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Abstract: Magnetic pulse welding of overlapping dissimilar metallic sheets is an emerging technique
and usually employs flat electromagnetic coils with rectangular-, H-, I-, and E-shaped cross-sections.
The asymmetric cross-section of these coils results in a non-uniform electromagnetic field and in a
non-uniform connection in the interface between the overlapping sheets. In this article, the use of a
novel O-shaped flat coil is proposed to join an aluminium flyer sheet with a target steel sheet. A finite
element-based numerical model is developed to calculate the electromagnetic field, flyer velocity,
and its gradual impact onto the target, and the deformations of the sheet assembly. The calculated
results with the O-shaped coil show a high-intensity electromagnetic field, the concentration of which
decreases radially outwards in a uniform manner. The numerically computed and experimentally
measured flyer velocity are found to be in fair agreement. The calculated results show a regularly
decreasing impact behaviour between the flyer and target and their resulting deformation. The
measured results show the formation of an annular ring-shaped joint profile that is generally found
to be stronger compared to that obtained with flat coils with a rectangular cross-section.

Keywords: magnetic pulse welding; O-shaped flat coil; electromagnetic field; impact and deformation
analysis; numerical modelling; experimental investigations

1. Introduction

Magnetic pulse welding (MPW) uses high-frequency, intense electrical energy to
produce a transient electromagnetic (EM) field and pressure that cause a rapid impact and
solid-state coalescence along the interface between overlapping metallic sheets [1–4]. A
typical MPW arrangement is shown in Figure 1a with the coil and overlapping sheets,
which are referred to as flyer (top) and target (bottom). The flyer or a segment of it is
directed by the EM pressure and collides with it with a high speed in a progressive manner,
resulting in mechanical deformation and joining between the sheets, as illustrated in
Figure 1b. The coalescence between the sheets occurs in solid state and within only a few
tens of micro-seconds [5]. The EM coil provides the required EM pressure concentration
onto the flyer and thus, finding an appropriate coil design is critical for MPW of metallic
sheets [1,2,5]. The published literature shows that a systematic evaluation of diverse coil
cross-sections for improving the joint profile for MPW of sheets has started only recently [6].
The present work also focuses on a systematic attempt to evaluate an improved coil design
for MPW of metal sheets.

The EM field and pressure distributions in MPW notably depend on the coil cross-
section [7,8]. Detailed research is currently being performed on joining metal sheets using
different coil designs [9–11]. Figure 2a–c show flat EM coils with rectangular-, H/I-, and
E-shaped cross-sections, which are used for MPW of sheets [12–24]. The cross-sectional
area of the rectangular coils (Figure 2a) was varied from 2.8 × 8 to 4 × 10 mm2, with the
corresponding applied energy from 10 to 40 kJ [12–14]. The rectangular coils could produce
a maximum EM field of around 21 T and a pressure of around 176 MPa for joining of
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sheets [12–14]. Coils with a trapezoid cross-section were used with the applied energy
ranging from 2 to 10 kJ, which yielded a maximum EM field from 14 to 16 T, and a pressure
from 78 to 102 MPa [15–18]. The cross-sections of the H/I- (Figure 2b) and the E-shaped
(Figure 2c) coils decrease inward and result in an increasing EM field towards the mid-
segment of the coil–flyer overlapping region [19–23]. The effective area of the cross-section
of H/I-shaped coils was varied from 5 × 5 to 8 × 10 mm2 for an applied energy from 2.0 to
13.7 kJ [17–21]. The average area of the cross-section of the E-shaped coils was varied from
5 × 8 to 10 × 15 mm2 for an applied energy from 6.3 to 13.5 kJ [24,25]. The H/I/E-shaped
coils could generate a maximum EM field of around 27 to 36 T and a resulting pressure of
around 290 to 516 MPa [23,24].
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Figure 2. Flat EM coils with (a) rectangular-shaped, (b) H/I-shaped, (c) E-shaped, and (d) O-shaped
cross-sections for MPW of sheets.

Although the H/I- and E-shaped coil cross-sections provided an inward concentrated
EM field and pressure, these were generally non-uniform in nature due to the sharp change
of the coil cross-sections. The resulting impact progression and plastic deformation between
the overlapping sheets remained unsuitable to achieve a good coalescence [26]. In contrast,
an O-shaped EM coil (Figure 2d) with a uniformly reducing radial cross-section appears to
create a regular EM field with an inward concentration and resulting pressure [27]. Detailed
investigations on MPW of overlapping sheets with O-shaped EM coils are therefore of
significant interest.

A coupled experimental and theoretical investigation is presented here to examine
the suitability of an O-shaped EM coil to weld aluminium and steel sheets using multiple
combinations of the standoff distance between the overlapping sheets and the applied
energy. The theoretical work includes the development of a numerical model for estimation
of the time-varying EM field as well as the pressure. The resulting impact progression of
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the flyer and the deformation of the overlapping sheets are computed using a dynamic
mechanical analysis. The experimental investigation involves the measurement of the
discharge current, the flyer velocity, and the dimensions of the welded interface and
joint strength.

2. Experimental Set-Up

Figure 3a shows the charging and discharge circuits, and the original joint assembly
with an O-shaped coil. The discharge circuit includes a capacitance (C) of 408 µF, resistance
(R) of 6 mΩ, and inductance (L) of 0.141 µH. The applied energy confirms a damped
sinusoidal form with a high frequency (f = 20.5 kHz) and damping rate (τ = 13,442 s−1).
The discharge circuit releases the current by a switch (Sg). The real-time current waveform
is recorded using a Rogowski coil. The flyer velocity is monitored in real-time by a Photon
Doppler Velocimeter (PDV) with its collimator probe positioned to face the flyer through a
central hole in a rigid block, which is used as a target for velocity measurement.
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Figure 3b shows a side view of the original joint assembly with the coil along a section
x-x, as indicated in Figure 3a. The overlapping sheets are located underneath the coil
and are separated at different standoff distances using two adjacent insulator blocks with
different thicknesses (Figure 3b). The distance between the insulators guides the impact
and the plastic deformation. The sheets were placed on a thick steel block, which resists
the downward movement of the assembly. The sheet and insulator materials and their
dimensions are shown in Figure 3b. Tables 1 and 2 shows the sheet material compositions,
which were obtained from the manufacturer’s material certificate and equivalently cited
based on [26,27]. The overlapping area of the cross-section between the sheets equals



J. Manuf. Mater. Process. 2022, 6, 144 4 of 13

50 × 110 mm2. The coil cross-section area varies from 4 × 8 to 4 × 30 mm2. The welds
were made at three different applied energy values of 10, 13, and 16 kJ, and two values of
the standoff distance(s), as shown in Figure 3b. The joint strength of the welded specimens
was measured by lap shear testing. The quasi-static lap shear tests were performed using
an INSTRON 5584 machine (150 kN capacity) at a displacement rate of 0.01 mm/s. The
welded specimens were subjected to dynamic lap shear testing, using an MTS machine
(20 kN) at a displacement rate of 614 mm/s. The contact zone profile was measured using
an optical microscope after peeling off the flyer and polishing the exposed interface.

Table 1. Chemical composition (max. %at.) of AA5182 (flyer) [27].

Flyer Si Fe Cu Mn Mg Cr Zn Ti Al

AA5182 0.20 0.35 0.15 0.50 4.0–5.0 0.10 0.25 0.10 balance

Table 2. Chemical composition (max. %at.) of DC04 steel (target) [26,27].

Target C Mn Si P S Al Fe

DC04 0.08 0.40 0.10 0.025 0.025 0.020 balance

3. Theoretical Investigations

The EM field (H) inside the EM domain (Figure 3) was computed using Maxwell’s
(diffusion) governing equation [28,29]:

1
µσ
∇2H =

∂H
∂t

(1)

where, t is the time variable, µ is the magnetic permeability, and σ is the electrical con-
ductivity of the conductors. Figure 3a shows a near-field boundary BC1 and a far-field
boundary BC2. The EM field is assumed continuous along BC1 and negligible along BC2.
Other boundary condition details are available in [28–31] and are not repeated here. The
EM pressure (p) on the flyer is calculated as [14]:

p =
1
2
µ0µr

(
H2

s −H2
p

)
(2)

where Hs and Hp are the computed EM fields, respectively, on the top surface (facing the
coil) and the bottom surface (facing the target) of the flyer, µ0 is the air permeability, and µr
is the flyer permeability. The EM analysis computes the distribution of the current density
and the EM field in the coil–sheet assembly. The EM pressure was calculated from the
computed EM field intensity using Equation (2). The dynamic mechanical analysis used
the time-varying EM pressure (p) as input to calculate the velocity and acceleration of the
flyer [32]. The deformation of the sheets was assumed to have a viscoplastic behaviour,
which was modelled using a Johnson–Cook constitutive relation [33]. Further details of the
numerical model are provided in Appendix A.

4. Results
4.1. Computed Results from the EM Model

Figure 4a,b present the calculated EM field (Figure 4a) and pressure (Figure 4b) for
an O-type coil for an applied energy of 13 kJ and at a time instant of 11 µs. A fairly
uniform concentration of the EM field towards the centre of the coil–flyer overlapping
region was obtained, due to the radially inward decreasing cross-section of the O-shaped
coil (Figure 4a). The computed EM pressure also showed an inward concentrating pattern
similar to that of the EM field (Figure 4b). The maximum obtained EM field was around
32 T and the estimated maximum pressure was around 432 MPa. As the applied energy
was varied from 10 to 16 kJ, the maximum EM field using the O-shaped coil increased from
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27 to 39 T. The maximum EM pressure also increased from 290 to 605 MPa. For the same
applied energy with a flat rectangular-shaped coil, the maximum EM field and pressure
were computed as 19 T and 157 MPa [30], respectively, which are significantly smaller than
those obtained with the O-type coil. Figure 4c,d show the computed EM pressure with
a H/I-shaped coil and an E-shaped coil, respectively, for an applied energy of 13 kJ and
at a time instant of 11 µs. All other parameters were considered equal. Figure 4c shows
that the calculated EM pressure distribution was concentrated along the active segment
of an H/I-shaped flat coil with a peak value of 253 MPa. Likewise, Figure 4d shows the
computed EM pressure distribution along the active segment of an E-shaped flat coil with
a peak value equal to 316 MPa. A comparison of Figure 4b–d clearly shows that the O-type
coil yielded a much higher EM pressure concentration along its active segment compared
to the other coil geometries.
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Figure 4. Calculated (a) EM field intensity and (b) EM pressure distribution with an O-shaped flat
coil, and EM pressure distribution with a (c) H/I-shaped flat coil and (d) E-shaped flat coil for an
applied energy of 13 kJ and at a time instant of 11 µs for MPW of a 1.2 mm (ef) flyer and 0.8 mm
(et) target.

Figure 5 shows the calculated pressure distribution on an AA5182 flyer for a rectangular-
(Figure 5a) and an O-shaped (Figure 5b) EM coil for an applied energy of 10 kJ. A compari-
son of Figure 5a,b depicts the pressure variation in the central region from 105 to 157 MPa,
and from 274 to 366 MPa, respectively, for the rectangular- and O-shaped coils, which
reveals the effectiveness of the O-shaped coil to augment the EM pressure concentration.
When the applied energy was increased further to 13 and 16 kJ using the O-shaped coil, the
EM pressure concentration in the central region showed a remarkable increase (Figure 5c,d).

4.2. Computed Results from Mechanical Analysis

Figure 6a presents the calculated pressure and the computed and measured flyer
velocity for the duration of the applied energy with an O-shaped coil. The flyer velocity
increased steeply to a peak value and closely followed the nature of the applied pressure.
The subsequent sharp decrease of the flyer velocity indicated its impact on the target, after
which the flyer stopped moving. The peak computed EM pressure was around 235 to
340 MPa for an applied energy of 10 to 16 kJ. An analytical estimation of the EM pressure
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using similar process conditions is shown in Appendix B, which also provided a similar
range of values. The computed values of the EM pressure with an O-shaped coil are
therefore considered correct.
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Figure 6b shows the calculated and measured impact velocity of the flyer for different
settings of the standoff distance and the applied energy, using an O-shaped coil. The
calculated impact velocity showed slight over-estimation compared to the corresponding
measured values, which is due to the relatively simplified coupling between the EM and
mechanical analysis. The impact velocity increased with the standoff distance and the
applied energy. A higher impact velocity for a greater standoff distance occurred as the
flyer moved and accelerated over a larger distance. Likewise, a greater applied energy
resulted in higher impact velocity because of the stronger EM field and pressure. The
measured velocity at impact varied from 3.0 × 105 to around 4.4 × 105 mm/s, which are
slightly higher compared to the values obtained with a flat rectangular EM coil for similar
conditions [32]. An analytical estimation of the impact velocity also showed a similar order
of magnitude, as illustrated in Appendix B.

Figure 7 shows the computed flyer–target plastic deformation with progress in time
for an O-shaped coil. Figure 7a shows the entire flyer–target assembly. The calculated
deformation is highlighted for the region enclosed within the red dashed rectangle in
Figure 7a for clarity. The onset of the flyer–target deformation behaviour is presented in
Figure 7b,c. The peak EM pressure and plastic deformation shown in Figure 7b,c were
175 MPa and 1.43 mm, and 228 MPa and 2.61 mm, respectively. The flyer deformation
increased to approximately 2.67 mm (Figure 7d,e) with the increase in time. The corre-
sponding computed peak EM pressures were 98 and 1.3 MPa, respectively. The decrease of
the EM pressure was caused by the progression of the impact and the displacement of the
flyer away from the coil, which reduced the intensity of the EM field on the flyer.
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Figure 8 presents the computed impact angle and velocity of the flyer and the flyer–
target collision velocity as a function of time using an O-shaped coil. Figure 8a shows that
the impact angle increased with time, which occurred as the flyer continued to impact
the target and the remaining portion of the flyer bent away from the target. The impact
angle was strongly influenced by the standoff distance and relatively little by the applied
energy. Corresponding to an applied energy and standoff distance of 13 kJ and 1.2 mm,
the maximum impact angle was 3.4◦. When the standoff distance increased to 2.4 mm, the
maximum impact angle became 6.5◦. In contrast, the maximum flyer impact angle showed
little change when the applied energy varied from 13 to 16 kJ. Figure 8b shows a similar
effect of the applied energy and standoff distance on the impact velocity. Corresponding to
an applied energy and standoff distance of 13 kJ and 1.2 mm, the maximum impact velocity



J. Manuf. Mater. Process. 2022, 6, 144 8 of 13

was 3.25 × 105 mm/s. As the standoff distance increased to 2.4 mm, the maximum impact
velocity became 5.23 × 105 mm/s. An increase of the applied energy from 13 to 16 kJ has
resulted in a very small increase of the impact velocity.

J. Manuf. Mater. Process. 2022, 6, x FOR PEER REVIEW 5 of 5 
 

 

 
Figure 8. Computed impact (a) angle and (b) velocity of the flyer, and (c) flyer–target collision ve-
locity variation with time, for different values of the standoff distance and applied discharge energy. 

Figure 8c shows the progress of the collision velocity, which was calculated as the 
ratio of the impact velocity and the sine of the impact angle [34–36]. As the flyer impact 
progressed, the impact angle increased, and the impact velocity was reduced, which re-
sulted in a smaller collision velocity. A good interface coalescence was obtained when the 
collision velocity and the stress wave velocity in the flyer and target materials were in the 
same order of magnitude [34–37]. The stress wave velocity in materials was computed as 
(E/ρ)0.5, where ρ is the density and E is the modulus of elasticity. The stress wave velocity 
in the flyer (AA5182) was around 5.10 × 106 mm/s and in the target (steel), it was around 
4.78 × 106 mm/s. These values are similar to the collision velocities obtained in between 
the time instants of 11 to 14 µs, approximately, for different process conditions. 

4.3. Weld Characteristics 
Figure 9 shows a ring-shaped annular elliptical weld profile obtained during MPW 

with a rectangular- (Figure 9a) and an O-shaped coil (Figure 9b). The dimensions glo, gto, 
gli, and gti, as shown in Figure 9, were measured using an optical microscope, and the area 
of the weld cross-section was calculated as π(glogto–gligti) [32]. The maximum and mini-
mum widths of the ring-shaped annular welds were considered by comparing the differ-
ences between glo and gli, and gto and gti. A comparison of Figure 9a,b shows that the weld 
profile was nearly symmetric when using the rectangular coil, but slightly asymmetric 
against the longitudinal axis for the O-shaped coil. This is attributed to the radially inward 
EM pressure concentration obtained with an O-shaped coil, as shown in the Figure 5b–d, 
that slightly offset the central transverse impact between the sheets. As a result, the weld 
cross-section assumed a slight inward bulge, as shown schematically in Figure 9b. 
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Figure 8c shows the progress of the collision velocity, which was calculated as the
ratio of the impact velocity and the sine of the impact angle [34–36]. As the flyer impact
progressed, the impact angle increased, and the impact velocity was reduced, which
resulted in a smaller collision velocity. A good interface coalescence was obtained when the
collision velocity and the stress wave velocity in the flyer and target materials were in the
same order of magnitude [34–37]. The stress wave velocity in materials was computed as
(E/ρ)0.5, where ρ is the density and E is the modulus of elasticity. The stress wave velocity
in the flyer (AA5182) was around 5.10 × 106 mm/s and in the target (steel), it was around
4.78 × 106 mm/s. These values are similar to the collision velocities obtained in between
the time instants of 11 to 14 µs, approximately, for different process conditions.

4.3. Weld Characteristics

Figure 9 shows a ring-shaped annular elliptical weld profile obtained during MPW
with a rectangular- (Figure 9a) and an O-shaped coil (Figure 9b). The dimensions glo, gto,
gli, and gti, as shown in Figure 9, were measured using an optical microscope, and the
area of the weld cross-section was calculated as π(glogto–gligti) [32]. The maximum and
minimum widths of the ring-shaped annular welds were considered by comparing the
differences between glo and gli, and gto and gti. A comparison of Figure 9a,b shows that the
weld profile was nearly symmetric when using the rectangular coil, but slightly asymmetric
against the longitudinal axis for the O-shaped coil. This is attributed to the radially inward
EM pressure concentration obtained with an O-shaped coil, as shown in the Figure 5b–d,
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that slightly offset the central transverse impact between the sheets. As a result, the weld
cross-section assumed a slight inward bulge, as shown schematically in Figure 9b.
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Figure 9. Schematic representation of the weld interface over the target for MPW of sheets using
(a) rectangular- and (b) O-shaped flat coils.

Figure 10 shows the ring-shaped annular elliptical welds in grey for an O-shaped
coil and for four different conditions. The welds were longitudinally aligned with a slight
inward bulge. A comparison of Figure 10a–d shows that the area of the cross-section and
width of the welds increased with both the standoff distance and the applied discharge
energy, which is intuitive. The measured value of the area of the cross-section of the annular
elliptical weld was 60 mm2 for an applied energy of 10 kJ and a standoff distance of 1.2 mm
(Figure 10a). With an increase in the applied energy to 13 kJ, the cross-sectional area of the
annular elliptical weld increased to 76 mm2 (Figure 10b). The maximum cross-sectional area
of the annular elliptical weld was obtained as 95 mm2 for the highest values of the applied
energy of 16 kJ and the standoff distance of 2.4 mm (Figure 10d). The maximum widths of
the annular welds in the longitudinal direction were found to be around 2.1 (Figure 10a)
and 3.75 mm (Figure 10d). In contrast, the minimum widths of the annular welds in the
transverse direction were found to be around 1.35 (Figure 10a) and 1.9 mm (Figure 10d).

Figure 11a,b show a welded joint of AA5182 and DC04 steel sheets for an applied
energy of 13 kJ and a standoff distance of 2.4 mm before and after lap shear testing. The
lap shear tests were carried out in the quasi-static condition using a cross-head speed of
0.01 mm/s. Three samples were tested for each welding condition. It can be noted in
Figure 11a that the outer boundary of the elliptical weld profile exhibited a slightly inward
bend, as mentioned earlier for Figures 9b and 10. Figure 11b shows the tearing of the
AA5182 sheet near the welded joint. The maximum loads at failure for the welds were
found to be in the range of 6.1 to 6.5 kN for the conditions considered here [26,27]. The
dynamic lap shear tests of the welded specimens obtained for a higher cross-head speed of
around 0.6 m/s have shown that the maximum loads at failure were in the range of 7.5 to
8.2 kN for the conditions considered here [26,27]. For a similar range of process conditions,
the welds between aluminium and steel sheets made with a rectangular coil can provide a
maximum load of only about 2.5 kN [32].

In summary, a detailed investigation of MPW with an O-shaped coil was reported
here to improve the joint formation between sheets. The influence of important process
conditions on the EM field and pressure, the flyer impact phenomena, and deformation of
flyer–target assembly, and the annular weld joint profile were illustrated. Further efforts are
in progress for the improvement of the O-shaped coil design to achieve a straight hollow
elliptical weld interface and for joining of sheets with relatively larger thicknesses.
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Figure 10. Ring-shaped annular elliptical weld profiles obtained with an O-shaped flat coil. Annular
grey region indicates the fracture surface after complete separation of the flyer and target sheets
during peel testing. Process conditions: applied energy (a) 10, (b,c) 13, and (d) 16 kJ, standoff distance
(a,b) 1.2 and (c,d) 2.4 mm, and flyer sheet—AA5182, target sheet—DC04 steel.
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Figure 11. Welded sample obtained with an O-shaped coil (a) before and (b) after lap shear testing.
The fracture near the periphery of the weld, which emerged during lap shear testing, is shown in
detail for better clarity. The AA5182 sheet is cracked near the weld. Process conditions: applied
discharge energy—13 kJ, standoff distance—2.4 mm, flyer sheet—AA5182, target sheet—DC04 steel.

5. Conclusions

The following are the main conclusions of the present work:

• Good welds between AA5182 flyer sheets and steel target sheets were produced for a
range of standoff distances (1.2 and 2.4 mm) and applied energies (10, 13, and 16 kJ)
using an O-shaped flat coil.

• The computed results have shown that an O-shaped flat coil can produce a significantly
larger EM field and pressure concentration than rectangular-, H/I-, and E-shaped flat
coils. For example, the maximum EM pressure with an O-shaped coil was found to be
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around 3.5 times higher in comparison to that obtained using a flat rectangular coil for
similar process conditions

• The EM field and pressure were also more regular for the O-shaped coil than for
the other coils. The EM field and pressure concentrated radially inward as the cross-
sectional area of the O-shaped coil decreased.

• The welded interface produced with the O-shaped coil showed a nearly annular ellipti-
cal geometry due to the inward EM pressure concentration. Both the standoff distance
and the discharge energy directly influenced the final joint cross-sectional area.

• For similar process conditions, the O-shaped coil could produce an almost 3 times
stronger joint between aluminium and steel sheets, compared to the joint obtained
using a rectangular-shaped coil.
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Appendix A

Table A1 below provides the material properties used for the calculations.

Table A1. Flyer and target material properties [24,25,32].

Parameter Specification Unit AA5182 DC04 Steel

µ Relative permeability - 1.0 B-H curve [32]
σ Electrical conductivity S/m 16.3 × 106 7.54 × 106

ρ, cp Density, specific heat kg/m3, J/kg/K 2650, 902 7870, 470
E, G Elastic modulus, shear modulus GPa, GPa 69.6, 26 180, 69.2
Tm Melting temperature K 873 1788

Johnson–Cook material strength parameters
A, B Initial flow stress, hardening constant MPa, MPa 109, 552 162, 598
C, n Strain rate sensitivity, hardening exponent - 0.0012, 0.4 2.623, 0.6
m Thermal softening coefficient - 3.19 0.009

The numerical model was contemplated using the finite element analysis software
ANSYS (ver. 14.5, ANSYS Inc., Canonsburg, PA, USA) with around 248,000 to 272,000 solid
tetrahedral elements for the EM analysis and around 52,500 to 60,000 solid hexahedral
elements for the mechanical analysis [38]. The calculations were performed with a very
small timestep (1 × 10−6 s) [32]. The EM analysis provided the EM pressure distribution on
the flyer at the end of every timestep. The computed pressure distribution was prepared as
a special input file for the mechanical analysis, using a specially written script in MATLAB
(MathWorks Inc., Natick, MA, USA). The results of the mechanical analysis, i.e., the flyer
impact velocity and the deformation of the sheet assembly, were examined at selected
timesteps to examine their evolution throughout the energy application period.

Appendix B

The EM pressure (p) for joining of sheets was estimated analytically as [31]:

P = CL

(
Uµfecf
w3

cLτ

)
(A1)
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where µf is the magnetic permeability of the flyer (12.56 × 10−7 H/m), and CL is a “concen-
tration length factor” and is equal to lof/lrc (~0.2), with lof and lrc as the length of the active
(front turn, i.e., 80 mm) and the non-active segments of the O-shaped coil (396 mm). The
terms ec and wc are the thickness (4 mm) and width (8 mm) of the coil front turn. The flyer
impact velocity (vi) was estimated analytically as [31]:

vi =

√
P
ρf

(
s
ef

)
(A2)

where ρf is the material density (i.e., 2650 kg/m3) and ef is the flyer thickness. Equations (A1)
and (A2) can be used to analytically estimate p and vi. For example, Equation (A1) provides
p = 340 MPa when the applied energy is equal to 16 kJ. Correspondingly, Equation (A2)
provides vi = 7.1 × 105 mm/s for p = 340 MPa and s (standoff distance) = 1.2 mm.

Appendix C

Table A2. Process conditions.

Parameter Specification Unit Values

U Applied energy kJ 10, 13, 16
ef, et Flyer, target sheet thickness mm 1.2, 0.8

s Standoff distance mm 1.2, 2.4
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