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Abstract: The present paper concerns developing an automated system for non-destructive evaluation of riveted
aluminium joints. The system features an innovative eddy-current probe providing high sensitivity at low
inspection frequencies and a computational tool aimed both at computer-aided electromagnetic design of the probe
and quantitative reconstruction of detected defects (inverse problem). The approach adopted for defect
reconstruction exploits numerical solution of the forward problem. It is based on the edge element integral
formulation of the eddy current problem and offers fast and accurate numerical modelling. The inspection cases in
focus represent multi-layered aluminium structures with tiny cracks propagating from fastener holes in the
subsurface layers. The experimental data exhibit favourable agreement with numerical simulations.
Introduction: Fast and reliable inspection of lap-joints for minute cracks deeply buried beneath rivet heads is an
important issue of the aircraft maintenance process. The objective of this work is the development of an automated
system for quantitative non-destructive evaluation of riveted aluminium-to-aluminium joints by means of the eddy
currents. Because of the skin effect, inspection for subsurface defects in aluminium ought to be conducted at low
excitation frequencies (in the range of 1 kHz and below). Therefore the proposed eddy current probe contains as the
receiving element a fluxgate sensor whose sensitivity is independent on the frequency [1].
A numerical tool was used to perform electromagnetic design of the excitation coil, as well as for defect
quantitative reconstruction via the forward analysis for a thin crack of given orientation and approximate location.
The inversion technique is based on the minimization of an error functional related to the root mean square
difference between measurements and simulated perturbation fields of eddy currents.
The paper is organized as follows. The present section (Introduction) contains description of the computational
tool, the inspection instrumentation and samples. The next section (Results) presents comparison of experimental
results with simulations. The evaluation of the results follows in the consequent section (Discussion) and finally
Conclusions are drawn.
a. Simulation technique: The numerical technique used for simulation and reconstruction of detected cracks is
based on an efficient integral formulation in terms of a two-component vector potential [2] which takes advantage
of the edge element representation of the field unknowns. Using superposition, the forward problem is reformulated
as the determination of the modified eddy current pattern due to the presence of the defect. In particular, since
density of the total current flowing through the crack region has to be zero, the variation of the eddy current
density is imposed to be just the opposite of the unperturbed current in the crack region, providing the known
source term of an integral equation to be solved only around crack. This fast algorithm for solving the forward
problem is the key step of the inversion procedure. For generating the solution corresponding to a candidate flaw
only a very small part of the whole matrix describing the model must be inverted.
The actual numerical formulation [3, 4] is briefly recalled below. Its essence consists in the integral formulation in
terms of a two-component electric vector potential; this approach has a number of advantages as follows. Using an
integral formulation allows us to discretise only the conducting domains where the eddy currents are induced (that
is neither the air nor the excitation coils need be discretised), automatically enforcing regularity conditions at
infinity. The introduction of the electric vector potential T such that the current density J is J=∇×Τ, ensures that J
is solenoidal [5]. Finally, the choice of the two-component gauge minimizes the number of discrete unknowns
required. The equations to be solved are the standard eddy current equations in the frequency domain. We express
the electric field as:
E = - j ω A - ∇ϕ
(1)
ϕ is the scalar electric potential and A is the divergence-free magnetic vector potential given by:
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where Vc is the conducting domain, µ0 is the magnetic permeability of the vacuum and A0 is the contribution of the
external current density. The magnetic flux density is obtained as B=∇×A.

From the numerical point of view, the formulation is solved using finite elements: a mesh of the conducting domain
is given, and an edge element basis functions Nk is introduced for T:
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On the one hand, the choice of edge elements allows us to enforce the right continuity conditions of the various
electromagnetic quantities; on the other hand, their properties are fully exploited both for the gauge and boundary
conditions imposition.
The electric constitutive equation is imposed in weak form using Galerkin approach:
(4)

∫ ∇ × N k ⋅ (ηJ + jω A )dV = 0 ∀N k
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where η is the resistivity. Using (2) this results in:
(R+jωL) I = U
where I = {Ik}, U = {Uk} and
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Assuming that the crack has a negligible thickness, it can be schematised as a surface (not necessarily planar),
discretised via a set of finite element facets (defect pixels), where the normal component of the current density
must vanish. In order to reduce the computational load, and exploiting linearity, we use superposition: the total
current density is the sum of the solution computed in absence of crack (unperturbed solution J0) plus the
perturbation δJ due to the presence of the defect:
J = J0 + δJ
(9)

Fig. 1 Superposition principle (from left to right):
cracked solution = unperturbed solution + perturbation
Fig.1 illustrates the superposition principle using a volume defect instead of a thin crack for a better aspect.
Since the total current density normal component must be zero, we impose that on the crack surface
J ⋅ n = 0 ⇒ δ J ⋅ n = − J0 ⋅ n,
(10)
This approach offers the great advantage that J0 can be calculated either analytically, or numerically using the
scheme described above on a mesh that does not depend on the crack geometry. Conversely, when solving for δJ
the mesh must account for the crack only, so that the mesh refinement is required only close to the crack, regardless
the position of the exciting source. Due to the properties of edge elements, the set δG of perturbation currents
crossing the crack facets (that must be equal the unperturbed currents − G0) is:
δG = P δI
(11)
where δI are the coefficients of the expansion of δJ in terms of edge elements, and P is a (m,n) sub-matrix of the
edge-facet incidence matrix with coefficients 0, +1 or -1. The degrees of freedom of the edge element expansions
are in fact related to the line integrals of T along the edges, and the circulation of T along a closed line gives the
total current (flux of ∇×T) linked with the line. We then make a change of variables:

δI = K δX + P+ δG
(12)
where K is a (n,n-m) matrix given by an orthonormal basis for the null space of P, P+ is the pseudo-inverse of P,
and δX is an auxiliary variable. Galerkin’s procedure in terms of these new variables yields:
KTZKδX = KTZ P+G0
(13)
solving which we have δX, and hence δI from (12).
Knowing δI we calculate the magnetic flux density perturbation at given points δB = {δBk} simply by multiplying
by a suitable matrix coming out of the Biot-Savart law:
δB = F δI
(14)
Once the perturbation field is known, the total field is obtained simply adding up the unperturbed field.

Fig.2 Fragment of the profile of the finite elements mesh and discretisation of the tentative crack :
black facets do belong to the crack and that white do not
b. Inverse problem: Having solved the forward problem, the inverse problem, in contrast, consists in finding the
unknown position, shape and size of the crack on the basis of measurements. That is we have to find the set of
mesh facets belonging to the crack. This problem has binary nature: once we have determined that some facet
belongs to the crack, the value of the current flowing through it is known, since it is the opposite to the unperturbed
current. On contrary, if the facet is not part of the crack, the value of its current flow is not known. Such a “bitmap”
description of the crack becomes increasingly accurate with finer facets. Fig.2 shows an example how an arbitrary
subsurface crack beneath rivet head is represented in the discussed computational tool.
c. Inspection set-up: The eddy current probe includes an excitation coil and fluxgate sensor (FluxsetTM) centred
horizontally below its base, as shown in Fig.3. Parameters of the eddy current probe are summarised in table 1. The
fluxset sensor shown in Fig.4 consists of a ribbon shaped magnetic core made of annealed metallic glass, driving
and pick-up solenoids wound on the core. The sensitive axis of the sensor is directed along its core. The core is
periodically saturated by triangular field produced by the driving solenoid at frequency at least twice as high as
frequency of the measured field. A symmetric voltage is induced in the pick-up solenoid in zero field. When the
flow of eddy currents is distorted by a defect the resulting magnetic field causes time shift of the pick-up voltage
pulses. Thus the magnetic sensor operates in the time domain. Fig.5 represents the waveforms of the driving
current (a) and pick-up voltage in zero external field (b) and applied external field (c).

Fig.3 EC probe and sample outline

Fig.4 Fluxset sensor arrangement
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Fig.5 Waveforms of (a) driving current and (b,c) pick-up voltage

Fig.6 The experimental set-up

The inspection set-up is sketched in Fig.6. The excitation coil of the probe is fed with sinusoidal current from the
waveform generator G1 at frequency fexc. The generator G2 produces triangular driving current at frequency fdr ≥
2fexc. A general-purpose data acquisition system furnished with 16 bit analog-to-digital converter is used to readout
pickup signal. The key parameters of the data acquisition system are its sampling rate (500 MS/s) and number of
waveform points captured in one cycle (1.E+5). The acquired waveforms are passed to a computer via GPIB
interface (standard IEEE 488.2). The probe response is extracted from acquired waveforms via digital signal
processing algorithm. The algorithm performs two major steps: first, the pick-up voltage is demodulated via pulse
position detection; second, the demodulated signal is multiplied by a rectangular reference waveform with
frequency fexc, both in phase and in quadrature (with 90 deg. phase shift with respect to the excitation current) in
order to obtain real and imaginary parts of the signal, respectively. The obtained response is linearly proportional to
the eddy current field.
d. Test samples: The samples represent aluminium-to-aluminium double layer sandwiches with countersink
fastener holes and inserted rivets (see Fig.3). The layers are electrically insulated. General samples characteristics
are listed in table 2. The samples contain EDM notches originating from the holes. The artificial notches simulate
real cracks and for simplicity will be referred to as “cracks” in the further text. The inspection cases studied
represented cracks lying in the second layer under rivet head. Upper side cracks are referred to as ID (inner defects)
and reverse side cracks are referred to as OD (outer defects). These acronyms are followed by the defect depth
expressed as percentage of the sample thickness (i.g. ID50%). The eddy current inspection was performed by
robotic scanning of samples along straight lines containing both the fastener hole and a crack with the sensitive axis
of the fluxset sensor being oriented along the scanning path.
Table 1. Eddy current testing parameters

excitation coil

Table 2. General samples characteristics

length

20.0mm

plate dimensions

inner diameter

10.0mm

plate thickness

2 mm

outer diameter

11.5mm

hole diameter

4 mm

number of turns

100

lift-off
excitation frequency

~2.1mm

rivet

998 Hz

head diameter

6 mm

head height

1 mm

leg diameter

4 mm

material
excitation current (sinusoidal)
fluxset sensor lift-off

0.75 A
~0.5 mm

200 mm×200mm

conductivity of plate / rivet
EDM notch thickness

aluminium 2024T3
18 MS/m
≅ 0.1 m

Results: The computational tool was validated and proved to be accurate with respect to various geometries of
inspection cases of increasing complexity [6, 7]. For instance, Fig.7 shows results of simulation and measurement
of 100% profound and 5 mm long crack originating from a hole in a single layer plate sample. Particularly, Fig.7b
shows the total response due to the hole and the crack, represented in the complex plane. Figs.7c,d represent the
real and imaginary components of the signal due to the crack only. The crack contribution signal is defined as the
difference between the signal coming from a hole with a rivet and the signal for the same structure including a
crack. There is a very good agreement between computed and measured crack signals. Accurate fit of the simulated
signal results from the fine discretisation of the solution region in the vicinity of the crack.
Fig.8 shows results of simulation and measurement of 100% profound and 5 mm long crack in the 2nd layer
originating from a fastener hole under rivet. Fig.8b illustrates the complex plane representation of the total response
due to the fastener hole and the crack. Figs.8c,d represent the real and imaginary components of the signal due to
the crack only. Since the eddy current intensity decreases in the subsurface layers, the measured field contribution
of the 2nd layer crack, obtained as a difference between two large signals (compare magnitudes of signals in Fig.8b
and Fig.8c,d), exhibits much lower signal-to-noise ratio. Additionally, some measurement error with respect to
simulations occurs due to uncertainty of the lift-off of the excitation coil and the magnetic sensor. Moreover,
vertical tilting of the sensor introduces strong contribution of the vertical field component. Nonetheless, there is a
sufficiently good agreement between computed and measured crack signals enabling consistent reconstruction of
the crack.
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Fig.7 Simulated and measured responses to 100% profound 5 mm long crack originating from a hole in a single
layer plate sample: (a) finite elements mesh and tentative crack region, (b) total signal due to hole and crack in
complex plane; crack field contribution: (c) real component and (d) imaginary component
Discussion: From the results presented in the preceding section it follows that the actual probe has several
restrictions: high sensitivity to the vertical tilting and indistinguishable signature of the crack in the overall signal
(see Fig.8b). In order to improve performance of the probe a new outline of the inductor was proposed. Improving
the probe design was aimed at reducing error due to the tilting and obtaining clear indication of the defect with
respect to the signal of the fastener hole alone. The simulations played the key role in the optimisation of the probe
outline. The new probe was designed to include two excitation coils connected in the serial aiding. Such a circuit
generates horizontal excitation field which penetrates deeper into a test piece compared to a single coil excitation,
as shown in Fig.9. Fig.10 (left) shows simulated responses of the two-coil probe to the fastener hole and cracks of
various length in the 2nd layer originating from the fastener hole. The responses to the fastener hole alone is
essentially a line. This feature enables to phase out by rotation to zero phase the signal due to the hole. Then the
vertical component of the signal will only contain information on the crack and can be amplified. The cracks can be
easily discriminated by their sizes on the basis of the loop area of the respective response, providing additional
input information for the inversion procedure. Fig.10 (right) shows measured responses to the simulated defects,
with measurements being performed using a rudimentary prototype of two-coil probe. Despite the limited
possibility of sensor position adjustment in the simplified prototype, the measured signals largely confirm the
findings of the simulations.

(a)

(b)

(c)

(d)

Fig.8 Simulated and measured responses to 100% profound 5 mm long crack in the 2nd layer originating from a
fastener hole under rivet: (a) finite elements mesh and tentative crack region, (b) total signal due to hole and crack
in complex plane; crack field contribution: (c) real component and (d) imaginary component

Fig.9 Field penetration: single coil (above) and two coils (below). Sensor position is at x=0 mm

Fig.10 Simulated (left) and measured (right) responses to the fastener hole and cracks in the 2nd layer originating
from the fastener hole under rivet total signal due to hole and various crack in complex plane
Conclusions: Accurate and fast numerical modelling proved to be a valuable tool for automated quantitative crack
reconstruction and optimisation of an eddy current probe. The improved probe design yielded easy cracks
discrimination and reduced sensitivity to vertical tilting. Main achievements in numerical modelling constitute: (1)
gain of confidence in numerical simulation tools by comparison with experimental data (artificial cracks) which
confirms the feasibility of the quantitative crack reconstruction; (2) improved efficiency of the simulation tool by
tuning fast, reliable and accurate numerical models. Further advances of the presented computational tool concern
natural thin cracks with finite resistivity as well as 3D volumetric defects.
The future development will address: (1) constructing a two-coil probe with accurate sensor positioning; (2) tests
on natural cracks; (3) in field applications.
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