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Abstract

Eddy current thermography [1-5] consists in using electromagnetic induction to create heat flow in the material and
record its thermal response using an infrared camera. Defect detection is based on the changes of the thermal
distribution. It is an efficient and precise method for detecting subsurface defect in metallic materials and can be
deployed either in the form of pulses or amplitude modulations [3, 4]. This paper describes simulation works using
Pulsed Eddy Current Thermography for defect detection and quantification in material made of steel in transmission
mode. Flux2D Finite Element Software is used.
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Introduction

Pulsed Eddy Current Thermography (PECT) consists in generating a heat pulse with Eddy-currents, which will propagate
in the material; a defect will hamper locally the propagation of this heat wave, and will be captured by an infrared camera
and evaluated. This technique merges advantages of Eddy Current NDT and outstanding merit of pulsed thermography
i.e. low time consuming. Furthermore, camera which is the main instrument for performing infrared thermography has
been improved in both, sensibility and in spatial resolution. In addition to that, the computational resources required for
control, data acquisition, storage and processing have been updated, providing thus more computing power to perform
complex processing tasks. These factors have made PECT more attractive for subsurface defect detection and
quantification in metallic components and structures. [5-8]. Defect quantification is of interest so that to judge its severity.
In general, defect characterization is performed from temporal response or spatial response. Most of the works based on
defect quantification, is based on the thermal contrast and phase data analysis under reflection mode. For example, a
relationship was established between the thermal maximum contrast C,,,, and the time at which it appears t,,,, in order
to retrieve defect depth [9]. Maldague and Ibarra-Castenado proposed to retrieve the defect depth by using phase data.
We are aiming in this paper, to use thermal contrast to quantify defects in transmission mode. Vageswar et al. have
investigated quantification method for wall thinning defect under transmission mode [10].

In transmission mode, the camera records the temperature evolution of the rear face of the sample whereas in reflection
mode, the camera records the temperature evolution of the front face where the heating source is applied (Figure 1).This
paper is focused in subsurface defect detection and quantification using transmission mode. Simulations will be used to
allow better comprehension of fundamental phenomena surrounding defect detection with Pulsed Eddy Current
Thermography.
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Figure 1: Schematization of the two modes (a: Observation of front face temperature response; b: Observation of rear
face temperature response)

Fundamentals of Pulsed Eddy Current Thermography

PECT is based on the application of a short period and high frequency current. The induced Eddy currents are converted
to heat through ohmic or resistive heating, according to Joule's Law. The surface temperature of the material first rises
during the application of the pulse then decays as the thermal wave propagates by diffusion through the material. Then
the surface temperature is the contribution from direct Eddy current heating and diffused heat. However, the pulsed Eddy
current has a penetration depth known as skin depth which is given by the relationship below:

(1

Where § is the skin effect [m], u the magnetic permeability (H/m), o the electrical conductivity (S/m) and f the excitation
frequency (Hz).

Meanwhile the ohmic heating Q is proportional to the resistivity (i) of the material and the square of the Eddy current

density, J.

1
Q = —J2 = 8%mf)? 2)

The generated ohmic heating depends on the type of materials and the frequency of excitation. The presence of a
subsurface defect will reduce the diffusion rate, leading to a heat accumulation around the defect and consequently an
area of higher temperature at the material surface with respect to the surrounding material. The defects which are
located in the range of the Eddy current penetration depth will disturb the current flow and thus change the temperature
distribution. Hereby, direct interaction with Eddy current improves the near-surface defect detection. The defects which
do not directly interact with the induced Eddy currents will interact with the heat flow spreading. In this paper, we are
studying the temperature response of the rear face. Then the detection of the defect will result from the interaction
between the diffused heat and the defect. In absence of defect, the 1D solution of the heat diffusion equation for
transmission mode is given by [12-13]:

_ 0 Ny PO
T(t)_m 1+z;(—1) exp(— 7 at) 3)

Where @ is heat supplied to the sample surface, p is density, C, is specific heat, L is the thickness of sample, a = p% is
14

the thermal diffusivity, and k the thermal conductivity.
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Defect detection

In rear face observation, IR Camera, placed opposite to the heating source (as shown in Figure 2), records the thermal
response. The analysis of this response leads to the detection of the defect. The defect detection principle is based on
temperature differences. Maldague [9] states that defect can easily be detected if width-to-position-in- thickness ratio >2.
By respecting this condition we likely avoid the loss of defect visibility as defect visibility is based on thermal contrast.

Fourier number which is used to characterizes transient heat conduction; establish the relationship between the thermal
diffusion and the thermal energy storage. It's designated by F, and given by [9] :

Fo=— 4)

Here «a is the thermal diffusivity (m?/s), t is the time (s), and L is the thickness of conditional layer (m).

By considering the 3D heat diffusion problem, the Fourier number for each direction is written as [14]:

a,t ayt a,t

Lr TLE g ©)

Where a,, a,, , a, represent the diffusivity, L the lateral size, and Z the defect position in thickness regard with front
surface.

Fox =

In reflection mode, the thermal contrast degradation takes place when Fy, and F, are predominanti.e. Fy,, Fo, >> Fy,.
Consequently defects with smaller width-to-position-in-thickness ratio will need special data processing to be detected.
The heat transfer in the defect area during the transient period can be considered one dimensional when the lateral size
of the defect is large and the heat conduction through the air gap is negligible.

Simulation

The aim of this part is to understand the involved phenomenology of defect visibility and to study its applicability. A very
thick steel sample was modeled with Flux2D Finite Element method software. Two temperatures sensors are placed
respectively in front of defect area and defect free area. The defect region is filled with air. The front surface of the
sample is heated by a coil and the sensors are used to record the rear face temperature response.
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Figure 2 : Geometric configuration
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The properties of the sample and defective region are mentioned in the table below.

Properties Steel Air
Density[kg/m?] 7800 1.3
Heat capacity [J/(kg.K)] 500 1010
Thermal conductivity[W /(m.K)] 50 0.026
Electrical conductivity [S/m] 1.10° 0
Relative permeability 100 1

Table 1: Thermo physical properties of the sample and air

A series of simulation was launch so that to figure out the effect of defect lateral size and position within the sample on
defect visibility. Fernando et Al. have already performed this analysis in reflection mode [14]. In this article, we are
highlighting the effect on rear face temperature response. Then, during simulation, the excitation current is set at 10 A
with 200 kHz and the excitation time is set at 30 ms.

Effect of Lateral size on defect visibility

Firstly, the effect of the lateral size on defect visibility is observed. The thickness of the defect is set at 0.2 mm (remain
constant in this presented work) and its position in the thickness of the sample is set at 0.1 mm regard with rear face (see
Figure 2). With defect width 0.2, 0.5, 1.5, 2.5 and 4 mm, we have respectively 2, 5, 15, 25 and 40 width-in-thickness
ratio.
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Figure 3 : Normalized transient temperature responses of the rear face for different width of the defect (Defect position in
thickness of the sample =0.1 mm)

The figure 3 above shows different behavior of the temperature related to the defect width. The generated heat is
transferred from the heated surface to the interior of the sample because of heat conduction, and leads to a continuous
increase of the temperature of the rear surface. In the subsurface defect area which is filled by air, the heat flux copes
with a higher thermal resistance which reduces the heat transfer rate. Consequently, the rear temperature response of
defect area is smaller than the defect free area.

Defect is detected when abnormal behavior appears regard with the defect free temperature. Then defect will be
displayed as cool (or dark) spot. The Figure 3 illustrates that at the same position in the thickness of the sample, the
wider the defect, the better the defect can be detected. In contrary, temperature evolutions of defects whose width < 0.5
mm are superposed with the defect free one. Consequently it is difficult to identify the defects whose width < 0.5 mm.
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Mainly thermal contrast can be used as the relevant parameter for defect detection and characterization [9]. As seen in
the literature, different definitions of thermal contrast are used. In this paper we used the absolute thermal contrast given
by the following equation:

AT = Ts - Tdef (6)

Tqer refers to the temperature of the defected region, T to sane region.
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Figure 4: Thermal contrast of the rear face of the sample for different width of the defect (Defect position in thickness of
the sample =0.1 mm)

Undoubtedly, the wider the defect, the higher the contrast and the better the defect is visible. Absolute contrast
computations help enhance defect visibility. Defect width impacts considerably the maximum value of thermal contrast
Cmax and the time (t,,4, ) at which it appears.

According to the relationship given by Fourier number, when the lateral size of the defect increases F, and Fy, can be
neglected regard with F,, . Then t,,,, shouldn’t depend on the lateral size. Since thermal waves will travel the same
distance whether their strength is reduced by the presence of a defect or not [9], the 3D heat diffusion phenomenology
have less influence on the temperature response of the rear surface.

Effect of defect position in the thickness of the sample on its visibility

After studying the effect of the lateral size on defect visibility, below we have studied the effect of defect position in
thickness within the sample. As illustrated in Figure 2, the defect width is set at 1 mm and the position in thickness of the
defect within the sample is varying. The transient temperature responses at the center point for different positions in
thickness of the defects are shown in Figure 5.
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Figure 5 : Normalized transient temperature responses of rear face for different positions of the defect within the sample
(defect width = 1 mm)

In contrary to the Figure 3, it is difficult to observe the influence of defect position in thickness on defect visibility.
Nevertheless the defect free curve has different behavior regard with defective curves. As previously done, the thermal
contrast calculated to highlight the effect of position in thickness (see Figure 6 ).
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Figure 6 : Temperature contrast of different positions in thickness of the defect (defect width = 1 mm)

The Figure 6 shows the maximum peak contrast,C,,.,, for different positions in thickness of the defect and the time, t,,,4x,
at which the maximum contrast appears. To better illustrate the variation, the figure 7 displays C,,4, and tp,,, in function
of the position in thickness of the defect. One can see that when the defect position in thickness < 400 um, the maximum
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contrast increases with the position in thickness. Meanwhile, from position in thickness = 400 pm, the maximum contrast
decreases when the defect position in thickness is increasing as illustrated in figure 7a. We can see that the thermal
wave reaches its maximal value at position in thickness is 400 pm, which corresponds to a relative position 16% of the
thickness of the sample. For defect situated at position higher than 400 ym, the travelling distance of the transmitted
wave higher leading to the reduction of the contrast.
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Figure 7: Influence of defect position within the thickness on the maximum contrast and its time of occurrence

The figure 7b shows the time at which appears the maximum contrast (t,,,4, ). One can see that the relationship between
tmax and position in thickness of the defect increases. In other words, deeper defects take longer to be detected

dependently on their lateral size. The evolution of t,,,, appears to be linear for position in thickness greater than 400
pum. Hopefully, this relationship could be used to retrieve the position in thickness of the defect. In literature, so far there
is no analytical solution to do that in transmission mode. But, in reflection mode, Balageas et al. found that the maximal
contrast and time, at which it appears, are linked by [9];

z= A\/ tmax(Cmax)™ (6)

Where A and n are calibration coefficient which depend on the defect width

According to figure 7a and figure 7b, the maximum temperature contrast (C,,,,) and its time (t,,4,) Of occurrence are
function of both, the position in thickness and width of the defects. This will constitute a constraint in the practical
applicability because it will be necessary to know the defect width before estimating its position in thickness.

Conclusion

In this paper defect detection and characterization based on heat diffusion using pulsed Eddy current thermography are
studied. Simulation works provided understandings of the fundamental information on how defect size and location within
the sample thickness can influence the defect detection and characterization. The study was done by observing the
transient temperature response of the rear face. The absolute contrast computations help to enhance the defect visibility
since the thermal contrast is a relevant parameter for defect detection. The absolute contrast values provided by the
simulation works are ranging from 1.2 °C to 3.5 °C. Given that the thermal sensitivity of current IR camera at 25 °C is in
the order of 20 mK, this simulation work shows that all the simulated defects presented in this paper should be
detectable. In the next step of our study, we will confront those simulations results to experimental measurement on
artificially manufactured flaws.
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