S 2=
QI RT -—Lv-ﬁﬁ 17" Quantitative InfraRed Thermography Conference

17" Quantitative InfraRed Thermography Conference

Inductive Thermography — a non-destructive inspection technique

by B. Oswald-Tranta

* Chair of Automation and Measurement, University of Leoben, Peter-Tunnerstr.27, 8700 Leoben, Austria,
beate.oswald@unileoben.ac.at

Abstract

Inductive thermography is an excellent inspection technique for detecting defects in metallic materials. The
technique has been greatly improved over the last few decades, from laboratory experiments to industrial applications.
Many researches have studied the theory and the physical equations behind inductive thermography. The purpose of this
paper is to give an overview of the theory and also of the most important technical points which should be taken into
consideration for the usage of this technique. Examples are given of how it is used in industrial inspections today.

1. Introduction

In the case of inductive thermography, a short inductive heating pulse is applied to the work-piece to be inspected
and an infrared (IR) camera records its surface temperature. Due to the material’'s ohmic resistance, Joule heat is
generated in the work-piece. Defects, such as cracks, affect both the eddy current distribution and the heat flow, making
the defects visible in the IR images.

The technique can be used for inspecting electrically conductive materials. In most of the cases it is used for
testing metals. However, since carbon fibres conduct electricity, CFRP structures can also be inspected by using inductive
thermography. This paper focuses on the usage of inductive thermography to detect surface cracks in metals. After an
overview of the physics behind the induction thermography, several technical aspects of the setup are discussed. The
evaluation of the recorded IR sequence and the comparison with other techniques are then summarized. In the recent
years, several approaches have been developed to fully automate the inspection, both in terms of specimen handling, and
defect location and the characterisation. These results lead to industrial applications, some of which are described in the
last section of the paper.

2. Eddy current flow around surface cracks

An alternating voltage is induced in a work-piece when it is placed in an alternating magnetic field. In an electrically
conductive material, this further induces an electrical current known as eddy current. The induced eddy current decays
exponentially below the surface, and it penetrates only into a thin skin, which is characterized by the penetration or skin

depth:
s 1
Ty 1,0 f (1)

where Lo is the vacuum permeability of with a value of 47107 Vs/Am; w is the relative magnetic permeability of
the material; o is its electrical conductivity and f is the excitation frequency. For austenitic steel, the skin depth is
approximately 1.34 mm, at an excitation frequency of f = 100 kHz. For a typical ferro-magnetic steel, due to its magnetic
property of u; = 600, the penetration depth is only 0.048 mm for the same excitation frequency.

The exponential decay function is strictly valid only for a semi-infinite long plane surface. For other geometries,
such as the case around a surface crack, the eddy currents flow around the obstacle. To calculate the eddy current, the
Joule heating and the temperature distribution for these situations finite element simulations can be used, such as ANSYS,
which is able to couple the electromagnetic and the thermal processes in the modelling. It can be observed, that the current
does not exactly follow the side of the work-piece, in the case of a corner the current flow is pushed away from the corner
at a distance of about twice the penetration depth [1], see Figure 1a. Due to the ohmic resistance of the material along the
eddy current flow Joule heating is generated, which furthermore results in an inhomogeneous heating around defects. The
inhomogeneous Joule heating causes an inhomogeneous temperature distribution at the surface, which can be detected
by an infrared camera, see Figure 1c and d. It is to emphasize that defects disturb as well the eddy current flow as the heat
diffusion, therefore the temperature difference caused by a crack is much larger than in the case e.g. by laser heating,
where only the lateral heat flow is disturbed by a defect, but not the heating process itself.

For ferro-magnetic materials, the penetration depth is very small compared to the depth of a surface crack being
inspected, so the inductive heating can be modelled as a surface heating, that also occurs along the crack sides in the
material, see Figure 1b. The assumption of a surface heating allows even an analytical modelling of the inductive
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thermography [2]. Due to the heat accumulation in the corners of a surface cracks, in ferro magnetic materials a crack can
be detected due to higher temperature at the surface (Figure 1d).

On the other hand, in non-magnetic materials, where the eddy current penetration depth is comparable to or
greater than the typical surface crack depth, it has a significant effect that the eddy current flow is at the corner of the crack
far from the surface. As the current flow is pushed away from the crack, there is locally less Joule heating around the crack,
which can be detected by lower temperature values, see Figure 1a and c.

The deeper a crack is, the greater the obstacle it represents for the eddy currents and also for the heat diffusion.
Therefore, the temperature perturbation in the vicinity of a crack is significantly related to its depth. This is one of the main

advantages of the inductive thermography: the measured signal strength can be used to estimate the depth of the crack
below the surface [1].
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Figure 1: Simulation results for a 1mm deep crack: eddy current distribution in non-magnetic AlSI steel (a) and
in ferro-magnetic steel (b) by 100 kHz excitation frequency; temperature distribution after 0.1 s heating pulse in non-
magnetic AlSI steel (c) and in ferro-magnetic steel (d)

The previous statements treated a crack as a long crack, without considering the effects around the crack tip at
the surface. Figure 2a shows the temperature around a 3 mm long surface crack in a non-magnetic austenitic steel
specimen. In the central part of the crack, the eddy current flows below the surface, resulting in a lower temperature value
than at the defect-free surface, in similar way as it is for a long crack. However, around the crack tip there is a higher
current density, resulting in a high temperature hot spot.

: v »

z . 2 L) T

Distance [mm]
o

!1

-4 -2 0 2 4
Distance [mm]

Distance [mm]
(=]

Distance [mm]
- ]

6 6 6

-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 6 6

Distance [mm] a) Distance [mm] b) c)

Figure 2: Simulated temperature results for a 3 mm long and 1 mm deep crack after 100 ms inductive heating
pulse: crack is perpendicular to the surface and to the eddy current direction(a); crack has an inclination angle of 30° and

perpendicular to the eddy current direction (b) and having 45° to the eddy current direction (c).

The inclination angle of the crack also affects the eddy current as well as the heat diffusion. The cracks discussed
previously penetrated the material perpendicularly. If the crack has an inclination, then the observed temperature pattern
on the both sides the crack will not be symmetrical [3], see Figure 2b.
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When the induced eddy current hits the crack at 90°, the disturbance caused by the crack is the greatest. This
case has been demonstrated in the previous figures. If the angle between the crack line and the eddy currents is less than
90°, then the pattern is rotated [3], see Figure 2c. However, if the eddy currents flow parallel to the crack line, then the
crack is no longer an obstacle to the current and no temperature perturbation due to the crack can be observed. This type
of problem is well known from magnetic particle testing, where if the magnetization is parallel to the crack line, then the
crack cannot be detected.

3. Experimental setup

The two main hardware components required for inductive thermography inspection are an infrared camera and
an induction generator with inductor. There are two types of generators commonly used: one with a water-cooled copper
coil, and one with an air-cooled ferrite core inductor, see Figure 3. The first type of generator operates as a resonant circuit.
Internal capacitors and the external copper coil together with the sample form a resonant circuit, and the excitation
frequency of the generator is close to this resonance frequency. This type of generator can provide large induction power,
even up to 20 kW is possible. On the other hand, the copper coil carries a large electrical current and therefore needs to
be water cooled. The coil is made of a copper tube with water cooling inside. This generator is able to produce power in a
large space, where e.g. a work piece can be placed inside the coil. Figure 3a shows a so-called Helmholtz coil, which has
the advantage, that the magnetic field between the two windings is almost homogeneous [5]. This type of generator has
the disadvantage, that the excitation frequency cannot be easily changed: additional capacitors can be added or the
geometry of the copper coil can be modified, but then the output working frequency is fixed. The usual working frequency
range of this type of generators is between 40 kHz and 200 kHz.

&
/

Figure 3:Two types of inductors: a) water-cooled Helmholtz coil; b) air-cooled ferrite-core inductor

The second type of generator uses frequency and pulse width modulation, with copper wires wrapped around a
ferrite core, which normally does not need to be cooled [4]. The output frequency can be set by software via control
parameters, e.g. in a range between 25 kHz and 60 kHz. The spatial area of the excitation is small, determined by the size
of the ferrite core, see Figure 3b. However, this type of generator has the advantage of being easy to use, as no water
cooling is required.

As mentioned above, the detectability of the crack depends on the angle between the orientation of the induced
magnetic field and the crack. In a general setup, in order to detect any crack orientation, two measurements are required,
with two different magnetic field orientations at 90° to each other. There have been some suggestions as to how the
measurement can be made without rotating the inductor. In the case of water-cooled Helmholtz coil setup, it is possible to
use two such kind of coils with slightly different excitation frequencies. In this way the magnetic field rotates describing
Lissajous curves, and any crack orientations can be detected [5]. For the generators with ferrite core inductor, it is possible
to design the ferrite cores in such a way, that there are separate ferrite cores with copper windings included in one inductor,
and they are responsible to generate the magnetic field in different directions. The different windings on the different ferrite
cores are then electrically switched on one after the other. In this way no movement of the inductor is required, and the
different magnetic field orientations are automatically measured [6], [7].

Both types of generator can be used in a static or in a scanning mode. In static mode none of the components
move and the IR camera records the surface temperature during the heating pulse. In many cases it has been found
advantageous to record the surface temperature not only during the heating pulse but also afterwards, during the cool
down phase. The whole recorded IR sequence, i.e. the temporal change of the temperature for each pixel, is then analysed.
Usually a short inductive pulse, between 50 ms and 1 s, is applied. The shorter the pulse, the sharper the contrast as there
is less time for the temperature difference to equalise due to heat diffusion. On the other hand, a shorter heating pulse
means less induced energy, which in turn means less signal and more noise. The optimum choice of heating pulse length
is an important factor, determined by the experimental setup and by the defects to be detected.

In the case of scanning mode there is a relative movement between the inspected sample and the inductor. The
IR camera remains fixed to the excitation. This type of method is used, when inspecting long pieces such as semi-finished
products, as steel billet or rails. As the camera is recording the temperature from a different area of the specimen due to
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the movement, either the temperature images themselves are analysed or the recorded sequence has to be reordered to
obtain a quasi-static IR sequence.

4. Evaluation of the infrared images

In the case of static measurement, the temporal change in temperature is recorded during the heating pulse and
also during the cooling time. If only one single temperature image at the end of the heating pulse is evaluated, it will be
affected by negative effects, such as inhomogeneous heating and inhomogeneous emissivity of the surface. The most
practicable to reduce these effects is to use the PPT technique [8] and calculate a phase value for each pixel by applying
the Fourier transform:

T —i2nxt
F=[T(t)e ~ dt )
0
Im(F,
@ = arctan M @)
Re(F,)
where 7 = tpulse F 1. 1down - THE duration of feoown is usually chosen to be equal to fuse. Note that since the

recorded IR sequence is not continuous, the Fourier transform is calculated by using the Discrete Fourier Transform (DFT).
Due to the normalization of the phase calculation, the above mentioned inhomogeneity effects are strongly reduced [9].

Originally, the PPT technique has been developed to detect subsurface defects by applying optical heating with
a flash lamp. In the case of subsurface defects, the thermal waves are reflected from different depths of the defects.
Therefore, several frequencies of the Fourier transform spectrum are analysed as their behaviour gives information about
how deep the defect is below the surface. In the case of surface crack detection using inductive thermography, the physical
meaning of the phase values is different. It does not represent the phase shift of the thermal waves due to reflection from
the depth, but rather it shows, how fast or slow the heating and cooling occurs at each pixel location [9].

As mentioned in the previous section, shorter heating pulses produce sharper images because there is less time
for the heat to diffuse. On the other hand, the short heating pulse delivers less energy, which can lead to noisy images,
especially for non-magnetic materials, where the inductive heating is less efficient. Similar to the lock-in technique
developed to detect subsurface defects by applying sinusoidal thermal heating over several periods [10]-[14], this
technique can also be adapted to inductive thermography [15],[16]. Several heating pulses are applied in succession and
the phase value is calculated for the frequency of 1/t:

2 Npuse n

—27ki/
= 2 2L
Nowse N

pulse  j=1 k=0 (4)

where n is the number of images recorded during one period and Npuse is the number of pulses recorded. It can
be shown, that this calculation reduces the noise by ,n.Npulse , i.e. the higher the IR camera’s recording frame rate and

the more pulses are recorded, the better the noise reduction [14], [16]. Figure 4 illustrates this effect: 10 consecutive
heating pulses, each of them with 100 ms duration, were applied to the sample. After each heating pulse an additional 100
ms is recorded during the cooling time. Figure 4a shows the phase image evaluated for the first heating pulse only. In
Figure 4b all the ten heating pulses are evaluated, for the same frequency of 1/(2 * 100 ms) = 5 Hz. It can be observed,
that the noise is strongly reduced by evaluating ten pulses, and so the cracks become clearer detectable.

a) b)

Figure 4: Phase image of a weld with small surface cracks after one heating pulse (a) and after 10 pulses (b).
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In the case of scanning measurements, the IR camera records the temperature of different positions on the
sample. Therefore, the Fourier transform described above cannot be applied directly. By reordering the IR sequence
according to the spatial shift between two recorded images, a quasi-static IR sequence can be generated. The Fourier
transform can then be applied to this sequence with the same advantages as for the static measurement [17].

5. Combination with other techniques

IR images show the temperature distribution of the surface, but many details of the object are not visible, if they
have the same temperature. This sometimes makes it difficult to interpret the IR images. It is therefore a great advantage
to use a visible camera in addition to the IR camera, and fuse the images from both [18],[19]. In many cases it is helpful, if
the object edges localized in the visual images are also shown in the IR images [20]. Also in the case of inductive
thermography it helps to interpret the IR results, by combining the images from both types of cameras. It is very helpful in
locating the defects on the real work-piece, after they have been detected in the IR image [21].

The 3D geometry of a work-piece can be measured, e.g. by using the light sectioning technique. The combination
of the 3D data and the inductive thermography results, also supports the localizing the defects on the sample [22], see
Figure 5a. An additional advantage can be that artefacts, caused by strong edges of the sample can be identified and
filtered out due to the 3D data.

The real size, as depth and shape of the defects below the surface can be measured by computed tomography
(CT). Combining such CT results with the inductive thermography results can be used excellently to see what kind of phase
patterns the different cracks produce [23], see e.g. Figure 5b.

a) b)
Figure 5: a: 3D surface of a level measured by light-sectioning and combined with thermographic results,
revealing a surface crack by higher temperature; b: CT results of a sample with the detected cracks, combined with the
phase image of the sample.

6. Automatic defect detection

In order to achieve a fully automated inspection, the defects have to be located automatically in the images. If the
images have a strong signal-to-noise ratio, then it is possible to locate the defects e.g. with the edge detection technique.
Figure 6 shows such an example, where railway rail was inspected using inductive thermography and the defects are very
well visible and could be automatically located [24].

. Y

R TR Y YERMERET 2) MR T P b)
Figure 6: Phase image of a rail head with rolling contact fatigue cracks (a), the recognised crack lines are
marked by red lines (b) [24]

Castings or forgings have a complex geometry with several edges. In such a case not only the defects, but also
the edges become warmer due to the inductive heating. In Ref.[25] in a first step the hot patches are segmented and then
several features such as temperature increase, compactness, concavity have been used to train a neural network (NN).
This NN is able then to classify, whether the patch is caused by a crack or by the geometrical edge of the part, see Figure
7.
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a) b)

Figure 7: a: Temperature image of a casting after short inductive heating pulse; b: four warm patches have been
identified, one of them was classified as a crack (red line) and three of them as caused by geometry [25]

In the recent years, several deep learning techniques have been developed. They have also been applied to
defect detection in thermographic inspection. Here are a few examples that have been proposed for use in inductive
thermography:

Figure 8: a: Semanti

In Ref.[26] defects at the backside of a sample are detected by using inductive thermography. In order to
improve the images an autoencoder has been trained.

For detecting surface cracks in welding the temperature images after a short inductive heating pulse was
used in Ref.[27]. As the crack lines have higher temperature than the surrounding surface, a transfer learning
was proposed based on public data bases for retinal vessel images.

To detect cracks in forged parts by a U-net, parts with typical surface cracks were used in Ref.[28]. Based
on the phase images, half of the 44 parts were used to train the network, and the other parts to evaluate the
network performance by intersection over union (loU) metric.

In Ref.[29] phase images of inductive thermography results were used to locate the defective areas around
the cracks. A convolutional neural network (CNN) was trained on simulation data with additional noise, and
this network was used for semantic segmentation of the experimental results of welded samples. Figure 8
shows such an example, where first the image is segmented, as the network recognizes the patterns around
the short cracks. In the next step, these regions are enlarged and then inside the bounding polygons the
crack length, the phase minima and maxima are determined. These values will then be used for the
characterization of the cracks.

a) 3 b)

c segmentation of a sample with nine surface crack regions; b: Marking with lines around
the crack regions.

B

7. Industrial applications

Traditionally, for inline non-destructive testing for surface crack detection, one of two inspection techniques is
used: magnetic particle inspection for ferromagnetic materials or liquid penetrant inspection for non-magnetic materials.
Both of these techniques are usually performed manually by humans, both do not provide information on depth of the crack
in the sample, and both require several chemicals, that are not environmentally friendly. Inductive thermography has great
potential to replace these two methods in industrial applications.

In the early 1980s, a commercial inspection system, called Therm-O-Matic, was offered for detecting surface
cracks in steel bars and billets [30]. The long objects were moved through an induction coil at a speed of approximately
1 m/s and four line scan IR cameras recorded the temperature at the four sides of the billet behind the induction coil. These
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temperature profiles were analyzed to locate surface cracks. To reduce the inhomogeneous emissivity of the surface, the
specimen was moistened with water prior to inductive heating. This system has been developed further first by Corus
Research [31] and then by Foerster [32], using FPA IR cameras instead of line scan cameras. Based on the recording of
the 2D IR images, the temporal change of the temperature can be analysed. This improves the defect detectability.

Induction thermography is an excellent method of inspecting welds [33][34]. This can be done in a two-sided
mode, where the IR camera and the induction coil are placed on different sides of the weld, and the heat flow through the
weld is analysed to locate and characterize different defect types. If the weld is only accessible from one side, then inductive
thermography can be used to detect surface cracks in the welds [33]-[37].

Forgings and castings, produced specifically for the automotive industry must be 100% inspected for possible
defects. Also other parts, as generator components, compressor blades, or other aircraft engine components have high
safety requirements. As these parts often have complex geometries, manual inspection by humans using magnetic particle
inspection or fluorescent penetrant inspection is used. However, inductive thermography has been shown to have great
potential here, due to its ability to be highly automated and to provide information on the depth of surface cracks [22],[38]-
[45].

Railway inspection is another very important area. Nowadays rails are typically inspected using eddy current
testing for surface cracks, and ultrasonic testing for volumetric defects. Inductive thermography also has a great potential
in this area, as several papers published in the recent years have shown [24], [45]-[51].

For industrial applications, it is important to have a standard for the inspection. In Germany there is already a
standard available for inductive thermography since 2018 [44],[45], [52]. This standard will soon be also available in Europe
through the work of the European Committee for Standardization (CEN).

8. Summary

Inductive thermography has been greatly improved over the last few decades, and it is increasingly being used
also in the industry for NDT inspection. The method is non-contact, fast, and the inspection process and the evaluation
can be fully automated. The development of new different inductors, from water-cooled copper coils with different
geometries to air-cooled inductors with ferrite cores, allows the technique to be scaled and adapted to the task. IR cameras
have also improved greatly in the recent years, with better temperature resolution and higher record frequency, with smaller
sizes and with lower prices. These trends are opening up more and more opportunities for industrial applications.
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