation with an

element size of 100 um (b).
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5.2. Parameter study

In view of the above criteria, the influence of process parameters on the occurrence and extent
of bonding in EMPW can be investigated. Figure 14 shows examples of a parameter study for
two cases in which (a) the airgap, and (b) the material properties are varied. In the case where
the airgap is increased from the original value of 2 mm, the overall level of strain on both
plates is increased, and vice versa (Fig. 14a). However, the increase in the overall strain is
associated with a decrease in the distance between the two extrema, suggesting that the
overall length of the bonded zone will decrease by increasing the airgap distance above 2 mm,
Moreover, the respective profiles on the surfaces of the plates deviate from one another at

4 mm, indicating alleviation of conformal deformation with increasing the airgap. This
implies that the bonding quality may degrade when the airgap is excessively increased. On the
other hand, decreasing the airgap to 1 mm will result in a better match between the profiles,
i.e. implying conformal deformation throughout the entire contact region. However, the
overall amount of plastic strain in this case is reduced to less than a half of that in the case of
2 mm airgap. This is mainly because of the reduced impact velocity (shorter acceleration
time) and suppressed ASI. In this case, therefore, bonding would be expected to occur either
over a much shorter distance, or not at all. This is simply because the interfacial strain barely
reaches the required threshold value, which is for the given mesh around 0.3. This value is
obtained in view of the comparison between the simulations and the experimental results (Fig.
13). In the case where the material properties are changed from T4 to T6 condition, both the
level of strain profiles and the distance between the two extrema are reduced (Fig. 14b).
However, the deformation remains conformal for the harder material (T6) and the strain does
not fall below the threshold value within the region bound by the extrema. Therefore, bonding
is expected to occur for the T6 sample, although over a smaller distance as compared the T4

sample. This prediction is also quantitatively consistent with the experimental observations,
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confirming a welded length of about 7 mm for the harder material. Several other parameters —
e.g. the thickness or shape of the flyer plate and the magnitude or duration of the magnetic
pressure — can be studied in this way. The obtained correlations can then be used to construct
a parameter selection map, such as that for cold spraying as stated by (Assadi et al., 2011).
These maps will link the primary process parameters to the properties and extent of welding,

and so, provide a basis for optimisation of the EMPW process.
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Figure 14. Calculated strain profiles along the paths on the interacting surfaces, as obtained
from FEM simulations with an element size of 100 um, for (a) the T4 specimen with four
different airgap distances of 1-4 mm, and (b) for a fixed airgap of 2-mm distance and different

specimens (T4 and T6).
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6. Discussion of bonding and microstructural changes

As expected, the samples became significantly harder than the parent alloy after EMPW,
because of the impact-induced plastic deformation (work hardening) and microstructural
changes. This effect was more pronounced around the joint region in the T4 sample. A shorter
bond length was observed experimentally when using the same set of parameters for the T6
sample. This is due to higher resistance to viscoplastic flow and hence a lower level of plastic
strain at the surface of the interacting plates. A higher plastic strain at the interface could
generally lead to a better metallic bonding. This observation agrees well with the result of

numerical simulations.

EBSD results indicate that the process is associated with severe plastic deformation,
manifested by the generation of a significantly high density of HABs around the joint region.
The grains in this region are highly elongated, which is consistent with the predicted values of
up to ~10 (Fig. 7). Hughes and Hansen (1997) and Sun et al. (2011) propose that the
formation of HABs are commonly attributed to the accumulation of dislocations and
formation of dense dislocation walls (DDW), which subdivide the original grains. Lin et al.
(2016) report that at higher amounts of plastic strain in the joint interface, the sub-grains are
gradually transformed into dynamically recrystallised (DRX) grains. This feature has also

been observed in the TEM of the present samples (Fig. 11).

The TEM results provide further evidence for the above interpretation, and so, a further basis
understanding of the effect of the EMPW process on the microstructure. TEM analysis
revealed high density of dislocations and a very fine grain structure near the joint interface.
These features are characteristics of high strain-rate and severe plastic deformation.
Recrystallisation and grain refinement has been widely reported in other large-displacement
deformation processes. Zhilyaev et al. (2008) and Wu et al. (2002) provide examples in

severe plastic deformation (SPD) and ultrasonic shot peening (USSP), respectively. Faraji et
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al. (2018) and Lee et al. (1999) attribture the increase in strength in these processes to the
Hall-Petch effect as well as work hardening. The high density of HABs (Fig. 10a) is also
consistent with the observed increase of the hardness of the joint region as compared to the

base material.

The distribution of precipitates in the reference area of the T6 material (Fig. 12d) is a mixture
of Q', B" precipitates and globular equilibrium phases. As shown in Fig. 12e, the globular
precipitates remain present after EMPW, but the previously dense distribution of needle-like
Q' and B" precipitates is less obvious. This is consistent with previous studies on aluminium
alloys undergoing high strain-rate deformation. For example, Yang et al. (2016) and Ye et al.
(2019) have made similar observations and attributed this to the high level of plastic strain
induced by the impact during joining, leading to the dissolution of these precipitates. During
the EMPW process, the high strain rate impact deformation will break the thermodynamic
equilibrium through introducing the great change of free energy for both matrix and
precipitates. According to Ye et al. (2019), the dissolution of precipitates will happen once the
energy difference between precipitates and matrix reaches a certain degree. At the same time,
temperature rise can also facilitate the atom transfer and improve the kinetics of dissolution.
Besides, the ageing behaviour of the precipitates appears similar to that of the base alloy even

within the joint region.

These observations demonstrate that in EMPW of the studied aluminium alloy, bonding is
associated with a high level of shear strain and significant microstructural changes near the
joint. The high shear results in dissolution of the ageing precipitates, as well as in the
formation of a complex network of dislocations and sub-grains. The latter is manifested as
recrystallisation, i.e. formation of a fine grain structure upon subsequent ageing. For the
materials and process parameters used in this study, there was no evidence of localised

melting at the interface. These observations together with numerical simulations provide an
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insight on how EMPW results in bonding and changes in microstructure, and so, a basis for
prediction and controlling of the resulting material and the joint properties of hardenable
aluminium alloys. These results can also provide an insight to EMPW of other metallic
materials. However, transferring the results to other metallic systems (e.g. dissimilar
steel/aluminium joints) will require separate quantitative analyses and careful consideration of
the flow behaviour and the microstructural response of the respective materials to high-strain

rate deformation, which can be substantially different from those considered in this study.

7. Conclusions

Plates of a high-strength aluminium alloy in the T4 and T6 temper conditions have been
joined successfully by using electromagnetic pulse welding (EMPW). Microstructural studies
showed that bonding in these samples was associated with significant microstructural
changes, especially near the joint area. These changes include mechanically induced
dissolution of precipitates, formation of dislocation networks, and recrystallisation. No
evidence of melting was found for the employed set of materials and parameters. For the post-
weld heat treatable material, a significant increase in the strength was observed, indicating the
effect of plastic deformation on precipitation during the subsequent ageing treatment. Finite
element modelling of the process was combined with the experimental observations to show
that bonding could occur over a part of the contact region where the deformation was
conformal, and adiabatic shear instability was likely to occur. Initial parameter studies
confirmed the experimental observations on the optimum airgap distance and the length of the

bonded interfaces for different samples.
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