N
N

N

HAL

open science

Electromagnetic Field Targeting Enhancement for
Carbon Fiber Reinforced Polymers Induction Welding
Application

Mansor Ndiaye, Didier Trichet, Antoine Pierquin, Huu-Kien Bui

» To cite this version:

Mansor Ndiaye, Didier Trichet, Antoine Pierquin, Huu-Kien Bui. Electromagnetic Field Targeting En-
hancement for Carbon Fiber Reinforced Polymers Induction Welding Application. IEEE Transactions

on Magnetics, 2022, 58 (9), pp.1-4. 10.1109/TMAG.2022.3178868 . hal-03763159

HAL Id: hal-03763159
https://hal.science/hal-03763159
Submitted on 29 Aug 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03763159
https://hal.archives-ouvertes.fr

Electromagnetic Field Targeting Enhancement for Carbon Fiber
Reinforced Polymers Induction Welding Application

Mansor Ndiaye'?, Didier Trichet?, Antoine Pierquin?, Huu-Kien Bui?

! Nantes Universite, IRT Jules Verne, F-44000 Nantes, France.
2 Nantes Université, Institut de Recherche en Energie Electrique de Nantes Atlantique, IREENA, UR 4642, F-44600 Saint-Na-
zaire, France, mansor.ndiaye@univ-nantes.fr

The induction welding of a stringer on an aircraft fuselage skin with a LSP (Lightning Strike Protection) on the underside of the skin is
considered. The presence of LSP makes electromagnetic welding very difficult because it concentrates most of the power induced and is
therefore more strongly heated than the stringer-skin interface. A new technic coupled with numerical approach which consists in in-
serting an electrically conductive material into the tooling in order to modify the magnetic field distribution and limit the power induced
in the LSP is presented. A strongly coupled electrothermal 2D finite element analysis (FEA) is developed to optimize the temperature
profile. 3D FEA is then carried out in order to validate the optimum design.

Index Terms— Carbon Fiber Reinforced Polymers (CFRP), Induction welding, finite element method (FEM), LSP

|. INTRODUCTION

LECTROMAGNETIC induction is a process allowing

contactless transfer of energy between a source and a load.
The only working condition being that the receiver is electri-
cally conductive, which is the case for the carbon fibers used in
Carbon Fiber Reinforced Polymers (CFRP) composite materi-
als. In the context of the development of composite materials,
in particular for the aeronautical industry, electromagnetic in-
duction heating has considerable advantages which can become
a technological breakthrough with existing processes. This
technic is used in aeronautical field for the welding of CFRP.

In this paper, the modeling of a static welding of a stringer
on an aircraft fuselage skin with the presence of a Lightning
Strike Protection (LSP) by electromagnetic induction is consid-
ered. The LSP is a thin layer of copper covering the aircraft fu-
selage to ensure protection against lightning [1]. At our work-
ing frequencies (100 — 500 kHz), the LSP is heated more
strongly than the stringer-skin interface and may generate an
overheating of the structure during the welding phase which can
cause irreversible destruction. Welding composite materials
with the presence of LSP is a real industrial issue.

The authors present a new technic which consists in inserting
an electrically conductive material into the tooling in order to
limit the power induced in the LSP and to redirect the heat in
the area of interest. A strongly coupled 2D electrothermal finite
element analysis is developed to optimize this material by first
screening the best candidates which are then applied to a 3D
model to find the optimal configuration.

1. WELDING CONFIGURATION

The welding configuration is presented in Fig. 1. The stringer
is placed on a skin having LSP on its underside. The whole is
placed on a classical non-electric and non-magnetic tooling. A
U-shaped inductor is placed above the stringer. The skin is a
CFRP plate of 15 quasi-isotropic folds with a layup plan (orien-
tation angle of each fold) [45/135/0/90/90/135/45/0],
and the stringer a CFRP of 11 quasi-isotropic folds with a layup
plane [45/135/0/0/0/90],. Each fold is 184 um thick and 0°
folds are in y — axis direction. The stringer can be separate in-
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Fig. 1: Welding configuration: a) 3D configuration and b) 2D configuration

to three parts (Fig. 1.b): the sole which is the part to be welded
on the skin, the elbow (or radius) and the web (the rise of the
stringer). The LSP is a copper grid on the external face of the
skin with a thickness of 45 um. The tooling primarily serves as
a support for welding consists of the mattress on which the parts
to be welded are placed and the stamp on which the web of the
stringer rests to prevent the deformation of the stringer during
welding. The choice of the frequency and duration of electro-
magnetic excitation is very important in static welding. For this
type of process, the target cycle time is around 10 s of heating.
To achieve the welding objective (melting the sole-skin inter-
face) in this very short time, frequencies of a few hundred kHz
are generally applied. The temperature at the interface must
then be higher than the melting temperature of the thermoplastic
resin (~380°C) and lower than its deterioration temperature at
the end of the welding process [2]. Therefore, the target tem-
perature T, to be reached at the interface is set at 400 °C. An
iterative current calculation loop is then added to the electro-
thermal coupling loop in order to achieve this temperature for
every given configuration.
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Fig. 2: Principle of an insert in the mattress
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Fig. 3: Different stages of insert optimization

The presence of the LSP in this configuration prevents
welding because it concentrates most of the induced heat.

In order to limit the heating of the LSP, an electrical
functionalization of the mattress is proposed. It consists of
using an electrical conductive insert in the mattress in order to
repel the magnetic source field and limit the electromagnetic
power induced in the LSP (principle of a magnetic field
damper). To be even less dependent on the thermal contact
resistance between the LSP and the mattress, the latter is
inserted in the mattress and not placed on the surface (Fig. 2).
The thickness and optimal position of the insert in the mattress
will be determined by a numerical optimization algorithm.

Induction welding involves purely 3D phenomena for many
reasons such as the shape of the inductor, the layup plane of the
folds or the geometry of the parts. Furthermore, the electro-
magnetic and thermal properties are strongly nonlinear, aniso-
tropic. A coupled electro-thermal simulation then contains sev-
eral million unknowns and requires around 3 hours (Intel(R)
Xeon E5-1650 3.50 GHz computer with 12 processors) for a
typical configuration. It is then impossible to perform an opti-
mization that requires thousands of evaluations of this 3D sim-
ulation. The chosen solution in our approach is first to make a
pre-selection of some candidates with a 2D model which will
take into account all the non-linearities and with a strong cou-
pling, and then to refine the solution with a 3D model restricted
to the best candidates (Fig. 3).

I11. ELECTROMAGNETIC AND THERMAL FORMULATION

The magnetodynamic A — ¢ formulation [3] is used for the
electromagnetic resolution :

1
curl — curlA + [0](jwA + gradp) = J5, Qmag
[u] 1)

div[o](jwA + gradg) = 0, Qmag
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Fig. 4: Thermal image (°C) of a) the measurement and b) the model
80 —
—=— Measure
T0r ! \ —e—Model |
60 -
50
oy
i~ 40
el

30

| |
-0.06 0.04 0.02 0 0.02 0.04 0.06
y (m)

Fig. 5: AT(°C) at x = 0 of the measurement and the model

where A4, J5, [o] (which is function of the temperature for the
2D model) and [u] are respectively the magnetic vector poten-
tial, the source current density, the electrical conductivity ten-
sor. and the magnetic permeability tensor. Q,,,, is the electro-
magnetic domain.

The SIBC (Surface Impedance Boundary Condition) finite
element method [4] is used to account for the massive inductor
with imposed current source.

1
nXx H|yq =n><l—lcurlA=ZC_1(n><E)xn, @)

ind
where Z. is the surface impedance of the inductor, H and E
respectively the magnetic and electrical fields. 0Q;,4 is the
surface of the inductor.

The thermal formulation reads:

oT
—div([A]gradT) + pC,
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where [1] is the thermal conductivity tensor, C, the specific
heat, p the specific mass and Pthe induced electromagnetic
power density. These parameters are function of the tempera-
ture T for the 2D model. T, is the room temperature and the pa-
rameter h takes into account the convection k. and the radia-
tion h,. at the limits of the thermal domain. Q,; and 09, are
respectively the thermal domain and the limit of the thermal do-
main. Both electromagnetic and thermal problems are solved by
finite element method.

To validate the 3D model, one considers the heating of a 16-
folds quasi-isotropic CFRP plate of dimensions 250 x 120 X
2.35 mm with the following layup plane [0/45/90/135],;.
The 0° folds and the inductor are in the direction of the length
of the plate. The plate is heated for 5 s with an excitation cur-
rent of 119 A rms and a frequency of 1420 kHz. The air gap
is set to 3 mm. Figure 4 shows the thermal images of the meas-



urement and the model obtained on the face of the plate oppo-
site the inductor. One obtains quite similar thermal images. The
temperature differences at x = 0 of the measurement and the
model are plotted in Fig. 5. The comparison shows a good
agreement between them.

IVV. OPTIMIZATION OF INSERT AND THE SOURCE PARAMETERS

The insert must have optimized thickness and position in the
mattress. Then the parameters of the generator (current and fre-
quency) and the position of the inductor (air gap) must allow
the target temperature to reach at the interface. Due to the prox-
imity of the inductor to the surface of the sole, the latter can
become hotter than the interface. One solution is to force con-
vection at the surface of the sole by means of compressed air
nozzles. The value of the convection coefficient h, required for
cooling the surface can be determined by simulation.

A genetic algorithm is then used to find the optimal insert,
generator and convection parameters required to achieve the
welding objective of maintaining the surface temperature of the
sole and LSP below the melting temperature of the resin. Since
the current is always calculated through the iterative loop to
have a maximum temperature of 400 °C at the sole-skin inter-
face at 10 s, a bi-objective function f minimizing the maxi-
mum temperature at the sole surface and in the LSP is defined.

fG) = min [max(Tys,, .., () max(Ty, ()] (4)

Nsurface

ts
where Tnsur face

the nodes at the sole surface and in the LSP at the end of the
electromagnetic excitation (tg = 10 s), x represents the varia-
bles to be optimized.

One adds constraints to avoid excessive temperatures at the
surface of the sole and in the LSP:

and T,flssp are respectively the temperatures on

max(T,fSSur Face () < Trax (5)
maX(Trflssp () < Thax (6)

where T4, is the maximum temperature allowed at the surface
and in the LSP. It is taken to be equal to 600 °C.

The variables x to be optimized can be the frequency of the
generator, the position of the inductor (air gap), the parameters
of the insert (thickness, position and nature), the value of the
convection coefficient to apply to the surface of the sole. The
choice of variables can be economic or technical (related to the
process). For example, the choice of the frequency is directly
linked to the limits of the induction generator. The numerical
complexity of the optimization problem also depends on the
number of variables to be optimized. The choice of these varia-
bles must therefore be judicious. It is decided to optimize only
3 variables, namely the frequency f,, the thickness of the insert
eimsert and its position in relation to the mattress surface pinsert,
which are defined as follows:

100 < f,[kHz] < 500, @)
0.1 < ejpsere[mm] <10, (8)
0.1 < Pinsere[mm] < 10. 9)

TABLE I
PARAMETERS AND DURATION OF THE OPTIMIZATION
Population size  Maximum number  Total number  Total duration
of generations of evaluations (hours)

50 100 9956 96.4
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Fig. 6: Maximum temperature in the LSP and on the surface of the sole of
the set of configurations generated by the algorithm

TABLE II
OPTIMAL CONFIGURATIONS FOUND WITH THE 2D MODEL
Config fr Cinsert DPinsert maX(Tr:zurface) max(T;fSp)

(kHz) ~ (mm)  (mm) °C) (°C)
1 151.83 6.72 0.73 350 345
2 127.61 5.99 0.68 348 344
3 112.14 5.89 0.63 349 331
4 136.34 6.61 0.68 350 338
5 139.03 6.74 0.69 349 341
6 141.53 7.10 0.71 349 345
7 124.13 6.48 0.66 349 336
8 123.85 6.29 0.66 349 337
9 127.22 6.04 0.68 348 344
10 127.77 6.98 0.69 348 345
11 143.24 6.80 0.72 348 349
12 135.17 6.40 0.71 348 350
13 156.15 7.19 0.74 350 348
14 149.84 4.76 0.72 349 347
15 150.37 5.09 0.73 349 348
16 158.54 4.44 0.75 350 350

For the material type of the insert, copper is considered; the

air gap is set to 3 mm and the convection coefficient h. to
150 W/(m?K) to ensure that the surface of the sole is well
cooled.
The optimization parameters of the genetic algorithm and the
duration of the simulation are given in Table I. The use of the
2D model allows an analysis on many configurations that would
have been impossible with a direct 3D approach.

In Fig. 6, one plots the objectives found on the set of config-
urations generated by the algorithm. It can be seen that mini-
mizing the surface temperature of the sole maximizes the tem-
perature of the LSP and vice versa. However, there are points
that allow both objective functions to be kept below the melting
temperature (380 °C) and 16 configurations (Table II) among
those that give less than 350 °C at the surface of the sole and in
the LSP. One considers these to be the optimal configurations
because they offer very interesting process windows that keep
the surface of the sole and the LSP away from melting point.
The choice of the optimal configuration among these will be



made through a more representative 3D analysis simulation by
comparing their thermal responses.

V. 3D WELDING MODEL

One considers a weak electrothermal coupling. The first sim-
ulations of this model show that the web of the stringer is heated
to high temperatures due to the proximity of the inductor which
is just 2 mm away. To limit the heating of the web, the same
principle as for the LSP is used by using a magnetic field
damper in the stamp to create a feedback field large enough to
repel the source field and limit the electromagnetic power in-
duced in the web. The position of the insert in the stamp and its
dimensions can also be calculated by an optimization algorithm.
However, one considers for the following that it has the same
properties (thickness and position) as the insert in the mattress.

The different configurations identified in Table II are evalu-
ated with the 3D model. Very high currents (more than 2000 A)
are then imposed on the inductor to reach the target temperature
at the interface at 10 s of heating because the frequencies are
relatively low (a few hundred kHz) on all 16 configurations.
The profiles are quite similar to those of the 2D model with
some differences in the temperature at the surface of the sole
and at the LSP, which is more important with the 3D model.
This can be explained by the fact than 3D tensors are used in
the 3D model for the definition of the electrical conductivities
of the materials in contrast to 2D where only the conductivity
in the direction orthogonal to the plane (along the y — axis) is
imposed for electromagnetic problem. One also notices that in
all configurations the maximum temperature at the surface of
the sole remains below the melting temperature and the maxi-
mum temperature of the LSP exceeds the melting point except
for configuration 3 (Table III). The latter would be the optimal
configuration since it allows the welding objectives to be
achieved. In Fig. 7, thermal image of the 3D model obtained at
10 s heating of the configuration 3 is shown. The temperature
in the web of the stringer does not exceed 350 °C and is highest
at the top of the latter because this is where the currents looped
back. The stringer elbow also stays quite cool after heating is
complete. In Fig. 8, the temperatures at the center from the sur-
face of the sole to the mattress with and without insert in the
tooling of the configuration 3 are plotted. The comparison
shows that without an insert in the tooling, it is impossible to
perform welding because the temperature of the LSP greatly ex-
ceeds the deterioration temperature of the polymer resin. With
the use of an insert, the temperature drops from over 1000 ° C
in the LSP to less than 380 ° C. This clearly shows the rele-
vance of the electrical functionalization of the tool because it
makes it possible to limit the power induced in the LSP and
therefore to control its heating. The insert in the mattress re-
mains cold throughout the welding process, its temperature re-
mains below 50 °C.

TABLE III
OPTIMAL CONFIGURATION PARAMETERS
S tS
Config fr €insert  Pinsert maX(Trtlsurface) maX(Tnlsp) I
(kHz)  (mm) (mm) €9 0 &)
3 112.14 589  0.63 374.00 373.20 2849
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Fig. 7: Thermal image of the 3D model obtained at 10 s heating of the Config-
uration 3
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Fig. 8: Temperature at the center from the surface of the sole to the mattress of
the configuration 3 with and without insert in the tooling at 10 s

V1. CONCLUSION

The paper presented an industrial problem in the welding of
composite materials with the presence of LSP. An original idea
of electrical functionalization of the tooling has been presented.
It has been shown that the use of an insert with a high electrical
conductivity in the tooling can limit the power induced in the
LSP and to redirect the heat in areas of interest.

A 2D FEM model coupled with genetic algorithm has been
developed in order to optimize the insert’s dimensions and the
current frequency. This model has allowed for determination of
multiple viable solutions during a bi-objective optimization
which would be very difficult to obtain with a 3D model. Fi-
nally, a 3D model has been developed in order to validate and
refine the optimal designs.
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