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Abstract: Nondestructive evaluation (NDE) method has been applied to analyze the configura-
tions of coil probes and the characteristics of discontinuities in the few years, especially the ef-
fects of probe tilt are paid attention to gradually. However, the probe tilt has been recognized as 
the one reason of producing noise in eddy current testing (ECT), such as the flaw manual scan-
ning or the manufacture of probes with the irregular orientation coil. The inability to calibrate the 
tilt coil of probe makes it impossible to accurately inspect the surface cracks. Based on the above, 
we should found the applicable method to examine the structures of probe and demonstrate that 
it has the feasibility on investigating of probe with tilted coil. The photoinductive (PI) method is 
a novel inspection technique for detecting surface cracks. This paper shows how the PI technique 
can be utilized to analyze the effects of tilted coil of probe. The numerical multiphysics simula-
tions of the PI imaging was performed with two dimensional finite element method (2D FEM) to 
characterize the variations of magnetic field and probe’s impedance on a conductive metal foil. 
As anticipated, the proposed model shows that the PI imaging signals can reveal the construction 
of the probe. The FEM simulation results of tilted coils are showed and discussed. The effects of 
PI signals with different excited frequencies of the coil are also examined and analyzed. The 
simulation results demonstrate that not only the PI method is appropriate for investigating the 
structures of probe, but also how the tilt probe can affect the reliability of an eddy current in-
spection. 
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1. Introduction 
 
The characterization of the performance of 

eddy current (EC) probes is important prob-
lem in NDE. The magnetic field intensity of 
the EC probe and the EC density within the 
material are necessary to observe for calibrat-
ing the tilted EC probes. Many researchers 
have studied the problem of eddy current in-
duction by a tilted coil above a planar con-
ductor [1]-[6]. The calculation of eddy cur-

rents within a conducting plate when the ex-
citation is a circular current loop with a tilted 
angle was examined [1]. The photoinductive 
method supplants the use of artifact standards 
to calibrate eddy current probes and maps the 
magnetic field of the eddy current probe. 
Furthermore, the probe's field pattern reveals 
defects in probe construction [2]. An analyti-
cal EC model was built and computed the 



Chi Tai, and Yen-Lin Pan 

216    Int. J. Appl. Sci. Eng., 2009. 6, 3 

fields induced in the case of an elementary 
wire above a half-space or a plate by current 
sources of arbitrary orientation [3]. The elec-
tromagnetic field and impedance of a cylin-
drical eddy-current probe coil are calculated 
analytically for arbitrary coil orientation 
above a conductive half-space [4]. A numeri-
cal simulation with a tilted coil is investigated 
in external eddy current inspection of tubes [5] 
and in electromagnetic-thermal nondestruc-
tive inspection of conductive plates [6]. 
The photoinductive (PI) method overcomes 

the disadvantages of previous eddy current 
probe field-mapping techniques, such as large 
probe size, poor signal to noise ratio, or in-
sensitivity to the tangential component of the 
magnetic field [2]. Therefore, we apply the 
finite element method to simulate this tech-
nique in this paper and to map eddy current 
probes with different tilted angles of the coil. 
The physical principles and basic formulas 
are described briefly. The proposed model 
calculates the magnetic field and probe’s im-
pedance above a metal foil. Based on the 
simulation results, we also discuss the effect 
of tilted angle and excited frequency of the 
coil. 
 
2. The photoinductive method 
 
Figure 1 illustrates the physical principles of 

the PI method. The probe with a cylindrical 
air cored coil is placed in close proximity to a 
conductive metal foil and excited with suffi-
cient voltage and at the desired frequency. 
When the laser beam is focused on the speci-
men surface from below, the temperature 
fluctuation causes variations in the electrical 
conductivity of the metal foil, which in turn, 
induces a change in the impedance of the 
probe. The electrical conductivity of the metal 
foil is given by the expression: 
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where 0ρ is the resistivity at temperature 0T , 
andα is the temperature coefficient of the re-
sistivity. 0T is the temperature 293 K, andT is 
the actual temperature in the metal foil 
sub-domain. 
 

 
 
Figure 1. Schematic diagram of photoinductive  

field mearsurement. 
 
The PI effect can be calculated as follows. 

The dependent variable in this application 
mode is the azimuthal component of the 
magnetic vector potential, A , which conforms 
to the following relation: 
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whereω denotes the angular frequency,σ the 
conductivity,μ the permeability,ε the permit-
tivity, L the length, and Vloop the voltage ap-
plied to the coil. The conductivity outside the 
coil is zero. According to the constitutive re-
lation (C.R.), the current density eJ and mag-
netic field intensity H can be calculated as 
follows. 
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where E and B denote the electric field inten-
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sity and magnetic flux density. 0μ and rμ are 
permeability of free space and relative per-
meability. The electric potential V is obtained 
from Faraday’s law. 
The defining equation for the magnetic vec-

tor potential A is a direct consequence of the 
magnetic Gauss’ law. The induced current I in 
the coil is calculated by the integration of 
current density in the cross-sectional area s of 
the coil. Ohm’s law is finally used for calcu-
lating the impedance of the probe. The in-
duced current includes real and imaginary 
components, as shown in Eq. (6). 
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The temperature in the z direction of the foil 
with virtually no diffusion is assumed to be 
penetrated by the thermal energy of the laser 
beam source. The temperature, T, is uniformly 
distributed over the x and y directions of the 
foil. The mathematical model for heat transfer 
by conduction is as follows: 
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where T, ρ , C, k, and Q are the temperature, 
density, heat capacity, thermal conductivity, 
and heat source, respectively. In our experi-
ments, applying the weak constraint produced 
the solutions of Eq. (7) on the laser point 
temperature so the heat source Q is zero. The 
specimen properties are considered inde-
pendent of temperature and constant heating 
time of the order of one second. 
 
3. Simulated Parametric Study 
In this paper, we assume that the eddy cur-

rent probe is constructed from a cylindrical air 
cored coil and use the 2D model for solving 
the 3D problem of a tilted coil above a con-

ductive metal foil, as shown in Figure 2. The 
rectangular coordinate system is used in this 
paper. The metal foil with dimensions 10 mm 
x 10 mm and thickness 10 μm lies on the x-y 
plane. The coil axis parallels the z-axis and is 
tilted through an angle θ with respect to the 
surface normal of metal foil. The air cored 
copper coil (inner radius 1r = 0.4 mm ,outer 
radius 2r = 1.2 mm, and lift-off distance d = 
0.2 mm) is excited is excited with 5-V ac cur-
rent and 2-MHz, 200-kHz, or 20-kHz fre-
quency. The metal foil is a conductive mate-
rial with resistivity at temperature 293 K 0ρ = 
2.4x10-8 Ω-m, temperature coefficient of the 
resistivity α = 3.24 x10-3 1/K, density ρ = 
4940 kg/m3, heat capacity C = 710 J/kg-K and 
thermal conductivity k = 7.5 W/m-k. The 
temperature of laser beam point is 573 K. In 
the 2D raster scan simulations, the probe was 
fixed on the center of the metal foil, while the 
laser point was moved along the y-axis. It is 
interesting to observe that the magnetic field 
intensity of all subdomain space, the current 
density within the metal foil, and the imped-
ance of the probe. The commercial FEM 
software, COMSOL MultiphysicsTM, was 
utilized in solving the 2D model in this work. 
 

 
 
Figure 2. Tilted air-cored cylindrical coil above the 

metal foil. The cross sectional view 
shows the x=0 plane. 

4. Results 
 
Figures 3 and 4 show streamlines, flow di-

rections and distributions of magnetic field in 
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free-space at 0o and 60o tilt angles. The ex-
cited frequency of the probe is 2 MHz in Fig-
ures 3-8. The magnetic field intensity can be 
calculated from Eq. (4). For a parallel coil (θ 
= 0o), magnetic field flows symmetrically 
while for the tilted coil streamlines are 
asymmetrical and flows tend to either sides of 
the coil faces. We note that the maximum 
value of magnetic field intensity for the tilted 
coil has a raise form comparing to the parallel 
one. As expected in Figure 5, eddy current 
density is stronger on the side where the coil 
is closer to the metal foil. Figure 5 shows the 
x-component of the current density induced 

within the foil by the coil probe. The coil is 
placed above the foil center at various incli-
nation angles. The dual peak values within a 
region corresponding nearly to the projection 
of the coil section on the foil when θ= 0o. 
Furthermore, the positive peak value indicates 
the current flow inside the coil section, and 
the negative peak value is in the opposite 
situation. The current density decreases for 
intermediate angles of inclination, such as θ = 
20o or 40o, while for 60o it takes its peak value 
near the foil center. 
 

 

 
 

Figure 3. Streamlines, flux directions and distributions of magnetic field induced in free-space by an 
air-cored cylindrical coil at 0o tilt angles. 

 

 
 

Figure 4. Streamlines, flux directions and distributions of magnetic field induced in free-space by an 
air-cored cylindrical coil at 60o tilt angles. 
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Figure 5. Variation of the x-component of the cur-

rent density induced within the foil by 
the coil probe for various inclination an-
gles. 

 
The phase discrimination technique is ap-

plied commonly by rotating the impedance 
display in ECT. The constant phase signal is 
produced by any change of coil tilt orientation 
[4]. From Figure 6 we observe that the phase 
curves are almost straight lines, but higher 
degree of phase when the tilted angle is in-
creased. Different phase signals indicate the 
change of another parameter such as the 
variation ofσ or rμ affected by laser tempera-
ture or the presence of a flaw. 
In Figures 7 and 8, it can be observed that 

the resistance and reactance components of 
impedance change for different tilted angles 
of the coil. The obliquity of probe is the sig-
nificant parameter influencing the response of 
the resistance and reactance components. For 
θ = 0o, a double peak values are symmetrical 
in both components. However, increasing the 
coil inclination shifts the peak value of resis-
tance or reactance component to the center of 
the foil. The common relation found between 
the magnitude of both components and the tilt 
angle is nonlinear. As far as the inclination 
angle of the coil is concerned, the tilt curves 
are compared with three distinct frequencies 
in Figures 9 and 10, which plot normalized 

resistance or reactance component versus in-
clination angle. The impedance is normalized 
in usual ECT. Moreover, 0R and 0X are resis-
tance and reactance components of coil im-
pedance when the laser spot is at the starting 
point. As shown in Figure 9, the decrease of 
resistance with tilted angle due to the weaker 
electromagnetic coupling of the coil with the 
metal foil. However, the reactance is in-
creased in Figure 10. Using higher frequency 
is more sensitive to the coil inclination when 
compared with lower frequency. A minimum 
in normalized resistance component is at θ = 
60o, although the maximum in normalized 
reactance component is around 60o, 30o and 
10o corresponding to 2 MHz, 200 kHz and 20 
kHz, respectively. 
 

 
 
Figure 6. The phase angle of impedance for dif-

ferent coil inclination angles. 
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Figure 7. The resistance component of impedance 

for varying coil obliquity. 
 
 

 
 
Figure 9. Normalized resistance component of the 

impedance variation versus inclination 
angle. 

 
 
 
 
 
 
 
 
 

 
 
Figure 8. The reactance component of impedance 

for varying coil obliquity. 
 
 

 
 
Figure 10. Normalized reactance component of 

the impedance variation versus incli-
nation angle. 
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5. Conclusions 
 
The FEM simulation results demonstrate the 

appropriateness of photoinductive method 
when applied to characterize and calibration 
of the eddy current probes with a tilted coil. 
Increasing tilted angle of the coil causes the 
phase angle and the reactance component of 
the coil impedance to rise, but the resistance 
component is decreased. The impedance of 
coil using lower frequency is more insensitive 
to the tilted angle of the coil. Therefore, the 
excited frequency of the coil should be as 
high as possible for characterizing the struc-
ture of EC probes with a tiled coil. Besides, 
the small amplitude of resistance component 
at large frequency, while the large amplitude 
of resistance component at the same fre-
quency. 
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