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Numerical Analysis of Cross-Sectional Effects During the
Magnetic Pulse Disassembly of Laminate Structures

Benoit Lagain,* Thomas Heuzé, Guillaume Racineux, and Michel Arrigoni

1. Introduction

To improve the performance of industrial components, it is
important to develop structures with the best strength-to-weight
ratio. Hence, composite structures, and especially laminated
structures, are increasingly used in many fields such as aeronau-
tics, space exploration, or ballistic protection. Most of these

structures are made up of layers of differ-
ent materials. Because of their heterogene-
ity, the recycling of laminates remains a
challenge. One solution could be to disas-
semble the layers so that they can be reused
or recycled independently of each other.

An open question is how to disassemble
them without damaging the other layers.
In this context, dynamic effects can be prof-
itably considered to perform the disassem-
bly. Indeed, dynamics effects have already
been used for the measurement of the
bond strength of composite structures,
for which various testing methods were
developed in the past years.[1–5] The pur-
pose of these methods is mostly to create
a mechanical wave inside a structure to test
the mechanical strength of the interface.[6–10]

Among these methods, the ARCAN test can
be mentioned.[11–15] Despite its ability to
weigh tension/compression and shear load-
ings when testing the bond strength, the
ARCAN test remains a laboratory method.
To answer the aforementioned issue, shock
adhesion tests were developed.[1,5,16] Some

of them are contactless like the LAser Shock Adhesion Testing
(LASAT), which consists of a rapid diagnostic process based on
laser Doppler velocimetry.[2,4] The LASATmethod can also be used
as a composite delaminator on a variety of composite
materials.[17,18] However, the short duration of the pulse and
its sensitivity to spot size, which makes the technique dependent
on edge effects, limit its application to composites and assemblies
with a thickness lying between 0.8 and 3 mm.[19,20]

To overcome these limitations, the magnetic pulse technology
can be used to process thicker structures, as its characteristic
loading time is much longer than that of a laser pulse. It has
already been used to assemble structures, using magnetic pulse
welding,[21–26] or to form various geometries of sheets or shells,
thanks to the magnetic pulse forming.[27–30] Some attempts to
disassemble adhesively bonded composite materials were also
reported.[20] The purpose of these technologies is to discharge
into an inductor and in a short time a given quantity of electrical
energy previously stored in a capacitor bank and to exploit
Lorentz forces generated in neighboring electrical conductors
to propagate mechanical waves inside the structure of interest.

The feasibility of using high-powered pulses to disassemble
laminate structures was demonstrated in a previous study,[31]

in which optimal disassembly conditions were obtained analyti-
cally from the solution of an optimization problem involving sim-
plified one-dimensional modeling, hence only considering plane
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To improve the performances of engineered systems, laminate composite
structures are widely used as they offer the best strength-to-weight ratio.
However, maintenance and recycling of these structures still remain a challenge.
One solution can be to disassemble the layers, without damaging them, so that
they can be repaired, reused, or recycled. To do so, impulsive sources such as high
pulsed powers are considered. Herein, the influence of transverse or cross-
sectional effects on the wave propagation within the laminate and on its disas-
sembly conditions is studied by means of two-dimensional numerical simulations
performed on a model assembly using the finite element method. The specimen
considered is an aluminum/steel assembly joined along a stripe. Two different
modelings of the loading applied to the laminate of increasing complexity are
successively considered. First, linear elastodynamic simulations show that
transverse effects reduce by around 12% the maximum achievable interfacial
tensile stress ratio compared with that predicted by the 1D reference model. Then,
weakly coupled eddy current-linear elastodynamic numerical analyses clarify the
latter result with an estimation of about 16% with respect to the 1D analytical
solution. These results permit the design of experiments serving as a proof of
concept of the proposed process.
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waves. The present article proposes to improve the design of the
magnetic pulse disassembly method by studying the influence of
transverse or cross-sectional effects on the wave propagation
inside the laminate, that is considering that propagating waves
are actually not plane waves, and on its disassembly conditions.
The optimization problem considered in the study of Lagain
et al.[31] can therefore be seen as a simplification of a more
general problem. In the latter, the cross-sectional effects are con-
sidered, so that the cross-sectional lengths and thicknesses of the
laminate layers are part of the unknowns in the optimization
problem. In the present approach, a two-dimensional analysis
based on the finite element method proposes numerical simula-
tions of increasing complexity to study the impact of cross-
sectional effects during the magnetic pulse disassembly of a
two-layered laminate structure, whose configurations were pre-
selected from the 1D analytical results.[31]

The outline of the present article is as follows. Section 1
presents the simplified two-dimensional modeling of the lami-
nate, the optimization problem whose objective is to disassemble
the laminate, and the following methods of analysis. Especially,
numerical simulations are performed with the finite element
software COMSOL Multiphysics.[32] Section 2 presents the
numerical results obtained in linear elastodynamics, embedding
a simplified modeling of the mechanical loading. Section 3
shows results obtained with a weakly coupled eddy current-linear
elastodynamic analysis. Such coupling enables a more accurate
computation of the mechanical pulse resulting from the
generated Lorentz forces. Finally, a comparison between both
modelings allows a discussion on the importance of accounting
for such coupling in simulations about the definition of the opti-
mal conditions for disassembling the laminate.

2. Modeling and Methodology

2.1. Two-Dimensional Simplified Modeling

A two-layered laminate structure of geometry extruded along the
direction z is considered, assembled through a centered band of
width 2ljoint, as shown in Figure 1. It is assumed that the
thickness of the joint djoint in the direction y is far lower than
those of layers A and B, i.e., djoint � minðdA, dBÞ. Therefore,
various technologies can be considered to assemble the laminate
provided the aforementioned condition is satisfied, such as

adhesive bonding, magnetic pulse welding or any other surface
joining methods and additive methods such as thermal spraying.
Only assembly methods affecting layers in their volumes like arc
welding, friction Stir Welding, or others do not enter the present
study.

Since the laminate presents a geometry of translation along
the direction z, and considering that the in-plane transversal
length 2ltrans of each layer is far lower than the out-of-plane
one, it can be modeled at first glance in a two-dimensional set-
ting, with plane strain conditions. Then, the configuration of
the laminate shows a symmetry plane (Figure 1) at coordinate
x ¼ ltrans. Hence, a two-dimensional simplified model of half
the structure of the laminate is shown in Figure 2. The continuity
of the displacement and of the traction vectors is ensured by the
joint on the interval x ∈ ½0, ljoint�, while the remaining interface is
traction-free, which can be considered as crack lips. An input
pulse is applied on the top of the laminate (y ¼ dA þ dB),
distributed on the interval x ∈ ½0, lload�, and detailed thereafter.
Except for the left symmetry condition, other boundaries are
traction-free. To fix ideas, isotropic and known generic materials
are considered in this study for the layers A and B, which are
model aluminum and steel respectively, whose mechanical prop-
erties are gathered in Table 1.

2.2. Optimization Problem

The technology of magnetic pulse disassembly aims at disassem-
bling the interface between the layers of a two-layered laminate
structure without damaging them. To achieve this, the laminate

Figure 1. Two-layered laminate structure assembled by a bond strip.

Figure 2. Simplified two-dimensional modeling of a two-layered laminate
structure.
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is subjected to a magnetic pulse applied on a part of its top face,
resulting from the discharge within an inductor of some electri-
cal energy stored in a capacitor bank. The oscillating current flow-
ing in the coil generates eddy currents within a skin depth of the
first layer of the laminate, which therefore has to be electrically
conductive. High repulsive Lorentz body forces resulting from
these eddy currents, generate a stress wave that propagates
within the laminate and especially through its thickness.

It is worthwhile to recall that, in dynamics, some tensile stress
can emerge from the interaction of two release waves. Therefore,
for a given magnetic pulse of duration τ, it can be envisaged to
take advantage of the above-mentioned interaction to induce ten-
sile stress at the interface between the two layers to debond them.
Then, the challenge is to maximize the debonding stress by
adjusting a set of geometrical parameters of the laminate as well
as the material properties of each layer to maximize the efficiency
of the process. The same reasoning was already applied in
the LASAT test,[1] and experienced with magnetic forces on
Adhesively bonded composites.[20] However, laser-induced shock
waves are better suited to test very thin layers of millimeter range,
because of their very short characteristic loading time. Figure 3
shows a Lagrange diagram, where a few characteristic lines are
plotted along which pressure waves travel inside the thickness of
the laminate when the latter is submitted to a magnetic pulse of
duration τ. The maximal applied pressure state travels through
the thickness of the layer A along the characteristic line 5� 3,
part of which is then propagated till the bottom of the laminate
at point 2. Then, two unloading waves cross at point 1, the
characteristic line 4� 1 coming from the unloading at the top

boundary, and the characteristic line 2� 1 resulting from the
free end at the bottom of the laminate. Therefore, the point 1
is the locus of the occurrence of a normal tensile stress.

Provided a given electric pulse generator delivering some
known magnetic pulse, the design of a debondable laminate
and therefore of the technology of magnetic pulse disassembly
may follow from the solution of an optimization problem whose
purpose is to determine an optimal configuration of the laminate
which permits to maximize the normal tensile stress at the
interface σinterfaceyy ðt ¼ T ;X,YÞ ≡ σyyðy ¼ dB, t ¼ T ;X,YÞ occur-
ring between the two layers. This optimization problem reads

ðp0Þ∶ max
X

σinterfaceyy ðt ¼ T ;X,YÞ
Pmax

 !
(1)

and is carried out with respect to an array of unknown variables X

X ¼ fdA, dB,ZA,ZB, ltrans,Tg (2)

that consists of the thicknesses of the two layers, their acoustic
impedances Zi, i ¼ A,B, some transverse length ltrans in the two-
dimensional setting, and the time T after which the maximum

Table 1. Properties of generic materials considered.

Material Young’s modulus [GPa] Poisson’s ratio Density kgm�3�½
Aluminum 70 0.33 2,700

Steel 200 0.29 7,870

Figure 3. Characteristic plane ð�y, tÞ plotted with two layers ðA,BÞ, on
which a few characteristics lines are plotted from the unloaded state
(in blue) and from the maximum loaded one at the left side of the laminate
in the three layers (in green). The interface tensile stress appears at the
crossing between the rightward characteristic joining states 4 and 1, and
the leftward characteristic joining states 2 and 1. The loading pressure is
added on the left part of the ordinate axis.

Figure 5. Two-layered laminate structure assembled by a bond joint : two-
dimensional linear elastodynamic analysis submitted to a uniformly dis-
tributed pressure on the subpart x ∈ ½0, ljoint� of its top face.

Figure 4. Time evolution of the applied pressure in the linear elastody-
namic analysis.
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interfacial normal stress is reached. Notice that this interfacial
tensile stress depends on both the optimization variables X
and known given quantities Y ¼ fPðtÞg, consisting here of the
applied loading. Next, the optimization problem is conducted
under the obvious constraints

X ∈ ðℝþ�Þ6 (3)

It should also be noticed that many failure criteria exist to
describe the failure of interfaces.[33] However, to avoid to com-
plexify the solution of the optimization problem (1), the study
of wave-propagation effects on the generation of stress at the
interface is decoupled in the present analysis from that of its
kinetics of decohesion, which would require a whole study in
itself. Rather, the interfacial failure is assumed to occur in the
present study as soon as the interfacial tensile normal stress
reaches some known limit stress σr . This description is known
as “cut-off” pressure. As an example, such “cut-off” stress can be
defined as the minimum of the Hugoniot’s elastic limits of both
layers, the strength of the interface is considered to be weaker or
equal than those of the layers. This is a technological choice
allowing to say that the aimed disassembling method remains
nondestructive.

The cost function of the optimization problem (2) can also be
seen as some demultiplication factor of the stress, hence quali-
fying the efficiency of the process, which is expected to be greater
or equal to unity. Indeed, thanks to dynamic effects we expect to
get a greater normal tensile stress at the interface than the maxi-
mum pressure applied on the loaded face of the laminate.

However, the solution to the optimization problem ðp0Þ (1)
may be made easier by decoupling the effects of the propagation
of waves in the through-thickness and transverse directions of
the laminate. As a first step, a previous work[31] consisted in intro-
ducing an auxiliary optimization problem ðp1Þ with the same cost
function than that of the problem ðp0Þ (1), but solved on the
reduced array of unknown variables

XN ¼ fdA, dB,ZA,ZB,Tg (4)

associated with the through-thickness or “normal” direction of
the laminate, under the constraints XN ∈ ðℝþ�Þ5. This auxiliary
optimization problem involved a simplified one-dimensional

Figure 6. Two-layered laminate structure assembled by a bond joint : two-
dimensional eddy current-linear elastodynamic weakly coupled analysis.

Figure 7. Time evolution of the current density inside the inductor, from
Equation (10).

Figure 9. Map of the normal stress component σyy (in Pa) in the cross-
section of the laminate at time t ¼ T , when computed with the linear elas-
todynamic analysis.

Figure 8. Zoom on the leave of radius 5� 10�2 mm, located at the right
extremity of the joint.
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modeling in linear elastodynamics of the laminate in its through-
thickness direction, hence focusing only on pressure waves, disre-
garding transverse effects and the influence of shear waves. These
simplifications allowed us to derive analytical expressions of the
debonding stress defined in a piecewise manner according to
the instance of the unknown vector XN, and to find various config-
urations of the laminate that could allow its debonding by magnetic
pulse. Among them, the optimal one is given by the conditions

dB ¼ τcB
4

(5)

dA
dB

¼ cA
cB

(6)

where ci, i ¼ A,B, denote the longitudinal sound speed in each
layer, and τ is the duration of the first half pseudo-period of some
square sine pressure signal, see Equation (9). The condition (5) per-
mits to localize the tensile stress at the interface between the two
layers at time t ¼ τ þ dA

cA
, Equation (6) allows to reach the maximal

interfacial tensile stress ratio

Figure 10. Time evolutions of the interfacial stress ratio σyy=Pmax determined at the center of the joint for several values of dA
τcA

and ltrans
ljoint

. Results are
postprocessed from the linear elastodynamic simulations. a) dA

τcA
¼ 0.14, b) dA

τcA
¼ 0.2, c) dA

τcA
¼ 0.25, d) dA

τcA
¼ 0.31, e) dA

τcA
¼ 0.37, and f ) ltrans

ljoint
¼ 11

3 .
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σinterfaceyy t ¼ τ þ dA
cA

� �
Pmax

! 2 as
ZA

ZB
! 0 (7)

which tends to twice the applied pressure in the asymptotic limit
where the acoustic impedance of the layerA is far lower than that of
the layer B.

The optimal solution of the auxiliary optimization problem
ðp1Þ may considerably simplify that of ðp0Þ (1). Especially, the
condition (5) of localization of the tensile stress at the interface
and its time of appearance t ¼ τ þ dA

cA
do remain valid. However,

the validity of the optimal condition (6) becomes now question-
able, and the optimal solution (7) remains an asymptotic ideal
case. However, in practice, transverse effects of wave propagation
tend to decrease the optimal solution. The objective of the present
work is therefore to study the influence of those transverse effects
on the maximum tensile stress actually reached at the interface,
while taking advantage of some elements of the one-dimensional
optimal solution which are transferable to the analysis of the two-
dimensional case. Especially, another reduced array of unknowns
relative to the “transverse” problem is considered

XT ¼ fdA, ltransg (8)

which consists of the thickness of the first layer and the transverse
length of the laminate. The occurrence of dA in the array XT is
here to check the validity of the optimal condition (6) in the
two-dimensional setting. As a matter of fact, the analysis of
the direct problem has become analytically more complex, its
solution will then be performed via numerical simulations.
The isothermal and linearized geometrical framework is consid-
ered for these numerical simulations. More precisely, two differ-
ent modelings of the loading applied on the laminate of
increasing complexity will be considered. The first one is simpli-
fied and allows to carry out a simple linear elastodynamic analysis.
The second one accounts for a weak coupling between an eddy
current analysis delivering the mechanical loading to a subse-
quent linear elastodynamic analysis.

2.3. Methods of Analysis

2.3.1. Two-Dimensional Linear Elastodynamic Analysis

First, a linear elastodynamic analysis is carried out considering a
simplified modeling of the magnetic pulse. Indeed, since the cur-
rent discharged in the coil usually behaves as a damped sinusoid,
the mechanical loading resulting from the magnetic pulse can be
approximated by an applied pressure evolving as an exponentially
decreasing square sine signal (,[28] Equation (3)]). For the sake
of simplicity, only the first half pseudo-period of this signal will
be considered in this study since it is its most significant part, as
done in the study of Lagain et al.[31] The following pressure signal

PðtÞ ¼
8<
:Pmaxsin2 πt

τ

� �
∀t ∈ ½0, τ�

0 otherwise
(9)

is thus considered in Figure 4, with the values Pmax = 2.858 MPa

and τ = 14.75 μs. The loading time τ ¼
ffiffiffiffiffi
LC

p
π can be linked to the

inductance L and the capacitance C of the electrical circuit, and
Pmax is the pressure related to the maximum intensity Imax

reached during the electrical discharge. The mechanical pulse (9)
is applied uniformly on the subpart x ∈ ½0, lload� of the top face of
the laminate (y ¼ dA þ dB), as shown in Figure 5. Subsequent
numerical simulations will be performed with a fixed value of
the ratio lload

ljoint
. Its determination is detailed in Remark 1, at the

end of Section 2. As a first step, this simplified modeling of
the mechanical loading allows to study the effects of the sole
wave propagation in the transverse direction, in a decoupled
manner from any electromagnetic effects.

2.3.2. Weakly Coupled Two-Dimensional Eddy Current-Linear
Elastodynamic Analysis

Next, electromagnetic effects are considered in the definition of
the mechanical loading. An inductor of geometry of translation
along the out-of-plane direction and of rectangular cross-section
is thus considered, as shown in Figure 6, through which a cur-
rent is discharged following a damped sine

IðtÞ ¼ I0e�t=τI sinðωtÞ (10)

which is plotted in Figure 7, with I0 = 1 GA, τI = 20 μs is the
decay time, and ω ¼ π

τ ≃ 213, 000 s�1 is the angular frequency.
A 1mm air gap is set between the inductor and the top of the
laminate. However, this standoff distance is not a key point in
the present analysis because the optimization rather pertains

here to the normal tensile stress ratio σinterfaceyy

Pmax
at the interface,

and not to Pmax
Imax

. Moreover, it can be shown that it does not influ-

ence the cross-sectional wave-propagation pattern, see Remark 2
for more details on this point.

The electromagnetic analysis is performed with an eddy-
current formulation,[34] i.e., neglecting displacements currents,
and more precisely using a formulation in potentials involving
the electric scalar potential V and the magnetic vector potential
A. Numerical simulation was performed with the finite element

Figure 11. Maximal interfacial stress ratio σmax
yy

Pmax
evaluated at the joint center,

plotted as a function of ltrans
ljoint

and dA
τcA
.
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software COMSOL Multiphysics.[32] The inductor and the
laminate shown in Figure 6 are plunged into a large air box,
with a vanishing magnetic vector potential at its boundary,
except for the symmetry plane for which its normal gradient
component vanishes. From the solution of the eddy-current
analysis, Lorentz forces are computed from induced current
flowing on the top face of the laminate. These forces are then
used as input data for a subsequent linear elastodynamic analy-
sis, hence defining a one-way or weak coupling between the two
physics.

2.4. Computational Aspects

The computational domain (see Figure 5) is meshed with trian-
gular P1 finite elements. The mesh is refined in an area
ðx, yÞ ∈ ½0, lload� � ½0, dA þ dB�. In this subarea, the mesh size
varies between 4� 10�2 mm at the top and bottom of the lami-
nate as well as in the joint center, and up to 5� 10�3 mm close to
the right joint extremity. Derefinement is thus applied when
departing from the joint area, as well as in the air, so that the
mesh size reaches 8mm at the boundary of the air box.

Figure 12. Profile of the interfacial stress ratio σyy=Pmax plotted along the joint at the time when the stress is maximal for several values of dA
τcA

and ltrans
ljoint

.
Results are postprocessed from the linear elastodynamic simulations. a) dA

τcA
¼ 0.14, b) dA

τcA
¼ 0.2, c) dA

τcA
¼ 0.25, d) dA

τcA
¼ 0.31, e) dA

τcA
¼ 0.37, and f ) ltrans

ljoint
¼ 11

3 .
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For eddy-current analysis, the inductor and the air gap, as shown
in Figure 6, are meshed with the same refined mesh sizes. Next,
the extremity of the joint can be viewed at first as a crack tip,
which makes the problem singular. However, the present analy-
sis rather aims at qualifying the effects of wave propagation in the
transverse direction of the laminate to quantify the interfacial
tensile stress rather than focusing on such singularity.
Besides, from the experimental viewpoint such singularity does
not really exist since the joint results from an assembly process.
Therefore a fictitious radius of leave of 5� 10�2 mm is intro-
duced at the extremity of the joint to avoid the numerical results
to be too much affected by that (fictitious) singularity, as illus-
trated in Figure 8.

A time-implicit generalized alpha method and a MUMPS
solver are used for the solution of the eddy-current problem,
while an explicit central difference time scheme is used to solve
the linear elastodynamic equations with a step time of 8� 10�8 s.

3. Two-Dimensional Linear Elastodynamic
Numerical Results

3.1. Stress Field in the Cross-Section of the Laminate

Figure 9 shows the map of the normal stress σyy in the cross-

section of the laminate at time t ¼ T ¼ τ þ dA
cA
, computed for

the optimal configuration given by Equation (5) and (6), the latter
being obtained from the one-dimensional analytical analysis.
As expected, the tensile stress is maximal at the interface, and
especially at the center of the joint (x ¼ 0). Next, the normal
stress varies along the joint, ranging from tension at the center
to compression at its extremity.

3.2. Time Evolution of the Normal Stress Component σyy
at the Center of the Joint

A parametric analysis of the interfacial stress ratio σinterfaceyy

Pmax
is then

carried out as a function of the variables XT (8) of the optimiza-
tion problem. More precisely, the normal stress σyy is extracted at
the center of the joint (x ¼ 0) to provide comparable results with
those given by the one-dimensional analytical analysis.

Figure 10 shows the time evolution of the interfacial stress
ratio for various values of the ratio dA

τcA
and of the transverse length

ratio ltrans
ljoint

. Let us precise that the ratio dA
τcA

appears as the ratio of two

lengths, and represents the ratio between the thickness of layer A
to the distance that would be travelled by a pressure wave propa-
gating in the medium A during the loading time τ. This ratio was
found convenient in the 1D analytical analysis to show the vari-
ous regimes of debondability of the laminate, see Figure 7 of
ref. [31]. In particular, the combination of Equation (5) and (6)
yields an optimal value of this ratio of 1

4. Another way to interpret
this quantity is to transfer it as a comparison between two dura-
tions, particularly the time required for a pressure wave to travel
across the whole thickness of the layer A and the loading time τ.
It was shown in the study of Lagain et al.[31] that the value of this
ratio is connected to the number of wave back and forth per-
formed by a pressure wave in the layer A during the loading time

τ (see Table 1 of ref. [31]). However, it should be emphasized that
in the present analysis, both the loading time τ and material
parameters of both layers are fixed, the former is involved in
Equation (9), the latter are given in Table 1. Hence, only the
thickness dA is varied when varying the dimensionless ratio

Figure 13. Maximal average of the interfacial stress ratio σyy
Pmax

computed
over the joint length, plotted as a function of ltrans

ljoint
and dA

τcA
.

Figure 14. Profile of the interfacial stress ratio plotted along the joint at
time t ¼ T , for various values of the ratio lload

ljoint
.

Figure 15. Averaged interfacial stress ratio computed over the joint length
at time t ¼ T , for various values of the ratio lload

ljoint
.
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dA
τcA

in Figure 10. The associated spanned values are

dA ∈ f12, 17, 22, 27, 32g mm. Similar remark can be noticed
regarding the transverse ratio ltrans

ljoint
. In particular, fixed values of

ljoint ¼ 30 mm and of the ratio lload
ljoint

¼ 4
3 are set here, in such a

way that varying the ratio ltrans
ljoint

in Figure 10 amounts to only vary

ltrans ∈ f30, 50, 70, 90, 110gmm since ljoint is fixed. More preci-

sions are given in Remark 1 on required values of the ratio lload
ljoint

.

Figure 10a–e provides superposed time evolutions of the normal
stress ratio at fixed dA

τcA
for various values of ltrans

ljoint
, while Figure 10f

does the converse for ltrans
ljoint

¼ 11
3 . Some comments are in order:

At fixed dA
τcA
, the time evolutions of the interfacial stress ratio

are superposed for values of the transversal length ratio ltrans
ljoint

equal

to 7
3, 3 and 11

3 , from which it can be concluded that a transversal

length ratio of 7
3 is sufficient to avoid any wave return from the

lateral side of the laminate. In other words, in these cases the
propagation of the wave in the x direction does not disturb
the normal tensile stress at the center of the joint.

The configuration ljoint ¼ ltrans (here illustrated by the instance
ltrans
ljoint

¼ 1) corresponds to a laminate structure where the layers are

bonded on all their surface. The debonding behavior of these
structures is different because the maximal interface tensile
stress ratio occurs at the second peak contrary to other configu-
rations for which the first one is always the highest. For small
values of the ratio dA

τcA
(0.14 and 0.2), it can be seen that the second

peak of the configuration ltrans
ljoint

¼ 1 is the highest, even higher than

the first peak reached with configurations defined with other val-
ues of ltrans

ljoint
.

At fixed value of the transversal length ratio ltrans
ljoint

, the optimal

condition (6) is retrieved numerically, yielding the highest inter-
facial stress ratio. As already said, this condition corresponds
here to dA

τcA
¼ 1

4.
The thicker the first layer, the later the tensile stress occurs at

the interface. This follows from the fact that the pressure wave
travels along a longer distance.

Figure 11 shows the evolution of the maximal interfacial stress
ratio as a function of the geometrical configuration of the

Figure 16. Magnitude of the magnetic field (Am�1) at time t ¼ 10 μs.

Figure 17. y�component of Lorentz forces (Nm�3) at time t ¼ 10 μs.
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laminate: σ
max
yy

Pmax

ltrans
ljoint

, dA
τcA

� �
. It shows that the optimal configurations

are in the region dA
τcA

∈ ½0.2, 0.31� and ltrans
ljoint

∈ ½53 , 11
3 �. It should be

noticed that the stress ratios considered do not necessarily appear
at the same time, because of the various values of the thickness of
the layer A. These are the highest on the considered time range.

Finally, for ljoint
ltrans

¼ 1, the maximal interfacial stress ratio appears

for dA
τcA

¼ 0.2, but with a value which is still lower than the one

obtained for the configurations ltrans
ljoint

∈ ½53 , 11
3 � and dA

τcA
¼ 1

4.

3.3. Stress Distribution along the Joint at the Time When the
Stress Is Maximal

Figure 12 shows the profile of the interfacial normal stress ratio
σinterfaceyy

Pmax
along the joint at the time when it is maximal, plotted for

several values of the geometric parameters dA
τcA

and ltrans
ljoint

.

Particularly, this time is given for t ¼ T for all configurations,
except those given by ltrans

ljoint
¼ 1 and dA

τcA
¼ 0.14 or 0.2, for which

the higher interfacial stress ratio is reached at the second peak
as mentioned above. Several observations can be made. First, the
singularity of the problem at the joint extremity, although
smoothed, points out some stress concentration as expected.
Given the applied loading (9), the normal stress σyy oscillates
between tension and compression in time at the joint extremity.
However for the various values considered for the parameters dA

τcA

and ltrans
ljoint

, either tension (opening) or compression (closing) nor-

mal stress may occur at the joint extremity at the disassembly
time. More precisely, Figure 12 shows that there exists a thresh-
old value of dA

τcA
≃ 0.2 below which compression occurs at the joint

extremity, and above which tension appears at least for suffi-
ciently large values of ltrans

ljoint
. Figure 12f also shows that the best

Figure 19. Time evolution of the y�component of Lorentz forces at the
center of the top surface of the laminate.

Figure 18. Profile of the y�component of Lorentz forces plotted on the
top face of the laminate at time t ¼ 10 μs.

Figure 20. Profile of the y�component of Lorentz forces, plotted on the top face of the laminate at time t ¼ 10 μs, for various distances between the
inductor and the laminate.
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interfacial stress ratio is achieved for values of the geometric
parameters yielding a compressive normal stress at the joint
extremity, while a tension one goes with a quite lower stress ratio
(see dA

τcA
¼ 0.37 for instance). However, the simplicity the

proposed modeling may not allow to conclude on the best con-
figuration to disassemble, even though one may expect some
non-linear effects to occur at the joint extremity and we are
tempted to stick to the maximum interfacial stress ratio achieved
at the joint center. Second, the optimality conditions (5) and (6)
found by the one-dimensional analytical analysis are retrieved
numerically in the two-dimensional setting, which corresponds
here to the case dA

τcA
¼ 1

4.
In a complementary way to Figure 11, Figure 13 shows the

evolution of the maximal average of the interfacial stress ratio
computed along the joint, as a function of the geometrical param-
eters dA

τcA
and ltrans

ljoint
. As in Figure 11, the optimal zone is shown to be

dA
τcA

∈ ½0.2, 0.31� and ltrans
ljoint

∈ ½53 , 11
3 �. Contrary to Figure 11, Figure 13

does not show any value of dA
τcA

where the transversal length ratio
ljoint
ltrans

¼ 1 is the best.

Remark 1: The geometrical ratio lload
ljoint

, fixed at 4
3 in this work,

may have an influence on the achieved maximal tensile stress
ratio. Figure 14 and 15 respectively show the profile of the inter-
facial stress ratio and its averaged value computed over the joint
length at time t ¼ T , for various values of lload

ljoint
. Results shown in

these figures are obtained for dA
τcA

¼ 0.31, ltrans
ljoint

¼ 11
3

� �
(the brown

curve shown in Figure 12d, almost superposed with the green
one), with ljoint ¼ 30 mm as previously. Note that these values
lead to that ltrans is here fixed at its highest value of 110 mm,
to decorrelate the analysis of the geometrical ratio lload

ljoint
from

the lateral dimension of the laminate ltrans, so that no wave return
from the lateral side is expected to influence results shown in
Figure 14 and 15.

Figure 15 shows that the averaged interfacial stress ratio com-
puted over the joint length, when evaluated as a function of the

geometrical ratio lload
ljoint

, appears as resulting from two antagonist

effects in competition. First, for values of this geometrical ratio
smaller than unity, the magnitude of the stress ratio appears far
from its optimal value identified in the previous one-dimensional
analytical analysis,[31] as shown in Figure 14 and 15. Second, as
this geometrical ratio becomes greater than unity, although the
stress ratio continues increasing in a monotonic manner at the

joint center with lload
ljoint

, it becomes negative close to the joint

extremity, so that the stencil where the joint is in tension is
reduced. As a consequence, the averaged interfacial stress ratio

shown in Figure 15 starts decreasing for lload
ljoint

¼ 5
3. Hence, it

appears a sort of optimal value for that geometrical ratio, balanc-
ing these two antagonist effects, of about 4/3, which is the value
retained in this work.

Figure 21. Map of the normal stress component σyy (in Pa) in the cross-section of the laminate at time t ¼ T , when computed with the weakly coupled
eddy current-linear elastodynamic analysis.
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4. Two-Dimensional Eddy-Current
Electromagnetic Coupled Linear Elastodynamic
Numerical Results

4.1. Eddy-Current Electromagnetic Analysis

Since the inductor shown in Figure 6 is submitted to the pre-
scribed current (10), a magnetic field is created between the
inductor and the laminate, as shown in Figure 16. The induced
time-varying magnetic flux density b generates some eddy

current density j in the skin of the top face of the laminate
because the layer A is assumed to be electrically conductive.
The skin depth within which eddy currents flow reads

δ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2
ωμ0μrκ

s
(11)

where ω is the angular frequency of the pulse, μ0 and μr are the
magnetic permeability in vacuum and the relative permeability of

Figure 22. Time evolutions of the interfacial stress ratio σyy=Pmax extracted at the center of the joint for several values of dA
τcA

and ltrans
ljoint

. Results are post-
processed from the weakly coupled eddy current-linear elastodynamic simulations. a) dA

τcA
¼ 0.14, b) dA

τcA
¼ 0.2, c) dA

τcA
¼ 0.25, d) dA

τcA
¼ 0.31, e) dA

τcA
¼ 0.37, and

f ) ltrans
ljoint

¼ 11
3 .
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the material respectively, and κ denotes the electrical conductivity
of the medium. Repulsive Lorentz body forces take place in this
skin depth and result from the combination of the magnetic flux
density b and the current density j, and are computed as

f ¼ j� b (12)

The map of the y�component of Lorentz body forces is shown
at its peak value in Figure 17, repulsing the laminate from the
inductor. These body forces are distributed over a very thin
depth. Figure 5 shows the profile of y�component of Lorentz
forces plotted on the top face of the laminate. One can observe
that they are almost uniformly distributed. Therefore, applying a
uniformly distributed loading in the linear elastodynamic analy-
sis as shown in Figure 5 was a rather correct approximation.
Besides, the time evolution of these Lorentz forces is shown
in Figure 19. On the one hand, a force peak is observed at time
t ≃ 10 μs as expected, at which Figure 16, 17, and 18 are plotted,
and which more or less follows the square sine evolution (9)
assumed in the linear elastodynamic analysis. On the other hand,
a minimum appears at time t ≃ 23 μs, arising from the fact that
the imposed current (10) becomes negative during the second
half of its pseudo-period. Electromagnetic effects thus result
in this small negative peak of Lorentz forces shown in
Figure 19, which was not considered in the previous purely
mechanical analysis.

Remark 2: Regarding the location of the current source in the
design of the magnetic pulse disassembly technology, the key
point, here, is the time evolution of the induced mechanical load-
ing, especially the duration of the pulse, rather than its ampli-
tude. Indeed, on the one hand and due to the particular
geometrical configuration of the inductor placed above the first
layer of the laminate (see Figure 6), the time evolution of the
mechanical loading generated at the top skin of this layer
(actually Lorentz body forces) is independent of the distance
between the inductor and the laminate, as shown in Figure 20.
This distance only plays on the amplitude of the signal. On the
other hand, taking advantage of the linearity of both the eddy-
current and elastodynamic analyses, this amplitude plays no role
in the study of cross-sectional effects on wave-propagation.
Hence, this distance parameter should not enter the array of
unknowns (8) of the optimization problem.

4.2. Stress Map in the Cross-Section of the Laminate

Figure 21 shows the map of the normal stress σyy in the cross-
section of the laminate at the disassembly time t ¼ T , for a con-
figuration similar to that described in Section 2.1. Similar results
are obtained with respect to Figure 9: the interfacial tensile stress
is maximal at the center of the joint and decreases with the coor-
dinate x, until being reversed to compression at the extremity of
the joint (at x ¼ 30mm).

4.3. Time Evolution of the Normal Stress Component σyy at the
Center of the Joint

As in Section 2, the time evolution of the interfacial stress ratio
computed at the center of the joint is plotted in Figure 22 for the

same geometric configurations of the laminate as in Section 2.2.
The differences occurring with respect to Section 2.2 mainly
result from the different time evolutions of the respective load-
ings, see Figure 19, which may also depend on the characteristics
of the generator used.

Figure 22 shows that, as for the purely linear elastodynamic
results presented in Section 2, and for a given width of the first
layer, the time evolutions of the interfacial stress ratio are similar
for values of the transversal length ratio ltrans

ljoint
equal to 7

3, 3 and 11
3 .

A transversal length ratio of at least 73 is necessary to avoid a wave
return due to cross-sectional effects before the occurrence of the
interfacial tensile stress at the time when the stress is maximum.
However, the response obtained with a transversal length ratio is
5
3 is very close to the ones whose ratio values are such that ltransljoint

> 7
3,

and has a similar first peak. Furthermore, the same observations
can be formulated about the configuration ljoint ¼ ltrans than those
already made in Section 2.

Figure 23. Time evolutions of the interfacial stress ratio σinterfaceyy

Pmax
computed

at the center of the joint for the best configurations: comparison between
linear elastodynamic and eddy-current coupled linear elastodynamic
simulations.

Figure 24. Comparison of the maximal interfacial stress ratio
σinterfaceyy

Pmax

ltrans
ljoint

, dA
τcA

� �
computed at the joint center, with both linear elastody-

namic and eddy-current coupled linear elastodynamic simulations.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2023, 25, 2300728 2300728 (13 of 16) © 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

 15272648, 2023, 20, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adem

.202300728 by U
niversité D

e N
antes, W

iley O
nline L

ibrary on [27/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.aem-journal.com


One can also note that the highest tension peak is observed in
Figure 22 for the configuration obtained with a width ratio of
dA
τcA

¼ 0.31, and not with that obtained for a width ratio of dA
τcA

¼
1
4 as concluded from Figure 10 and the one-dimensional analyti-
cal analysis.[31] However, the gap between the values of the max-
imum interfacial tensile stress obtained with values of the width
ratio dA

τcA
¼ 1

4,
dA
τcA

¼ 0.31 and dA
τcA

¼ 0.37 is not really significant:

93% of the 0.31 configuration’s stress for the 0.25 one and
95% for the 0.37 one.

Figure 23 shows a superposition of the time evolutions of the

interfacial stress ratio σinterfaceyy

Pmax
extracted at the center of the joint

and plotted for the best configurations deduced from the linear
elastodynamic analysis ( dAτcA ¼ 1

4) and from the eddy-current cou-

pled linear elastodynamic simulation ( dAτcA ¼ 0.31). First, recall

Figure 25. Profile of the interfacial stress ratio σyy=Pmax plotted along the joint at the time when the stress is maximal for several values of dA
τcA

and ltrans
ljoint

.
Results are postprocessed from the weakly coupled eddy current-linear elastodynamic simulations. a) dA

τcA
¼ 0.14, b) dA

τcA
¼ 0.2, c) dA

τcA
¼ 0.25, d) dA

τcA
¼ 0.31,

e) dA
τcA

¼ 0.37, and f ) ltrans
ljoint

¼ 11
3 .
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that the two loading pulses look similar, except the occurrence of
the second peak resulting from the eddy-current analysis. They
have the same amplitude and a close duration (less than 15%
difference). Second, the maximal interfacial stress ratio reaches
1.28 for the linear elastodynamic analysis, and 1.15 for the cou-
pled one. According to the one-dimensional analytical analysis,
the expected results computed for an aluminum/steel assembly
were of 1.46 for dA

τcA
¼ 1

4 and 1.37 for dA
τcA

¼ 0.31. Therefore, 84%
and 88% of the expected maximal interfacial tensile stress ratios
are obtained numerically. Hence, although transverse effects
lower the obtained optimal interfacial tensile stress ratios, the
cross-sectional effects can be mitigated by choosing the relevant
geometrical configurations.

Figure 24 compares the maximal interfacial stress ratios com-
puted with the two types of analyses, extracted at the center of
joint, for various geometrical configurations of the laminate,

i.e., σ
interface
yy

Pmax
ðltransljoint

, dA
τcA
Þ. It can be observed that the coupled analysis

presents the existence of an optimal configuration in the range
dA
τcA

∈ ½0.25, 0.37� and ltrans
ljoint

∈ ½73 , 11
3 �. The configuration ljoint

ltrans
¼ 1 is

never the best one. Finally, results obtained with the coupled
analysis always present smaller values of the interfacial tensile
stress ratio than those obtained in linear elastodynamics, what-
ever the considered configuration.

4.4. Stress Distribution along the Joint at the Time When the
Stress Is Maximum

Similar to Figure 12, Figure 25 shows the profile of the interfacial
stress ratio along the joint at its maximum, computed with the
coupled analysis for the same various geometrical configura-
tions. It clearly appears here that the thicker the first layer,
the higher the interfacial tensile stress ratio achieved in the main
part of the joint length. Next, as the thickness of the first layer
increases, the normal stress at the extremity of the joint tends to
become a tensile one, as already mentioned in Section 2.3.
A good compromise seems to be achieved with dA

τcA
¼ 0.37, taking

advantage of both an opening normal stress at the extremity, and
a sufficiently high maximal interfacial stress ratio.

Figure 26 shows the profiles of the interfacial stress ratio plot-
ted along the joint at time t ¼ T , computed with both types of
simulations for the respective best configurations. As already
mentioned in Section 3.3, at the center of the joint, the best elas-
todynamic result predicts a value of the ratio 11% higher than the
one computed with the coupled simulation. However in the lat-
ter, the stress concentration is a tensile one, the normal stress is
therefore in tension in the whole joint length, so that both
profiles cross each other at about 3/4 of the length of the joint.
The latter seems therefore better for the disassembly.

Finally, Figure 27 compares the maximal average of the inter-
facial stress ratio computed over the joint length, for the same
geometrical configurations as in Section 2.2, and for both types
of simulations. It can be seen that, for the eddy-current coupled
linear elastodynamic simulation, the optimal configurations are
the ones with dA

τcA
> 0.31 and ltrans

ljoint
> 3. However, these results are

strongly impacted by the stress concentration at the edge of the
joint shown in Figure 25.

5. Conclusion

The objective of the present study was to make a further step in
the design of the technology of magnetic pulse disassembly, to
find an optimal geometric configuration allowing to disassemble
dynamically a two-layered laminate involving a first electrically
conductive layer. After a previous optimization step involving
a one-dimensional analysis in the in-depth direction of the
laminate,[31] the present work focused on the study of the influ-
ence of the effects of transverse wave propagation in the two-
dimensional setting involving cross-sectional effects. To this
end, numerical simulations resulting from two types of model-
ing, namely purely linear elastodynamics and eddy-current cou-
pled linear elastodynamics, were carried out. They allowed to
investigate numerically the domain of feasability of an optimiza-
tion problem with respect to two geometric variables: the thick-
ness of the first layer, and the transverse dimension.

Figure 26. Profile of the interfacial stress ratio σyy=Pmax plotted along the
joint at time t ¼ T , computed with both types of simulations for the
respective best configurations.

Figure 27. Comparison of the maximal average interfacial stress ratio
σinterfaceyy

Pmax

ltrans
ljoint

, dA
τcA

� �
computed over the joint length, when computed with

both types of simulations.
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First, the linear elastodynamic simulations permitted to
retrieve the optimal condition (6) found in the one-dimensional
analytical analysis. When combined with a sufficiently long trans-

verse length ratio ltrans
ljoint

¼ 5
3

� �
, a value of the interfacial stress ratio

σinterfaceyy

Pmax
of approximately 88% of the one predicted by the one-

dimensional analytical solution was obtained. However, com-
pression may occur at the extremity of the joint for the optimal
configuration.

Next, the eddy-current simulation showed that the pulse is not
a perfect square sine anymore, the optimal configuration thus
changes to become the one with the thickest first layer (here
dA
τcA

¼ 0.37). In this configuration, the interfacial tensile stress
ratio computed at the center of the joint reached 1.37, which
is �84% of the predicted one by the 1D analytical solution.
Furthermore, in this configuration, the entire joint is subjected
to a tensile normal stress at time t ¼ T .

To sum up, the optimal geometrical configuration of a two-
layered laminate structure to be disassembled by the magnetic
pulse technology has to verify the two conditions (5) and (6) deter-
mined from the one-dimensional analysis, supplemented with a
transverse ratio ltrans

ljoint
> 1.6. From these results, a subsequent

experimental campaign will be conducted, which will serve as
a proof of concept for the magnetic pulse disassembling method.
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C. Bedon, V. Rajčić, J. Adhes, J. Adhes. 2022, 98, 1855.

[34] J.-M. Jin, in The Finite Element Method in Electromagnetics, John Wiley
& Sons, Hoboken, NJ 2015.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2023, 25, 2300728 2300728 (16 of 16) © 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

 15272648, 2023, 20, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adem

.202300728 by U
niversité D

e N
antes, W

iley O
nline L

ibrary on [27/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.aem-journal.com

	Numerical Analysis of Cross-Sectional Effects During the Magnetic Pulse Disassembly of Laminate Structures
	1. Introduction
	2. Modeling and Methodology
	2.1. Two-Dimensional Simplified Modeling
	2.2. Optimization Problem
	2.3. Methods of Analysis
	2.3.1. Two-Dimensional Linear Elastodynamic Analysis
	2.3.2. Weakly Coupled Two-Dimensional Eddy Current-Linear Elastodynamic Analysis

	2.4. Computational Aspects

	3. Two-Dimensional Linear Elastodynamic Numerical Results
	3.1. Stress Field in the Cross-Section of the Laminate
	3.2. Time Evolution of the Normal Stress Component &sigma;yy at the Center of the Joint
	3.3. Stress Distribution along the Joint at the Time When the Stress Is Maximal

	4. Two-Dimensional Eddy-Current Electromagnetic Coupled Linear Elastodynamic Numerical Results
	4.1. Eddy-Current Electromagnetic Analysis
	4.2. Stress Map in the Cross-Section of the Laminate
	4.3. Time Evolution of the Normal Stress Component &sigma;yy at the Center of the Joint
	4.4. Stress Distribution along the Joint at the Time When the Stress Is Maximum

	5. Conclusion


