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Abstract. The inspection of materials used in aerospace is a critical issue for the
safety. The industry claims for faster, more sensitive, more flexible and reliable nondestructive testing (NDT) techniques for the detection and characterization of
potential flaws nearby rivet. For heavy carrier such as the AIRBUS A380, the panel
assembly gets thicker and requires more sensitive NDT tools for the detection of
potential flaws deeply embedded into the fastened structure. Eddy current (EC) is
currently the operational tool for the inspection of rivet assembly.
In order to reduce the development time and to optimise the design and the
performances assessment of an inspection procedure, the CEA and EADS have
started a collaborative work aimed to extend the modeling features of the CIVA non
destructive simulation plate-form to the case of rivet structure inspection. This
contribution presents the recent progresses in developing models which have the
capability to predict quickly the signal of an eddy current probe used in NDT.
Simulations and experimental data of the response of eddy current probes to a
fastener hole in a multi-layered slab are presented.

Introduction
Eddy current non-destructive evaluation is widely used to inspect conducting materials
during manufacture or in service. Modelling is a powerful tool for implementation of
industrial NDT methods and evaluation of perturbation parameters by limiting the number
of experimental tests. The CEA has developed the CIVA software which is a powerful
multi-technique (ultrasonic, electromagnetic) simulation platform dedicated to NDT and
composed of simulation, imaging and analysis modules. The software is also associated to a
convivial user interface, whose goal is to help the user to easily make some numerical
experiments. The CIVA EC simulation models are mainly based on the volume integral
method using the Green’s dyadic formalism [1].
Typical testing configurations may consist of one or several ferrite or air core
bobbin probes placed above a planar work piece or inside or outside a tube or on a work
piece defined by CAD. Some views of CIVA are presented in Figure 1.
One of the most important issues in aeronautic inspection is to detect embedded
flaw located in fastened structures. Many in service aircrafts have exceeded their design life
and the maintenance of these ageing aircraft structures is a worldwide issue. For instance,
fatigue cracks can initiate at corroded rivet holes and must be detected and repaired before
they lead to catastrophic failure. The location of crack initiation depends upon the local
stress distribution.
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Figure 1. Representation of several configurations in the CIVA user interface for a bobbin coil placed inside
a conducting tube (left), three ferrite cores placed on a conducting slab (middle), a bobbin coil placed on a
configuration defined by CAD (right), all affected by a parallelepiped flaw.

The need for a fast, low cost, reliable monitoring system to ensure the safety and
functionality of such structures is increasing. In order to answer to these demands, a 3D
electromagnetic model for eddy current fastened structures inspection is developed to be
connected in the future to a virtual Pod toll. The first milestone is to calculate the response
of an EC probe to a fastener hole and to a flaw separately (Figure 2). The rivet and the flaw
will be both taken into account in a second step and will not be addressed hereafter.

Figure 2. Typical aircraft inspection

1. CIVA tools dedicated to aeronautic
Actually, CIVA tools are helpful to optimize probe design and have the capability to
predict the signal of an eddy current probe to a notch in a plate. Development of a 3D
electromagnetic model for eddy current fasten structure inspection is in progress, in order to
also calculate embedded flaw response in a fastened structure (see §2).
1.1 Design of the probes
Before simulating the response of a probe to the presence of a defect, it is often useful to
study the way in which a probe excites the work piece to be tested in order to optimise its
design and to assess the impact of perturbation factors (e.g. lift-off). Two tools were
designed for this purpose. The first calculates (see details in [2, 3]), and represents the
incident field in the work piece (i.e. the electric field in the absence of flaw, see Figure 3,
left). The second is dedicated to the study of the probe performance which is usually
assessed via the normalized impedance diagram. In Figure 3 (right), a normalized
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impedance diagram of the cylindrical ferrite-cored probe and of the coil alone computed
with CIVA and compared with finite element calculations is illustrated.

Figure 3. Magnetic field inside the ferrite core (cylindrical shape) of the probe and electric field induced by
the probe inside a planar work piece (left). Normalized impedance diagram of the cylindrical ferrite-cored
probe and of the coil alone computed with CIVA and compared with finite element calculations (right).

1.2 Response due to a 3D flaw
In the framework of the volume integral approach based on the Green’s dyadic formalism,
3D flaws are described as a local variation of conductivity which may vary by the shape,
the size and the place in the work piece [4]. The results obtained with the 3D model for an
EC inspection of a plate affected by a flaw with a ferrite core probe are presented in
Figure 4 and compared with experimental data.

Figure 4. CIVA user interface for a ferrite core (E-shaped core) over a planar work piece (left). Eddy current
signal (right) obtained when the probe crosses a notch (‘•’ : experimental data, ‘’ 3D model).
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2. Fastener hole
2.1 Aircraft inspection problem
A typical issue in aging aircraft structures is to detect an embedded semi-elliptical flaw
nearby a fastener as shown in Figure 2. This testing configuration mixes different
challenges:
i. the rivet and thus the calculation zone to introduce in the model is bigger than the
flaw;
ii. the fastener crosses several layers with different electrical conductivities;
iii. the presence of the rivet has an influence on the EC signal due to the flaw.
In order to reach these challenges, the model has been developed and compared to
experimental data. The first is validated with a rivet hole in one slab, the second, with a
fastener hole crossing a two layers slab with different conductivities. The third will be the
next step to model a typical aircraft inspection and is not addressed hereafter.
2.2 EC signal of a fastener in one slab
Up to now, the 3D electromagnetic model for EC testing was used to calculate the EC
signal due to the presence of notches. In the computational scheme volume, the difference
between a rivet and a typical notch is important. Thus, the model has to be improved to
handle a larger contrast zone in order to calculate the response of a probe to a rivet hole.
The 3D model based on volume integral method (VIM), leads to solve a linear
system. In order to handle a larger calculation zone, the system is now solved by an
iterative method using convolution and FFT.
This development has been validated with a 4 mm aluminium slab (with a
conductivity of 30 MS/m) cross by a cylindrical hole which has a diameter of 4.9 mm
(typically a rivet hole). An air-cored probe working at 5 kHz was used for these studies
with an inner radius of 1 mm, and outer radius of 1.6 mm, and a height of 2 mm with 320
turns. The impedance variation has been measured with an HP4194 impedance-meter
during his displacement along the diameter of the hole. The agreement between the model
and the experimental data is better than 10% for the amplitude and 10 degrees in phase
(Figure 5).

Figure 5. Real and imaginary part of impedance variation (--- experimental data, +++ CIVA results)
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2.3 EC signal of a fastener hole in a multi-layered slab
The 3D model, based on VIM using Green’s dyadic formalism is now able to
handle the case of a “large” defect (typically a rivet hole) crossing one slab. The second
challenge is to consider the case of a rivet crossing several slabs. In order to extend the
model, the rivet hole is sliced in as many layers (Figure 7, left) and the electromagnetic
interactions between the different elements of the configuration should be taking into
account in proper manner via adapted dyadics Green’s functions leading to a more
complicate numerical scheme.
The first stage for validating the multi-layer model is to compare with experimental
data over a two-layer slab with two significant different conductivities (one of 30 MS/m
versus 1 MS/m). In most industrial applications, the EC signal measured is calibrated over
a reference flaw. Preliminary to this validation, a calibration experiment had been done; the
reference flaw is a surface breaking notch in an inconel slab. The slab is 1.55 mm in depth
with a conductivity of 1 MS/m the EDM notch is 0.1 mm in width, 20 mm in length and
0.93 mm in depth (Figure 6, left). The air-cored probe used above works at 75 kHz. The
impedance variation measured calibrated in the impedance plan at 500 mV and 135° is
presented in Figure 6 (right).

Figure 6. User interface representing the calibration experiment: surface breaking notch in a slab (left) and
the EC signals (right) for this configuration (--- experimental data, +++ CIVA results).

The first validation of the model improvement to calculate the response of a probe
to a fastener hole is with a two-layered slab configuration. The thickness of the first layer is
a 1.27 mm inconel slab (electrical conductivity is 1 MS/m) and the second is a 4 mm
aluminium layer (electrical conductivity is 30 MS/m) as shown in Figure 7 (left). The
fastener hole has a diameter of 4.9 mm. The agreement between the model and the
experimental data is better than 2% for the amplitude and 3 degrees in phase (Figure 7,
right). The results are presented in Figure 8.
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Figure 7. Configuration of the validation experiment: a rivet hole in a two-layered slab (left) and the EC
signals (right) for this configuration (--- experimental data, +++ CIVA results).

Figure 8. EC signal due to a rivet hole in a two-layered slab in mV (--- experimental data, +++ CIVA results)

3. Application in Aeronautic: Fastener hole in a multi-layered slab
3.1 Configuration
In aeronautic, laminated materials are used in aircraft fuselage structures. Let’s consider a
realistic case: two identical multi-layered slabs hold together by a fastener (Figure 9) and a
notch at the interface between both slabs. One slab is decomposed in three thin layers of
aluminium alloy, bonded together with non conductive material. The aluminium slabs are
0.3 mm in depth and the non conductive slabs are 0.25 mm, the fastener hole has a diameter
of 4.9 mm. The typical issue is to detect a crack in this riveted structure. A realistic location
of a flaw is at the interface between both slabs; in the last aluminium layer (layer 3) of the
above slab or in the first layer (layer 1) of the below multi-layered slab.

Figure 9. Two multi-layered slab crossed by a rivet hole.
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A cylindrical ferrite-cored probe was used for these studies with an inner (resp.
outer) radius of 3.74 mm (resp. 7.325 mm), and a height of 3.46 mm with 926 turns. We
choose the frequency with the normalized impedance diagram presented in Figure 10.

Figure 10. Normalized impedance diagram of the cylindrical ferrite-cored probe over a multi-layered slab.

3.2 Response due to the fastener hole
For improving the model with realistic aircraft structures, the calculation of the response of
an EC probe to the fastener hole in the multi-layered mock-up describe above is presented
in Figure 11. The displacement of the probe working at 2.6 kHz is along the diameter of the
hole.

Figure 11. Impedance variation due to a through-wall hole located in a multi-layered medium.

3.4 Response due to the 3D flaw
Let’s consider separately the embedded flaw. The model can handle a flaw on several
layers but in our case, it is located only in the 3rd layer of aluminium (layer 3). The notch is
0.1 mm in width, 6 mm in length and 0.3 mm in depth. In this modelling, the hole is not
considered. The EC probe is moved along the notch axe over the surface of the multilayered structure and the resulting variation of impedance is presented in figure 12.

7

Figure 12. Impedance variation due to the presence an EDM notch in the multi-layered slab.

The embedded notch response represented in Figure 12 (0.3 Ohms of amplitude) is
significantly less than that of the fastener represented in Figure 11 (1.7 Ohms of amplitude).
The large difference between the response with and without the hole shows the difficulties
we are facing to detect an embedded flaw in a fastened structure. Development is in
progress to calculate probe response due to the presence in a fastened structure of both a
rivet and an embedded flaw located nearby.
4. Conclusion
The extension of the CIVA platform to the simulation of riveted structures is in progress. A
first stage is reached with the development of a model taken into account the presence of a
rivet in a multi-layered slab. The validation of this model with experimental data was
carried out successfully.
The next step will be to mix in the same model both the rivet and the flaw located
nearby. We will have to deal with modelling multiple flaws, and also to manage with two
kinds of computation scheme volume: a “big one” to describe the rivet and a “small one”
for the flaw.
In the future prospects, another type of aeronautic inspection has to be treated: EC
NDT when the fastener is removed. In this case, an EC probe goes inside the rivet hole to
detect flaws.
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