
Chapter 36
Analysis of Aluminum AA6061
in Electromagnetic Forming

Nilesh Tiwari and Megha Nagrale

Abstract Weight reduction in the automotive and aerospace industries is of special
importance. This leads to lower fuel consumption and high efficiency. Discharge cir-
cuit parameters and mechanical properties vary during the electromagnetic forming
process. The mechanical properties change along with time and tube length during
the electromagnetic expansion. A coupled analytical model is developed to predict
the parametric variation of the discharge circuit, corresponding radial pressure and
stress acting on the tube. The electromagnetic forming simulation was performed on
2.5 mm thick aluminum tube with a length of 100 mm using 7 turns helical copper
coil.A2Dcoupled simulationmodel is developedusingCOMSOLMULTIPHYSICS
software and simulation results are used to compare with analytical results. Based
on which maximum deformation is predicted during the electromagnetic forming
process and work-piece hardness is obtained.

Keywords Electromagnetic forming · High strain rate · Plastic deformation ·
Lorentz’ force

Nomenclature

EMF Electromagnetic forming
I(t) Current at that instant (A)
U (t) Charging voltage (V)
Ec(t) Stored energy in the capacitor (KJ)
ω Frequency of the current (Hz)
β Damping coefficient
v Velocity of the tube at a point (m/sec)
d Displacement of the tube (mm)
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36.1 Introduction

Due to low density, high strength to weight ratio aluminum alloy is increasingly
focused on and widely applied fields such as automotive, aerospace industry which
craves the lightweight designs to enhance fuel utilization and reduce the cost of pro-
duction [1]. Electromagnetic forming is an impulse or high-speed forming technology
which uses a pulse magnetic field to apply Lorentz’ force on the work-piece made
up of highly electrically conductive material without mechanical contact or working
medium. In the electromagnetic forming process, it can shape andweld similar or dis-
similarmetal alongwith other benefits (e.g., high precision, short cycle time, uniform
strain distribution). The main components of the electromagnetic forming process
are high voltage power supply, capacitor bank, switch (trigger), and forming coil.
In the electromagnetic forming process, a capacitor bank charges with a significant
amount of electrical energy at constant current and then discharges the coil quickly.
The energy is dissipated in a coil is in damped form because of the presence of resis-
tance and inductance in coil and tube. A high-intensity magnetic field is generated
which induces an eddy current in nearby conductive materials tube [2]. This eddy
current produces a repulsive field called Lorentz forces which deform the work-piece
plastically when magnetic pressure exceeds the flow stress of work-piece.

When the work-piece starts deforming due to magnetic pressure, the gap between
the coil and work-piece increases which causes two opposite effects, First, the flux
density between the coil and the work-piece gets reduced and the magnetic force
decreases because magnetic pressure is proportional to magnetic flux density. Sec-
ondly, due to the plastic deformation of work-piece strain hardening takes place due
to which more force is required to deform further [3].

In a loose coupling simulation approach, magnetic pressure and solid mechan-
ics physics are solved separately. This approach doesn’t consider the work-piece
deformation on the magnetic force or discharge circuit parameters. In the sequen-
tially coupled simulation approach, both themagnetic and solidmechanics are used to
solve sequentially and the feedback of work-piece displacement is taken into account
to calculate the magnetic pressure at every step. When high energy is applied, more
deformation occurs due to which gap increases between the tube and coil. This effect
is not considered in the loose coupling due to which more errors occur in the loosely
coupled approach compared to sequential coupling approach [4].

36.2 Analytical Approach

Figure 36.1 represents the systematic arrangement of tube and coil and the system
specification is shown in Table 36.1. To accelerate the tube, internally the gap of
0.5–2 mm is provided between work-piece and coil.

As tube deforms the gap between the coil and tube increases due to which the
resistance and inductance of system increase which is calculated by the author Dond
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L=100mm

Fig. 36.1 Cross-section of coil and tube (work-piece) in the EMF process

Table 36.1 System specification

Rsystem Lsystem Csystem Coil c/s Rcoil Ri Thickness

14.83 m� 1.3 µH 112 µF 8 × 5 mm 16.5 mm 25 mm 2.5 mm

[3]. In the case of COMSOL software both physics (solid mechanics and magnetics)
are used to solve the simulations simultaneously such that after resistance iteration the
inductance changes. Therefore, only the initial numerical value is used for software
analysis.

36.2.1 Analytical Approach to Find Flow Stress
of the Material

When the strain rates increase, the mechanical property of materials changes. The
variation in material strength with applied strain rate is an important consideration
in the design of classes of materials used in structures subjected to suddenly applied
loads. It has been observed that for many materials the stress is found to increase
rapidly with strain rate for a given suddenly applied load (Fig. 36.2).

To evaluate the constitutive response of the materials the flow stress is determined
as a function of plastic strain, strain rate and the temperature induced during the
model, to evaluate the flow stress using Johnson–cook model[J-C] [5].

σ = (
A + B

(
εn

))(
1 + c ln

(∈◦

∈◦
0

))(
1 −

(
T − Troom

Tmelt − Troom

))
(36.1)

In the electromagnetic forming process onlywork-piece is deformed and hence the
temperature induced is very lesswhich can be neglected. In the case ofmagnetic pulse
welding, impact between tube and block causes temperature rise that is calculated
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Fig. 36.2 Stress versus strain at different strain rate

by using a joule effect.

Q = J 2ρr (36.2)

Q Heat generated per unit volume (W/m3)
J Current density in (A/m2)
ε Equivalent plastic strain
∈◦

Equivalent plastic strain rate
∈◦
0 Reference plastic strain

In Eq. (36.1), parameter A represents the initial yield strength of the material at
room temperature where B, C, N and M are constant which is determined by stress
and strain curve.

In the present work, work-piece of aluminum alloy (AA6061) has been used as
a tube for calculation. The constitutive parameter required by the Johnson–cook
constitutive model is shown in Table 36.2 for aluminum alloy [6].

Table 36.2 Johnson–cook model for aluminum alloy (AA6061)

Density (ρ) 2700 kg/m3 A 110 MPA

Modulus of rigidity (G) 26 GPA B 114 MPA

Modulus of elasticity (E) 68.9 GPA C 0.002

Poisson’s ratio (7) 0.31 N 0.42

Heat capacity (C) 896 J/Kg-K Tm 925 K

Thermal conductivity (k) 167 W/m-k M 1.34

Electrical conductivity (σ ) 25 MS/m T room 298 K
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36.3 Experimental Setup

36.3.1 Materials

In Table 36.3 for material compositions and their constituents are shown.Work-piece
is made of aluminum and coil made of copper.

Figure 36.3 shows the setup of an electromagnetic forming configuration that
corresponds to a resonant circuit.

A constant current source used to charge the capacitor through switch 1 at a
certain level of energy which energy discharge into a coil in the form of a pulse.
A pulse generator achieves the high magnetic field that is necessary for forming of
work-piece having high electrical conductivity. The coil and work-piece units are
characterized as transformer [7].

The forming machine is represented by a series circuit consisting of a capacitorC,
an inductance Li as well as resistor Ri. Resistance Rcoil and inductance Lcoil both
are connected in series to the pulse power generator represent the tool coil as shown
in Fig. 36.4. To analysis the process EMF circuit to equivalent circuit.

In the electromagnetic forming process, the capacitor charges up to the desired
energy level Ec(t).

Through the constant current, according to Eq. (36.3), energy can be calculated by
multiplication of the capacityC and the charging voltageU(t) and rapidly discharged

Table 36.3 Material composition

Material (%wt) Si Fe Cu Mn Mg Cr Ti Al

AA6061 0.6 0.58 0.202 0.042 0.741 0.207 0.052 Bal.

Coil materials 00 00 99 0.06 0.56 0.07 0.31 00

Fig. 36.3 Schematic of the EMF system
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Fig. 36.4 Equivalent circuit diagram a Detailed version b Reduced version [7]

into the coil by closing switch (trigger).

Ec(t) = 1

2
CU (t)2 (36.3)

The resulting current I(t) is a damped sinusoidal oscillation which is determined
by the electrical property of the resonant circuit. For the calculation purpose, all
parameters of EMF are converted into a single parameter that is the inductance of
the system, inductance of coil and inductance of tube into equivalent inductance.

From the Fig. 36.4b,

I (t) = U (t)

S
(
R + LS + 1

CS

) (36.4)

After solving the equation, we get the damped sinusoidal current waveform, i.e.,

I (t) = U (t)

ωL
e−βt sin(ωt) (35.5)

where

Damping coefficient (β) R
2L

The Frequency of current (ω)
√

1
LC − β2

The current is related to the corresponding magnetic field which is concentrated
between the work-piece and the tool coil. This magnetic field creates an eddy current
that flows in the opposite direction in the work-piece. These are located close to the
surface of the work-piece due to skin depth effect. The depth of penetration of the
current into the work-piece is called skin depth (δ),
where

μ0 Magnetic permeability in vacuum
f Represents the frequency of discharge current.
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δ =
√

1

π f kμ0
(36.6)

The volume force �F acting on work-piece can be determined based on the current
density �J and the magnetic flux density �B:

�F = �J × �B
�J = −∂H

∂r
(36.7)

�B = μ × H

Fr = 1

2
μ

∂H 2

∂r
(36.8)

The volume force acting on the work-piece can be transformed mathematically
to the virtual surface that called magnetic pressure (p) for that apply surface integral
to convert volumetric force into surface pressure [8].

P(r, t) =
ri∫

ro

F(r, t)dr = 1

2
μH 2

gap(t) (36.9)

H(t) = N ∗ I (t)

l

P = μ

(
NU (t)

lωL

)2

e−2βt (1 − cos(2wt)) (36.10)

Figure 36.5 show that the actual pressure acting on the tube that decreases with
time, when tube deforms, its stress increases but for simplicity take as constant.

The Lorentz force is used as an input to the mechanical model. In the solid
mechanics to solve 3-D stress problem used compatibility equation. Due to axis-
symmetric, the problem reduced to a 1-D problem as shown in Eq. (36.11).

ρ
∂2u

∂t2
− ∇.σs = �F (36.11)

a = p

ρ ∗ s
− σ ∗ S ∗ ri(t)

ri ∗ ρ ∗ ri
(36.12)

v =
t∫

0

a ∗ dt (36.13)
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Fig. 36.5 Stress acting on the tube during the EMF process

dis =
t∫

0

v ∗ dt (36.14)

The forming process is completed within 200 µs. In this process up to 500 MPa
pressure is applied in an extremely short time. When the stress exceeds the flow
stress work-piece due to magnetic pressure it deforms plastically. In 200 µs only up
to 50 µs force is effective after which pressure decreases below the yield stress. The
yield stress depends on the strain rate, which is calculated by Johnson–cook model.

As shown in Fig. 36.6 displacement of tube during when the pressure acting on
the with respect to time. First 50 µs deformation takes place by magnetic pressure
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Fig. 36.6 Displacement variation with respect to pressure
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after which deformation takes place because of inertia of tube. In the first 50 µs
inertia oppose the deformation after which it helps in the deformation of work-piece.

36.3.2 Simulation Approach

As shown in Fig. 36.7. It consists of seven turns helical copper coil having dimensions
of 8× 5mm and its length 47mm and place an aluminum tube having length 100mm
in front of copper coil. For the experiment, the tube of outer diameter 55 mm is used.
After completing drawing as per specification next is to add material like copper to
coil and aluminum to tube and also air for surrounding tube and coil. After adding
materials add physics which is used to analyze in EMF process for this add magnetic
field and solid mechanics. After adding physics apply the boundary conditions after
which apply type of study, i.e., time-dependent. After adding the type of study,
mesh the model. Meshing is important because if meshing is coarse then results are
approximate, if mesh is fine then it gives accurate results but time-consuming hence
optimize the mesh. In EMF, mesh size is from 0.1 to 1 mm after which results are
not accurate because the gap between tube and coil varies from 1 to 2.5 mm.

Fig. 36.7 2-D view of work-piece before and after deformation
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Fig. 36.8 Deformation of tube along the length of tube

The magnetic field is more concentrated at centre of the coil, as we move from
the centre of coil magnetic field reduces so magnetic pressure reduces which in turn
reduces deformation in longitudinal direction as shown in Fig. 36.8.

36.4 Results and Discussions

Based on the above formula, the required minimum pressure is calculated with the
work-piece deformation after which the developed 2D coupled simulation model is
used to evaluate displacement curve. As energy increases so the strain rate increases
due to which mechanical property improves. As shown in Fig. 36.9 when charging
energy increases more deformation takes place during the EMF process.

As shown in Fig. 36.9. Displacement increases with the increase in charging
energy but it has not shown after work-piece so that experiment is performed. From
the experiment, the result concludes that a maximum 36.2% lateral direction.

Figure 36.10 shows that pressure acts on the tube are calculated by only the ana-
lytical approach but in the sequential coupling, consider the variation of inductance
and resistance and also variation in displacement. Inductance and resistance depend
upon the gap between the tube and the coil. The first pick of pressure approximates
the same for both analytical and sequential because during this time deformation of
the tube is very small so that the inductance and resistance are the same for both the
process. During the second pick of pressure deformation of the tube is considerable
so that the inductance and resistance change due to which sequential pressure more
drops then the analytical pressure.
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Fig. 36.9 Displacement at different charge energy (Strain rate)

0

50

100

150

200

250

300

1 8 15 22 29 36 43 50 57 64 71 78 85 92 99 10
6

11
3

12
0

12
7

13
4

14
1

14
8

15
5

16
2

16
9

17
6

18
3

19
0

19
7

Pr
es

su
re

 (M
Pa

)

Time(μs)

Pressure ac ng on the tube  
Analy cal Pressure Squen al pressure

Fig. 36.10 Stress acting on the tube during the EMF process

As shown in Fig. 36.11b, stress increases with the increase in charging energy. It
signifies that deformation increases with the strain rate so it shows high formability
and high hardness value at a higher strain rate. Figure 36.11a shows the variation in
analytical and simulation value of displacement.
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Fig. 36.11 a Comparison between analytical and simulation results b Stress versus time

36.5 Conclusions

Forming process for aluminumAA6061 is achieved at high strain rate. The following
conclusions were drawn from the study:

• During the constant standard process (Low strain rate), maximum deformation in
a lateral direction is 12%, and in the case of electromagnetic forming process, it
increases to 36.2%.

• In the electromagnetic forming process, high strain causes huge plastic deforma-
tion which in turn increases hardness up to 58.6%.

• The percentage error in the estimated tube displacement is reduced from 19 to
5.81% in the sequential coupling.
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