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Abstract. The inspection and location of cracks adjacent to aluminum fastener holes 
is of great interest to the aircraft industry. Due to skin effect reasons, conventional 
eddy current nondestructive inspection (NDI) techniques are not as sensitive since 
rather low frequencies have to be used for detecting deeply buried cracks. In this 
work, we focus on quantitative NDI measurements using a dc SQUID and examine 
its feasibility on detecting cracks around fastener holes for aircraft structures. The 
experimental data are compared directly to theoretical predictions, obtained with a 
commercial simulation package. The results are encouraging and show that (i) the 
simulation software can make reliable predictions and (ii) the crack signal can be 
identified. 

Introduction  

The development and propagation of fatigue cracks in the vicinity of aircraft fasteners may 
have detrimental effects on the structural integrity of the aircraft and, hence, their detection 
through Non Destructive Inspection (NDI) is a critical issue [1-2].  

Among the various NDI methods, the eddy current method seems to be suitable for 
the detection of fastener hole defects. However, conventional eddy current techniques can 
only locate defects up to a certain depth under the surface. In order to detect deep flaws in 
conductive materials, low excitation frequencies are required to achieve a sufficient 
penetration depth. Since the sensitivity of normal pick up coils is proportional to the 
excitation frequency, standard eddy current techniques are sometimes insufficient for 
subsurface flaw detection. In such cases it is advantageous to measure directly the magnetic 
field rather than its time rate of change (coil impedance change). Among the available 
magnetic field sensors, the Superconducting Quantum Interference Device (SQUID) is by 
far the most sensitive, thus making it ideal for the measurement of weak magnetic field 
perturbations resulting from deep lying defects [3-6]. Although it requires cooling of the 
device to achieve superconducting conditions, it has nevertheless gained considerable 
attention during the last years and much applied research is performed with the ultimate 
goal of its possible commercialization in the field of NDE.  

In this work, we present quantitative NDI measurements using a dc SQUID and 
examine its feasibility on detecting cracks around fastener holes for aircraft structures. 
Detailed experiments have been carried out in our laboratory for a simplified version of the 
bolthole configuration, i.e. a borehole and a crack in a two plate system with the excitation 
coil and SQUID moving freely above the planar surface. Our goal was to evaluate the 
SQUID performance in detecting surface and sub-surface cracks and distinguishing their 
signal from the large interfering borehole signal. 
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In order to assist the experiment we also performed numerical simulations of the 
specific configuration by using commercial modeling software. In eddy current testing, 
such simulations are used for probe/sensor design and optimization and for assisting signal 
processing in order to maximize sensitivity [7]. The experimental data are compared 
directly to theoretical predictions, obtained with a commercial simulation package. The 
results are encouraging and show that (i) the simulation software can make reliable 
predictions and (ii) the crack signal can be identified and separated from the large fastener 
hole signal.  

1. SQUID and Scanning System  

1.1 SQUID  

A SQUID magnetometer was integrated to a scanning unit and a complete measuring unit 
for experimental investigations was developed as shown in Fig.1a. The SQUID sensor was 
made out of high temperature superconducting material (HTS) mounted in a simple carbon 
reinforced plastic dewar vessel and cooled with liquid nitrogen [8]. The SQUID output 
voltage was directed to a lock-in amplifier. A function generator’s voltage output was used 
for the harmonic excitation of the coil and as a reference to the lock-in amplifier. The phase 
shift between SQUID output voltage and current in the coil was corrected for each 
frequency within 0.1o accuracy with the coil in air. In this way, the lock-in amplifier’s 
reference was always in phase to the coil excitation current and, hence, directly comparable 
to the theoretical calculations. The in-phase and quadrature components of the SQUID 
voltage output along with the coil rms current are recorded and multiplied by the SQUID 
transfer function 1.70Φ0/V×8.78nT/Φ0 =14.96nT/V and the final results are presented in 
nT per A of excitation current.  

1.2 Coil  

When measuring the magnetic field in eddy current testing there are two magnetic fields 
present that are superposed. The first is the incident unperturbed magnetic field and the 
second is the reaction field associated with the perturbed eddy currents in the inspected 
specimen. The eddy current distribution in a metal is disturbed when the eddy currents are 
induced in a region containing a flaw. The presence of a flaw in metal specimens can be 
detected by measuring the change in the magnetic field as the sensor is moved from an 
unflawed region to one containing a flaw. However, the incident magnetic field is much 
stronger compared to the reaction field and appropriate means for eliminating it should be 
applied. SQUID-based eddy current experiments are usually carried out using a “double-D” 
excitation coil for that matter. The normal component of the magnetic field is zero on the 
central axis of the double-rectangle exciter. A non-zero magnetic field is sensed whenever 
there is some sort of asymmetry below the measurement system as in the case of the 
SQUID passing over a region with a flaw. The use of the double-D coil reduces the 
background signals and hence enhances the ease with which small and/or deep flaws may 
be detected. The winding, however, of a symmetric double-D coil is difficult and this is the 
reason for our choice of a Printed Circuit Board (PCB) coil that can have exact dimensions. 
In addition, instead of a double-D, a double-rectangle coil shape was used, as shown in 
Fig.1b. 
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Figure 1. (a) SQUID system, (b) typical double rectangle excitation coil 

1.3 The scanning and data acquisition system 

The scanning system consists of a XY stage comprising two computer driven step motors 
(Sanyo-Denki) each one connected to the PC through a Parker XL80i controller. The spatial 
precision of the system is 40 μm. The SQUID control software is a modular Microsoft 
Windows compatible program that contains the SQUID control, data acquisition, spectrum 
analysis and Autotune/Calibration modules. 

2. Theoretical simulation  

Regarding modeling, the complexity of the simulated configuration necessitates the use of 
numerical modeling [9-10]. Simulation of the configuration is based on the solution of 
Maxwell equations and in general it can be done with the finite-element method (FEM). 
However, the extensive use of FEM is not encouraged for engineering purposes, for a 
number of reasons, namely the usually small thickness of the plates, which results in an 
increased mesh size, and the fact that the problem needs to be solved for a large number of 
coil positions above the borehole. Also, the resulting computation time is prohibitive for the 
solution of the inverse problem when a large number of forward solutions are required [11-
12]. 

Referring to our specific simulation problem, the use of FEM was somewhat 
problematic not only due to the long computation time but also due to inaccurate results. 
The setting of the SQUID sensor at a relatively large distance above the plate resulted in a 
small magnetic field perturbation from the hole/crack compared to the total signal. This 
signal was smaller by orders of magnitude compared to the incident magnetic field, making 
an accurate FEM simulation impossible regardless of the mesh density. 

This is the reason for seeking an alternative modeling tool and this proved to be the 
CIVA software which is based on semi-analytical calculations [13]. The eddy current 
simulation module of CIVA is used to predict the electric field induced in a test piece, to 
compute the impedance diagram of a probe, and also to simulate the defect response with 
one or several sensors. It provides access to advanced sensors such as coils with various 
shapes, magnetic field sensors, as well as multi-element probes. Results are displayed with 
C-scan colored chart or conventional curves in the complex plane (real and imaginary parts 
of the signals). 
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Figure 2. Excitation coil scanning the plate system with borehole and crack (a) top (b) lateral view. 
 
 

Fig.2 shows screenshots from the simulation setup and Fig.3 shows the particular 
rectangular coil(s) dimensions that were entered into the software. 

 
 

    
 

Figure 3. Rectangular coil dimensions 
 

The advantage of the CIVA solution method is the need to mesh/discretize only the defect 
area (in this case the hole and crack) and not the whole solution domain as with FEM. 
Hence, the user can concentrate on the change of the magnetic field due only to the 
perturbation. In addition, the computation time does not depend on the number of coil 
positions [15]. Hence, a full C-scan (cartography) can be readily performed in contrast to 
FEM where the computation time is analogous to the number of coil positions. 

3. Results 

3.1 Plate with hole  

Initially, we performed measurements with an aluminum plate having only a through-
thickness hole. In all cases the plates are 300 mm × 300 mm, their thickness is 1 mm and 
their electric conductivity is 17.0 MS/m. The hole diameter is 20 mm. Two frequencies 
were used, 375 and 1575 Hz corresponding to a skin depth of 6.3 and 3.1 mm respectively 
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and a C-Scan was generated by scanning the SQUID. The scanning area was limited to 120 
mm × 120 mm in order to avoid plate edge effects. For each scan, both the real and 
imaginary parts of the SQUID output voltage were recorded. Amplitude results are shown 
in Fig.4. The symmetrical nature of the cartography is observed. As expected the higher 
frequency produces a stronger signal. 

 

  (a) 

  (b) 
Figure 4. Contour plots of magnetic field amplitude (nT/A) at (a) 375 Hz and (b) 1575 Hz for a plate 

with hole. Measurements are shown on the left and theoretical results on the right. Hole position and coil 
orientation as shown in Fig.2. 

3.2 Plate with hole and crack 

  (a) 
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  (b) 
Figure 5. Contour plots of magnetic field amplitude (nT/A) at (a) 375 Hz and (b) 1575 Hz for a plate 

with hole and crack. Measurements are shown on the left and theoretical results on the right. Hole, crack 
position and coil orientation as shown in Fig.2. 

 
Next, we performed measurements at the same frequencies on a similar aluminum plate 
with hole, but now adjacent to the hole was a through-thickness crack of length 9.7 mm and 
width 0.199 mm. Results are shown in Fig.5. The defect is clearly seen as a magnetic field 
perturbation that changes the symmetry of the acquired signal. 

3.3 Two plates with hole and subsurface crack 

  (a) 

  (b) 
Figure 6. Contour plots of magnetic field amplitude (nT/A) at (a) 375 Hz and (b) 1575 Hz for two 

plates with hole and subsurface crack. Measurements are shown on the left and theoretical results on the right. 
Hole, crack position and coil orientation as shown in Fig.2. 
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Next, we performed measurements at the same frequencies on a system of two plates stuck 
together in order to simulate a multilayer structure. Both plates had the same holes with the 
bottom plate having also the crack. The gap between the plates is 0.08mm. In such a way, 
we simulated a subsurface crack like the defects that usually appear near fastener holes. 
Results are shown in Fig.6. Again, the deviation from symmetry that indicates the presence 
of a crack is clearly seen but not as clearly as in the case of Section 2.2 where the crack was 
on the surface.  

3.4 Single coil excitation 

A simulation was also performed with a single rectangular coil with the SQUID sensor 
centred with the coil axis. Fig.7 shows the resulting magnetic field change due to the hole 
and crack. The magnetic field produced by the coil and eddy current in the plate(s) is not 
shown and is magnitudes of order higher. This is the reason for not using this specific coil 
design with the SQUID since the strong magnetic field saturates the SQUID sensor despite 
the fact that the results imply a clear indication of the defect position. 

 

 (a) 

  (b) 
Figure 7. Contour plots of magnetic field amplitude (nT/A) at (a) 375 Hz and (b) 1575 Hz with one 

rectangle coil. Theoretical results for one plate with hole and crack are shown on the left and theoretical 
results on the right for two plates with hole and subsurface crack. 

4. Conclusions  

Comparison between experimental and simulated data shows that (i) the simulation 
software can make reliable predictions and (ii) the crack signal can be separated from the 
large fastener hole signal by using a SQUID sensor. Although higher frequencies improve 
the system sensitivity, they do not penetrate sufficiently into aluminum plates for detecting 
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subsurface cracks. The main issue, however, does not seem to be penetration but the 
presence of other strong signal sources like the bolthole itself. Work is underway with the 
simulation software in order to design appropriate coil excitations for minimizing such 
signals. Another SQUID system working in gradiometric mode will also be used in our 
laboratory for testing its ability in detecting cracks in fastener hole configurations. 
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