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Abstract

Electromagnetic pulse technology (EMPT) applied engineering practices have seen growing
attention and broader industrial demand in response to the rising application of lightweight
alloys. As EMPT fabricated components get bigger and more complex, the configuration of
computational modelling inevitably needs to expand into the three-dimensional space. Further
deployment of EMPT requires a computational model capable of providing insights into the
fundamentals of the EMPT applications while meeting the computational thriftiness
challenges. In this paper, a reduction coefficient model k is proposed and incorporated into a
one-way coupled electromagnetic-mechanical model to simulate the engineering applications
of EMPT. The model k, constructed as a decaying exponential function of time, was calibrated
and validated by a series of tube compression experiments using EMPT, is able to compute the
spatial and temporal reduction effect of the magnetic field in a workpiece. The proposed
modelling approach allows an accurate and efficient three-dimensional numerical analysis of
the mechanical behaviour in the complex electromagnetic field, substantially accelerated the
simulation process compared to the fully coupled electromagnetic-mechanical analysis. The
distinctive strain-rate variation observed in the 3D tube compression simulation highlights the
potential of EMPT in evaluating material’s strain rate sensitivity under complex loading
conditions, providing the basis for a new dynamic testing method of alloys.

Keywords: Electromagnetic forming, electromagnetic welding, Three-dimensional
electromagnetic-mechanical simulation, Aluminum alloys.

1 Introduction

Electromagnetic pulse technology (EMPT), realised using a capacitor bank and an appropriate
tool coil, offers a contact-less process for joining, welding, forming, crimping, and cutting sheet
metals and tubes. It exploits the eddy current induced in electrically conductive materials by a
single current pulse at a frequency for example of 10 kHz [1].

In the recent decade, electromagnetic pulse forming (EMPF), referred also as EMF, and
electromagnetic pulse welding (EMPW) have received growing academic and industrial
attention, greatly motivated by the increasing applications of lightweight components, e.g.,
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aluminium [2], magnesium [3], titanium alloys and carbon-fiber-reinforced-polymers [4], in
various manufacturing areas. The high-speed nature of the EMF process allows a significant
improvement in the formability of aluminium, magnesium, and titanium alloy. Moreover, it
minimises the springback effects experienced in the conventional quasistatic metal forming
process [5].

The concept of EMPW, typically as considered solid-state welding, was developed in the late
60s and early 70s [6]. The accelerating force provided by the electromagnetic field generates a
large impact force that enables metallurgical bonding even between dissimilar metal materials
[7], for example, aluminium to stainless steel [8][9], aluminium to carbon steel [10], aluminium
to copper [11][12][13], aluminium to magnesium [14]. Despite great advantages of EMPW, a
wide-scale industrial application is hindered by the insufficient understanding of the governing
mechanism of the process and its associated influencing parameters. EMPW presents
significant challenges for empirical investigations for being a speedy transient process that
usually completes within a microsecond. The physical observation is often restricted to the
applied electrical pulse current profile and the microstructure in the resulting EMPW joints,
whereas the critical process parameters, for example, impact velocity and impact angle, remain
difficult to measure.

Due to the complex nature of EMPT, numerical analysis has become an essential tool for its
future development. Numerical modelling of the EMPF process has been increasingly adopted
to assist in more sophisticated forming system design that is required for forming metal into
complex shapes [15]. Numerical simulation of the EMPW process has been used to gain
insights into developing the thermomechanical field variables at the interface of workpieces
that cannot be studied experimentally.

Being a highly coupled multi-physical process, EMPT involves electromagnetic, mechanical
mechanics, thermodynamics field. With considerable advancement made in the field of
computational simulation, a wide range of multi-physics software such as ANSYS, LS-DYNA,
ABAQUS, COMSOL has become available to model such a process with varying degrees of
simplifications implemented. A numerical model of EMPT should generally consist of two
field domains: the electromagnetic and mechanical domains. The electromagnetic (EM)
domain performs the transient electromagnetic analysis, determining the electromagnetic field,
the eddy current, and the Lorenz body force, while the mechanical domain conducts the
mechanical analysis. For EMPF, the mechanical analysis focuses on providing an accurate
prediction of the final deformation of the workpiece; for EMPW, the mechanical analysis is
essential for investigating the acceleration, velocity and impact angle while being insightful for
understanding the thermomechanical development of materials at the welding interface that is
responsible for successful bonding. Thermal simulation can also be included in the mechanical
domain.

In the actual EMPT process, the EM domain and the mechanical domain are interactive;
however, numerical solutions to the physical model of a completely integrated
electromagnetic-thermomechanical model are still computationally challenging. As a
simplification, the Lorentz body force can be treated as uniform surface pressure with decaying
sinusoid time dependence and decaying exponential spatial distribution from the coil centreline
[16]. This type of modelling, consisting of only the mechanical domain, solves the mechanical
analysis accurately with pre-determined magnetic pressure loading. However, it requires
calibrating the magnetic pressure for every combination of materials and process parameters,
which can be particularly difficult for complex geometries [2].
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Therefore, the EM field must be included in the numerical modelling to investigate primary
process parameters, such as charge energy and airgap, paving the way for system design and
optimisation. To model the interacting EM and mechanical domain, one common
simplification used in the numerical simulation is the one-way coupling of the two domains,
also known as the loose coupling method [17]. In the one-way coupled model, the Lorenz body
force calculated in the EM domain is exported to the mechanical domain as the external force
for the mechanical analysis, but the mechanical analysis results are not exported to the EM
domain. The one-way exportation does not consider the influence of the velocity and the
displacement of the workpiece on the transient EM analysis. The loose coupling method is
computationally economical; however, existing research [18][19] has found that it is only
capable of qualitative comparisons between experimental and predicted deformation. Qiu et al.
[17] observed a 50% overestimation of the deformation in their 2D loose coupling model and
showed that by applying a crude reduction factor to the coil current input, the overestimation
was reduced to 2%. Haiping et al. [20] improved the accuracy of the deformation prediction
by 5% by using a 2D sequential coupling simulation in ANSYS. They updated the mesh of the
EM model at each time step (40 evenly spaced steps over a total simulation time of 200 ps),
based on the mechanical analysis results to account for the impact of geometry changes of the
workpiece on the Lorentz body force. Because the geometry changes were realised through
manually modifying the mesh, only small deformation is applicable, which would become
troublesome for complex-shaped forming. Moreover, the impact of workpiece velocity was
still not adequately taken into account. Uhlmann et al. [21] showed better accuracy
improvement by including the mechanical domain thermal analysis when using the sequential
coupling approach in ANSYS.

Using LS-DYNA, Eplattenier et al. [22] performed a 3D coupled electromagnetic-mechanical
simulation where the new geometry computed in the mechanical domain was automatically
implemented in the EM field in a Lagrangian way. However, the workpiece velocity could still
not be imported to the EM, thus not being considered.

Cao et al. [23] performed a fully coupled electromagnetic-mechanical analysis using COSMOL
for the electromagnetic metal sheet forming process, which considered the impact of workpiece
deformation and velocity on the EM field. By comparing with experimental results, they
demonstrated a noticeable effect of workpiece velocity on the Lorentz body force and the
deformation of the workpiece, even though the maximum velocity was lower than 200 m/s.
The limitation here is that a 2D axisymmetric EMPF model, the capability of COSMOL to
perform a fully coupled 3D electromagnetic-mechanical analysis, has yet to be demonstrated.
The volumetric distribution and evolution of the EM field become critical for the EMPW
process, where the impact velocity and angle are spatially non-uniform.

In most of the sequentially/fully coupled numerical models that were established for the EMPF
process, the velocity was generally lower than expected for the EMPW process. The impact
action in the mechanical domain of EMPW presents a significant numerical challenge for a
fully coupled simulation approach. Meanwhile, the future development of EMPT demands an
accurate, efficient and economical numerical model for its essential role in process system
design and optimisation. Unlike the EMPF process, where a two-dimensional model is
generally sufficient, the EMPW process greatly needs a three-dimensional model since the
spatial distribution of the Lorenz force at the impact surface of the EMPW is critical for
successful welding.

To address the above problem, i.e. to find a balance between computational efficiency and
reliability, this paper proposes a 3D one-way coupled electromagnetic-mechanical model in
conjunction with a time-dependent correction factor compensating for the changes in the
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magnetic force as a result of dimensional changes. The correction factor, referred to as
reduction coefficient k, is applied to the input pulse current to account for the encapsulated
effect of workpiece deformation and velocity on the EM field. The coefficient k is calibrated
based on the deformation results of a series of tube compression experiments by EMPT and is
proposed as a decaying exponential function of time.

The theoretical background of EMPT is discussed in the next section, focusing on the analytical
implications for adopting the one-way coupled simulation approach, providing the
foundational basis for the reduction coefficient proposal. Section 3 presents a brief introduction
to the proposed reduction coefficient model k. The methodology for the tube compression
experiment is described in Section 4. Section 5 elaborates the calibration of the coefficient
model k, using a combination of the experimental results and the numerical investigation. A
list of symbols used in this paper is summarised in Table 10 and each symbol is defined as it
first appears in the text.

2  Theoretical background

The fundamentals of electromagnetic phenomena as applied to EMPT are well established and
summarised by the Maxwell equations. Symbols in bold represent vector quantities.

VXEing= —aa—l: Equation 1
V-B=0 Equation 2
V-E= % Equation 3
0
VXB = (]tot + €g g—f) Equation 4

Where E;,, is the induced electric field in the workpiece

B is the magnetic flux density, weber/m?

E is the electric field intensity, volt/m

J o+ the total current density

Pror 1S the total charge density

u and e are the magnetic permeability and electrical permittivity respectively
U, and €, are the magnetic permeability and electrical permittivity of vacuum

Equation 4 shows that an electric current (J;,.) and a changing electric field (% # 0) produce

a circulating magnetic field. Under the low frequency assumption, in the case of EMPT, the
second term in Equation 4 can be neglected, and J;,; can be simplified to conduction current
(J con)- With the magnetisation of the media is assumed to be of its permeability u, Equation 4
can be reduced to

VX B = i con Equation 5

In the EMPT process, J.. is the conductive current in the coil. The alternating pulse current
applied generates an alternating magnetic field (Z—f # 0), which in turn, according to Equation
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1, induces an electromotive force (emf), i.e., a circulating electric field (E;,4) in the nearby
flyer workpiece. The E;,,4 drives an electric current (eddy current, J ) in the nearby workpiece
according to Ohmn's law:

] = YEind Equat'on 6
Where J is the eddy current density, and y is the material electrical conductivity.

Subsequently, the workpiece is accelerated outward due to the electromagnetic force (the
Lorentz body force F) generated by the cross product of the eddy current density J and the
magnetic flux density B:

F=]XB Equation 7

Equation 1 shows the E;,; on the workpiece emerges from the variation in the magnetic field
experienced by itself during the EMPT process. Rewrite Equation 1 in its integral form using
the Stokes' theorem:

_ dop

gﬁazE- dl = ”

=-2( B da Equation 8
de 7'Z

During the EMPT process, the magnetic flux density B is spatial and time-dependent under the
coil current; the area vector A is time-dependent because of the movement, i.e., the change in
the position r of the workpiece. Hence applying Leibniz's rule for surfaces moving in three-
dimensional space to the integration term in Equation 8:

d

Eﬂz(t)B(r’ t)- dA = ffm)(Bt(r, t)+[V-B(rt)|v) - dA— Eﬁaz(t)[v x B(r,t)] - dl

Equation 9

B(r,t) is the magnetic flux density at the spatial position r and time t,
The subscript t in B,(r, t) denotes partial differentiation of B(r, t) over time t,
r is the position vector,
v is the velocity of the region X

Recalling Equation 2 (Gauss's law for magnetism), Equation 9 reduces to
d .
Effz(t)B(r’ t)- dA = ffz(t) B,(r,t) - dA — 95a>:(t)[” X B(r,t)] - dl Equation 10

The first term on the right-hand side of Equation 10 corresponds to the induced emf generated
by the time-varying coil current, and the second term corresponds to the motional emf
generated by the workpiece cutting the magnetic lines as it moves outwards. Combining
Equation 8 and Equation 10, we can find the circulating electric field (E;,q) induced in the
workpiece using the following Equation:

¢ Eing - dl = — ffz(t) B.(r,t) - dA+ 51562(0[17 X B(r,t)] - dl Equation 11

Equation 11 reveals that the induced circulating electric field in the workpiece, the resulted
eddy current (Equation 6) and the Lorentz force (Equation 7) are simultaneously affected by
the induced emf and the motional emf.

Instead of using Equation 11, the one-way coupling model calculates the Lorentz force using
Equation 12, a simplified version of Equation 11. Equation 12 neglects the time dependence in
the position vector r by using the value of B at the initial position and disregards the second
term of the motional emf.

¢ Eina - dl = — ffz(t)B(ro, t), - dA Equation 12

5
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Equation 12 provides a definite overestimation of E, 4. Firstly, using the fixed value of B at
the initial position of the workpiece does not account for the attenuation of B due to the
increasing distance between the workpiece and the coil. Secondly, the opposite sign between
the first term (negative) and the second term (positive) in Equation 11 shows that in the
workpiece, the eddy current induced by the coil current is in the opposite direction to the coil
current, whereas the eddy current generated by the motional emf is in the same direction to the
coil current. As a result, the eddy current by the second term offsets that by the first term. While
neglecting the second term, Equation 12 overestimates the eddy current in the workpiece,
leading to an overestimation in the Lorentz force.

3 Reduction coefficient (k) model

The theoretical review concluded that the one-way coupling method overestimates the Lorentz
force in the workpiece during the EMPT process. A correction to one-way coupled modelling
is possible by introducing a reduction coefficient model (k) into Equation 12 to restore the
reducing effect of the displacement and velocity. The proposed coefficient should
correspondingly consist of two contributors: one accounts for the attenuation of the magnetic
flux density (B) due to the displacement of the workpiece, the other considers the motional emf
resulted from the velocity. In other words, the proposed model k is a function of spatial position
(r) of the workpiece and the time (t). Considering the position of the workpiece is a function
of time (r(t)), in this paper the model k is proposed as an evolution function of time, where the
spatial reduction effect is implicitly included. The time function k(t) could be directly applied
to the input coil current (a pulse current time history), allowing the reduction effect to be
captured adequately at every time point of the EMPT process.

The acceleration and velocity of the workpiece during the EMPT are incredibly challenging to
measure since the whole process completes within microseconds. In this paper, the magnetic
field attenuation on the workpiece as it moves away from the coil was deterministically
quantified using a series of EM simulations. The changing position of the workpiece was
represented by incrementally updating the distance between the workpiece and the coil in each
static model of the sequence. At the starting and ending position of the workpiece, where the
velocity is zero, the attenuation of B contributes to the total reduction coefficient k. Thus, the
initial and the final value of k could be determined based on the EM simulation results. The
contribution from the velocity was quantified by comparing the simulated workpiece
deformation profile to the experimental observation. At last, an exponential decay evolution
function was proposed to describe the development of k, whereby, with the adopted fitting
parameters, the best matching of the deformation profile could be obtained. The methodology
used for the coefficient model calibration is detailed in the Section 5.

4 Methodology

4.1 Experimental procedure

In order to calibrate the reduction coefficient, a set of tube compression experiments by EMPT
were designed and carried out. Aluminium tubes made of AA6063 in T6 condition were
deformed by the EMPT system (PS96-16 produced by PST Products GmbH) with various
charge energies, operating at a frequency of 12.2kHz. The experimental current flow through
the coil was measured using Rogowski coil and used in the numerical simulation. The tube
material is commercial AA6063 aluminium alloy with mechanical properties summarised in
Table 1. The outer diameter of the tube is 19.05 mm with a wall thickness of 1.22 mm; the
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length of the tube is 100 mm. For testing, the tube was positioned above the longitudinal
centreline of the flat coil, supported by a steel block on the top, as illustrated in Figure 1.

An overview of the selected parameters is summarised in Table 2. The process parameters were
selected to achieve a distinguished deformation profile of the tube, without excessive
deformation to avoid cracking. Under this experimental configuration, the bottom side of the
tube is allowed to deform freely, only subjected to the Lorentz force. Thus, the actual Lorentz
force experienced by the tube during the EPMT process can be qualitatively quantified through
a study of the deformation profile. The details of the study are discussed in the next section as
part of the coefficient calibration.

_________ Fixture |

A

19.05mm

MAMAA v
Coil

Figure 1: Configuration of the Al tube compression experiment

Table 1: Tensile properties of the examined aluminium samples.

Yield Tensile
Alloy | Temper strength strength (Rm) Elongation
(Rp0.2) [MPal [%0]
[MPa]
Tube | AA6063 T6 170 215 8

Table 2: selected parameters for electromagnetic pulse Al tube compression

Test Discharge Discharge cu'\gfg(n t Airgap | Frequency
energy [kJ] | voltage [kV] KA] [mm] [kHZz]
12 5.4 290.7 -
13 5.6 303.0 -
plbe 14 5.8 315.4 i 12.2
P 15 6.0 325.8 i
16 6.2 337.0 -
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4.1.1 Characterisation of the deformed tubes

The edge and the middle parts of the deformed tubes were sectioned perpendicularly to its axial
direction. Scanned images of these deformed tubes were generated using an Epson Desktop
scanners, these scanned images were processed and analysed by ImageJ/Fiji software in order
to determine the geometry of each cross section after EMPT process.

4.2 Simulation procedure

A three-dimensional one-way coupled electromagnetic-mechanical model was established in
Abaqus. Figure 2 shows a schematic view of the electromagnetic model, where half of the tube
and the flat coil are modelled, taking advantage of the structural symmetry about the X-Y plane.
The width and height of the coil are 15mm and 5mm, respectively. It should be noted that
heating due to plastic deformation and electrical resistance are neglected in this work.

Figure 2: Schematic model view

4.2.1 Coil current profile

A range of pulse current, discharging energy varies from 12-16 kJ, were used in the experiment.
Figure 3 shows the measured current profile using Rogowski coil as a function of time. The
current density was obtained by dividing the applied current to the coil cross-section area of
1.0157x10“ m?. The current profile shows that about 80% of the total stored energy was
discharged in the first cycle, and about 95% was discharged after three cycles.

9
a =10

12 kJ
13 kJ
14 kJ |
15kJ
16 kJ

N

0 0.5 1 15 2 25 3 35 4
time (s) =10

w
T

[§]
T

Pulse current density, Jm (A/m2)

Figure 3: Pulsed current profile as a function of time
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4.2.2 Numerical modelling

The transient electromagnetic analysis was conducted using a three-dimensional model
consisting of the tube, the coil and the surrounding medium with 8-node electromagnetic
element, as shown schematically in Figure 4(a). The mesh of the tube consists of 48000
elements; a tiny element of 10 um thickness was used near the external surface to account for
the skin effects. The coil was meshed with 11385 elements. The air medium — 125mm from
the coil centre in the X direction and 154 mm in the Y direction was modelled and meshed with
203298 elements. Mirror asymmetric Dirichlet boundary condition was applied at the
symmetry plane for the load current.

The tube and the backplate were modelled using an 8-node solid element (C3D8R) for the
implicit dynamic analysis, seen in Figure 4(b). The identical mesh was adopted for the tube in
the dynamic modal, while the backplate was meshed with 53568 elements. The interaction
between the upper tube surface and the backplate was modelled using surface-to-surface
contact. The classical Lagrange multiplier method of constraint enforcement was used for the
normal behaviour, and a friction coefficient of 0.5 was adopted for the tangential behaviour.
The separation between the tube and the backplate was allowed. The first three cycles of the
pulsed current with a total duration of 250 us were applied.

(a) (b)

Y
IOth

Figure 4:0ne-way coupled EM-Mechanical model for the tube compression experiment by EMPT based on (a)
Electromagnetic model and (b) Dynamic model

4.2.3 Material model

The Johnson-Cook (JC) plasticity model was used to account for the hardening behaviour of
the alloy 6063-T6 concerning the strain rate sensitivity. Expressed in Equation 13, the JC model
is widely used to characterise the flow stress as a function of strain, strain rate and temperature.
It consists of three terms, the first bracket is the elastic-plastic term, the second is the viscosity
term, and the third is the thermal softening term.

o=(A+Be)(1+ Clne’)(1 —T*™) Equation 13

where o is the flow stress, € is the plastic strain, €* is the plastic strain rate (Ei’l) normalised
with respect to a reference strain rate (€, = 1s7*), and T*™ = (T — Tyef ) /(Tin — Trey ), in
which T,..f is the reference temperature, assumed to be 25 °C, T, is the melting temperature
of the alloy. The empirical constants are: A, the yield stress at reference temperature; B, the
strain hardening modulus; C, the strain rate factor, n, the work hardening exponent and m, the
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thermal-softening exponent. The material properties of alloy 6063-T6 and the parameters of
the JC model used in the simulation are summarised in Table 3.

Table 3: Material parameters of 6063-T6 used for finite element modelling

Parameters Material
Electrical conductivity (S m) 29411765
Magnetic permeability (H m) 1.26x10°
Density (kg m) 2700
Specific heat (J kg K) 900
Thermal conductivity (W m K) 151
Coefficient of thermal expansion (K) 2.32x10°
Young's modulus (GPa) 72.4
Poisson's ratio 0.33

Johnson-Cook parameters:

Melting temperature, Tm (°C) 650
Reference temperature, Tref (°C) 25
Thermal softening exponent, m 1

A (MPa) 190

B (MPa) 300

Strain hardening exponent, n 0.5

Strain-rate hardening coefficient, C 0.01

5 Results and discussion

5.1 Magnetic field attenuation in space

The magnetic flux density (EMB) in the workpiece attenuates as it is being accelerated away
from the coil. This spatial attenuation was investigated using a series of EM simulations. The
distance between the tube bottom point A and the coil, as shown in Figure 5, was 0.5 mm, 3
mm, 5.5 mm, 11 mm, 16 mm and 22 mm, respectively, in each model.

Figure 6 shows the simulated magnetic flux density distribution in each case. The spatial
attenuation of B is clearly observed. This series of simulations revealed deterministically the
spatial reduction of the induced emf that corresponds to the first term in Equation 11. Figure
7 plots the reduction ratios of the EMB at the bottom of the tube for each tube position.
Exponential decay is observed in the relationship between the EMB and the distance. The ratio
has a unity value when the tube bottom is initially placed 0.5 mm above the coil.

The eddy current (EMCD) generated in the tube is consequently reduced due to the EMB
reduction, according to Equation 6. The reduction in both EMB and EMCD consequently
decreases the Lorentz force, according to Equation 7. The reduction ratios of the EMCD and
the Lorenz body force (EMBF) for each tube position are also included in Figure 7. The
magnitude of EMB and EMCD is linearly proportional to the intensity of the coil current; hence
they share the same reduction ratios, whereas the reduction ratio of EMBF is the square of that
of the EMB/ EMCD, which is in line with Equation 7.
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Figure 5: Schematic view of the distance between tube and coil
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Figure 6: Magnetic flux density distribution with varying distance between tube and coil

The exponential decay relationship between the reduction ratio and the position in the magnetic
flux density provides a map for determining the EMB reduction based on the displacement of
the tube. As the displacement is a function of time, the reduction ratio of EMB also evolves as
a function of time. The two timestamps of particular interest are the starting and ending point
of the deformation. The velocity at the two points is zero, therefore there is no reduction effect
of the motional emf. In other words, the reduction coefficient k has an initial value ko=1.0, and
its final value k» equals the value of the EMB reduction ratio at the final position of the tube.

Figure 8 shows the deformed middle cross-section of the tube after being subjected to the pulse
current with the discharging energy of 12kJ. The bottom surface is 12.31 mm above the coil.
At this final displaced position, ky =0.416 was estimated based on the EMB—distance
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relationship shown in Figure 7. Similarly, the value of k, can be determined for the various
energy levels based on their final deformation profile. The results are summarised in Table 4.
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Figure 7: Reduction ratio of EMB, EMCD, EMBF; model k evolution

5.2 Reduction effect of velocity

Besides the spatial attenuation of the EMB, the other influencing factor in the reduction
coefficient model k is the motional emf due to the velocity. One characteristic of the tube
compression process is the zero velocity at the initial and end positions. Correspondingly, the
reduction coefficient k starts as 1.0 from the initial position and finishes with ky. The evolution
of k between the two positions is affected by the development of the motional emf.

In order to quantify the impact of the motional emf, the velocity of the tube was investigated.
An implicit dynamic analysis was carried out using the Lorenz body force resulted from the
un-modified one-way coupled EM analysis. Figure 9(a) shows the evolution of the magnetic
flux (EMBL1) and the eddy current (EMCD3) at the tube bottom, sampled at point A in the FE
model. The phase delay in the propagation of the magnetic field is observed. The Lorentz body
force (EMBF2), the cross-product of the EMB1 and EMCD3 is plotted in Figure 9(b).

A change of direction is observed in the EMBF2 at the end of each wave, caused by the out-
of-phase between the EMB1 and EMCD3. At the end of the first wave, the EMBF2 acts in the
negative direction of Y, resulting in negative acceleration, shown in Figure 9(b). Since about
80% of the electrical energy is discharged after the first cycle (To =82 us), the acceleration
starts to level off after two waves.

Figure 9(c) plots the velocity of the tube in the Y-direction during the first three cycles of the
input coil current. The tube bottom reaches its maximum velocity at around 27 us which is the
first peak point of the coil current. The velocity starts to slow down as the acceleration turns
negative at the end of the first half cycle and shows a small second jump during the second half
of the first cycle. After that, it gradually drops to zero at the end of the deformation. The
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velocity history consists of the initial strong accelerating stage and the second gradual decay
stage.

Since the motional emf is proportional to the velocity, its evolution follows the same
progression to the velocity. It is reasonable to simplify the evolution of the motional emf into
two stages: an accelerated growth to its maximum value in the first half cycle of the coil current;
and a gradual decrease to zero. The motional emf generates the current that opposes the eddy
current hence reduces the net current in the tube. This reduction effect quickly reaches its peak

impact within the period of % followed by a gradual decrease to zero.

=12.31mm

Distance

|
Figure 8: Mid-tube cross-section deformation, Discharging energy =12 kJ
Table 4: Spatial reduction of EMB at the final position
Discharge energy (kJ) | 12 13 14 15 16
Distance (mm) 1231 1511 16.71 16.86 16.91
kb 0.416 | 0.367 0.345 0.344 0.343
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Figure 9: Simulation results at point A, during first three pulsed current cycles with a discharge energy of 12 kJ, showing
(a) magnetic flux density in X direction and eddy current in Z direction, (b) Lorentz body force and acceleration in Y
direction, first half input current cycle and (c) velocity of the tube in the Y-direction

5.3 Evolution function of the reduction coefficient model, k

The model k should encompass the evolution of the magnetic flux density and the velocity: the
exponential decay relationship between the magnetic flux density and the distance between the
tube and coil observed in Section 5.1; the two-staged velocity time history discovered in
Section 5.2. Therefore the Equation 14 is proposed to represent the evolution of the reduction
coefficient model. Within the first half cycle of the pulse, the k is approximated by an
exponential decay function of time, and a linear function approximates the remaining.

_ {exp‘”, t <Ty/2
“lat+p, T/2<t

Equation 14 has an initial value of 1.0, satisfying the requirement of the initial value of k, ko
=1.0, as discussed in Section 5.2. The function parameter t captures the combined reduction
effect of the magnetic flux density and the emotional emf, and is obtained through a trial-error
process. The determined values provide the best-matched deformation profiles when compared
with the experimental observations. The t is the only parameter that is determined by the
engineering judgment. Once the t is determined, the other two parameters « and  can be

Equation 14

T
subsequently calculated since the linear relationship goes through the point (%, exp‘T'TO) and

the final point (t,, k;,). The value k,, is based on the final position of the tube in the magnetic
field and was determined using numerical simulation for different energy levels as summarised
in Table 4. A typical evolution of k is depicted in Figure 7.
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5.4 Calibration of the parameter t

The parameter t was obtained through a trial-error process, the determined values provide the
best-matched deformation profiles when compared with the experimental observations. Table
5 summarises the exponential decay parameters determined for each pulse current. The
maximum velocity in the workpiece obtained using the un-modified one-way coupled model,
i.e.,, the one-way coupled -electromagnetic-mechanical model without the model k
implemented, are also included in the table. It’s observed that a higher maximum velocity gives
rise to a higher decay parameter. Based on the parameters determined for the five tested energy
levels, a linear interpolation could be used to obtain the value of 1 for a higher energy level.

Table 5: Exponential decay parameter t

Input energy (kJ) 12 13 14 15 16
Max. velocity (m/s) 368 401 431 459 486
T 16000 | 17500 | 18135 | 19100 | 20050

The accuracy of the modified one-way coupled model, i.e., the one-way coupled
electromagnetic model with the model k implemented using the determined value of t, was
examined using a comparison study of the deformation profiles between the experimental data
and the simulation results of the unmodified and modified models. Four dimensional
parameters and two curvature ratios were compared, which are discussed in the following
section.

5.4.1 Deformation profile comparisons

Figure 10a(i) Figure 12shows the dimensions of the deformed mid-section of the tube after
subjected to the electropulse with input energy of 12 kJ. Figure 10a(ii) shows the simulated
deformation shape using the un-modified one-way coupled electromagnetic-mechanical
model. The curvature of the cross-section implies higher accelerations in the simulation than
that in the experiment. High initial accelerations resulted in localised deformation quickly
developed at the tube bottom while leaving the upper half of the tube under-deformed. The
distance d, the final measured gap between the top and bottom of the tube surface, reached 4.8
mm at the early time step =51.2 us. The subsequent excessive displacement in the un-modified
model further signifies an overall higher acceleration in the unmodified model. Figure 10a(iii)
shows the simulated deformation shape using the modified one-way coupled electromagnetic-
mechanical model. Under the same distance d =4.8mm, a substantial improvement in the
deformation profile was observed, with a notably increased accuracy of the predicted upper
tube curvature. The upper tube curvature can be qualitatively assessed using the ratio cuvl =
d/(x/2), and the bottom tube curvature can be assessed similarly using cuv2 = h/(x/2).

In the case of 12kJ, compared with the measured results, the modified one-way model
improved the prediction error from 15.7% to 2.0% for cuvl, 248.3% to 37.5% for cuv2. This
improvement suggests that the accelerations in the modified model, especially the initial
accelerations within the first half wave of the pulse, are in better agreement with the actual
experimental experience.

The deformation profile comparison for input energy 13 kJ, 14 kJ, 15 kJ and 16 kJ are also
included in Figure 10. As the input energy increases, the localised displacement of the tube
bottom becomes more significant, which is understandably due to higher acceleration. What is
interesting is that the observed upper tube curvature becomes flatter. The un-modified one-way
model shows a consistent failure in predicting the curvature profile of the upper tube.
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Meanwhile, the deformation profile predicted by the modified one-way model for all the tested
input energies exhibits excellent agreement with the experimental observations.

Table 6 compares the dimensions of the deformed mid-tube cross-section between the
experimental observation and the simulation results for the five input energy levels. An overall
consistent improvement in the deformation profile was demonstrated. Table 7 presents the
curvature ratios, cuvl and cuv2, calculated based on the experimental observations and
simulation results. For the five energy levels, the modified one-way model reduced the mean
approximation error of cuvl and cuv2 from 16.0 % to 1.0 %, 105% to 12%, respectively.

‘ X2 Unit: mm
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Figure 10: Deformed mid-tube cross-section by input energy (a) 12 kJ,(b) 13 kJ,(c) 14 kJ, (d) 15kJ and (e )16 kJ ,obtained
from (i) experimental observations and computer simulation of deformation shape using the (ii) un-modified and (iii)
modified one-way coupled electromagnetic-mechanical models.
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Table 6: Deformed mid-tube cross-section dimensions with different input energies

Input energy | Dimensions Experimental One-way model | One-way model with
(kJ) (mm) observations (mm) without k (mm) k (mm)
d 4.8 4.8 4.8
12 h 1.7 5.1 2.3
X 25.0 21.6 24.6
y 11.00 12.4 9.8
d 2.0 2.0 2.0
13 h 3.6 3.6 3.5
X 25.0 20.6 24.8
y 8.4 11.7 8.2
d 04 0.4 0.4
1 h 4.6 7.8 4.3
X 25.0 21.0 24.8
y 7.7 10.6 7.5
d 0.25 0.25 0.25
15 h 4.9 8.2 4.7
X 25.0 20.6 24.6
y 7.7 10.8 7.5
d 0.20 0.20 0.20
16 h 3.9 8.3 4.7
X 25.0 20.6 24.6
y 7.0 10.8 7.6

Table 7: Curvature ratios at mid-tube cross-section obtained from experimental observations and simulation by one-way
model w/o k

Ener Experimental | One-way model | One-way model
(kJ;J V| curvature observations | without k with k
cuvl Ratio 0.384 0.444 0.390
12 Approx. Error (%) - 15.7 1.6
cuv2 Ratio 0.136 0.474 0.187
Approx. Error (%) - 248.3 37.5
cuvl Ratio 0.160 0.194 0.161
13 Approx. E_rror (%) - 21.4 0.8
cuv2 Ratio 0.288 1.320 0.282
Approx. Error (%) - 358.5 2.0
cuvl Ratio 0.032 0.038 0.032
14 Approx. E.rror (%) - 19.0 0.8
cuv2 Ratio 0.368 0.743 0.347
Approx. Error (%) - 101.9 5.8
cuvl Ratio 0.020 0.024 0.020
15 Approx. Error (%) - 21.4 1.6
cuv2 Ratio 0.392 0.796 0.382
Approx. Error (%) - 103.1 2.5
Ratio 0.016 0.019 0.016
Cuvl
16 Approx. E.rror (%) - 21.4 1.6
cuv2 Ratio 0.312 0.806 0.382
Approx. Error (%) - 158.3 22.5
Al Cuvl Mean Approx. Error (%) - 16 1
Cuv2 Mean Approx. Error (%) - 105 12
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A further comparison study was performed for better understanding the influence of the
magnetic field distribution. In this separate analysis, the reduction ratio of ky, the magnetic flux
density at the final position of the tube, was applied to the input current in the numerical model.
The simulated deformation profile are presented in Figure 11 for the input energy 12 kJ and 16
kJ respectively. Compared to the experimental observation, the deformation profiles seen in
Figure 11 show substantial underestimation. This comparison results highlight the time-
dependence nature of the magnetic field reduction effect. The evolution of the reduction effect
has to be properly represented at every time point by the model k in order to accurately simulate
the deformation of the tube.

Unit: mm

@ (b)

Figure 11: Simulated deformation shape using the input current reduced by a single factor kb (a) kb =0.416, Input energy
12 kJ (b) ) kb =0.343, Input energy 16 kJ

5.5 Sensitivity to material properties

The reliability of FEM simulations is based on the accuracy of the deformation behaviour
described by the constitutive material model. The Johnson-Cook (JC) model was adopted to
account for the high strain rate in the EMPT process. The simulation used three different values
of the strain rate parameter C to study its influence on the deformation behaviour. The predicted
tube bottom displacements were compared. Figure 12 shows that the deformation results
exhibit a strong sensitivity to the strain rate parameter. This observation suggests that EMPT
is a highly dynamic process. In this EMPF, the deformation rate of the tube experiment is so
high that the plastic flow in the material is no longer dominated by the dislocation motion but
viscous phonon drag [24]. Table 8 summarises the maximum strain rate at three different
positions within the midspan cross-section, illustrated in Figure 13.

The tube bottom, point A, experiences the highest strain rate, corresponding to the largest
localised deformation at the bottom of the tube. The maximum strain rate experienced under
input energy of 12 kJ is 8.2x10° st and is 10.2x10% st under 16 kJ. It has been reported that for
aluminium alloys, the flow stress increases more rapidly when the strain rate starts exceeding
10* s [25]. Consequently, a different strain rate sensitivity parameter C in the Johnson-Cook
model should be considered for regions with high strain rates in the material. A preliminary
study was carried out to investigate the impact of parameter C on the predictions of the
deformation profile. For the case of 16 kJ, a value of 0.25 was adopted for C in the material
model for the region around position A depicted in Figure 13. Table 9 compares the curvature
ratios determined using the two different strain rate sensitivity parameters. By allowing a
stronger strain rate dependency at the bottom region, the accuracy of the predicted ratios was
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further improved, with the approximation error of cuvl and cuv2 reduced to 0.4 % and 10.7%,
respectively, from 1.6% and 22.5%.

It is noted that a distinctive strain rate variation within the cross-section could be obtained using
one electropulsing treatment because the magnetic pressure concentrates at the bottom region
while the rest of the tube moves out of inertia. This characteristic of the tube compression test
suggests it could be used to test materials under dynamic deformation. By modifying the strain
rate sensitivity parameter C at different positions to refine the matching of the deformation
profile, the material’s stress-strain curves under different strain rates could be calibrated. It has
been seen over the years that some materials behave differently under EMF from the quasi-
static forming [16]. The tube compression test combined with FE simulation presents a
potential method to determine the dynamic mechanical stress strain behaviours of alloys
efficiently.
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Figure 12: Tube bottom displacement at mid-section with varying strain-rate factor C, input energy=12 kJ

Figure 13: Strain rate positions sampled at mid-section
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Table 8: Strain rate distribution within mid cross section

Inpu(tktzr;ergy Position | Max. Strain rate (s*)
A 8.2 x10°
12 B 3.1 x108
C 3.1 x10°
A 10.2 x10°
16 B 3.7 x10°
C 3.8 x10°

Table 9: Curvature ratios at mid-tube cross-section with different strain rate sensitivity parameter

. Approx. . Approx.

d h X y I?:it/"l) IIEOfror Iiit/'g Igrpror

(%0) (%)

Experimental observations 020 | 3.9 | 250 | 7.0 | 0.0160 - 0.3120 -

One-way model with k, ¢=0.01 | 0.20 | 4.7 | 246 | 7.6 | 0.0163 1.6% 0.3821 | 22.5%
One-way model with k, c=0.01

combined with bottom area ¢ 020 | 43 | 249 | 7.2 | 0.0161 0.4% 0.3454 | 10.7%

=0.025;

Figure 14 presents a flowchart showing the accelerated one-way coupled electromagnetic-
mechanical model with the reduction coefficient model k incorporated. As a first step, a
calibration of the k using the tube compression tests following the process described in Section
5 should be carried out for a specific tool coil to enable the implementation of the accelerated
model. For any specific EMF/EMPW process, the value of k, of the workpiece can be
determined based on the magnetic field attenuation map obtained through the series of
electromagnetic analyses in the calibration process since the final position of the workpiece is
generally decided by the spacing between the workpiece and the target plate or mandrel. The
maximum velocity in the workpiece found by the un-modified one-way coupled
electromagnetic-mechanical analysis is used to assist the determination of the parameter t using
linear interpolation refereeing to the values of © obtained during the calibration process based
on the deformation profile comparison, for example, the T values summarised in Table 5. Once
the 1 is determined, the other two parameters a and § in Equation 14 can be calculated with

T
two known points on the linear relationship (%, exp"TO) and (t,, kp). The obtained model k

is subsequently applied to the coil current input to establish the modified one-way coupled
electromagnetic-mechanical model.
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Figure 14: Flow chart of the accelerated one-way coupled electromagnetic-mechanical model

6 Conclusions

A modified three-dimensional one-way coupled electromagnetic-mechanical model was
established in Abaqus to accelerate the numerical analysis of the electromagnetic forming and
welding process.

The modification —incorporating a reduction coefficient model k into pulse loading enables the
one-way coupled model to account for the magnetic field attenuation and the motional emf
experienced by the workpiece during the electropulsing process. Being constructed as a
function of time, the model k(t) is directly applied to the input loading history, allowing both
the spatial and temporal reduction of the magnetic field in the workpiece to be properly
simulated at every time point of the process. The coefficient model was calibrated and validated
by a series of Al tube compression tests combined with numerical simulations. The model is
proven to efficiently and adequately assess the electromagnetic field distribution while
reducing the computational burden otherwise required by a fully coupled three-dimensional
electromagnetic-mechanical analysis. The accelerated three-dimensional one-way coupled
electromagnetic-mechanical model offers valuable assistance in better understanding,
designing and optimising the EMF/EMPW process parameters.
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The sensitivity study of the strain rate parameter C in the Johnson-Cook material model
demonstrated that electropulsing treatment is a highly dynamic process and highlighted its
potential application in dynamic material testing.

Table 10: List of symbols

Symbol | Meaning Symbol Meaning

emf Electromotive force Y material electrical conductivity

E;nq Induced electric field U magnetic permeability

B Magnetic flux density o magnetic permeability

E Electric field intensity € electrical permittivity

J ot Total current density €0 electrical permittivity of vacuum

Jcon Conduction current o] Flow stress

Prot Total charge density € Plastic strain

r position vector el Plastic strain rate

v Velocity vector T,aB Reduction coefficient model equation
parameters

k Reduction coefficient model | To Cycle period of coil current

ko Value of k at final position | tp Period duration of the coil

d,h,x,y | Dimensions of the deformed | cuvl cuvl =d/(x/2)

tube

EM Electromagnetic cuv2 cuv2 = h/(x/2)

EMB Magnetic flux density EMPT Electromagnetic pulse technology

EMCD | Eddy current density EMPF/EMF | Electromagnetic pulse forming

EMBF | Lorentz body force EMPW Electromagnetic pulse welding
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