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Abstract: Stimulated thermography is a very common non-destructive testing (NDT) technique
used for a wide range of applications and materials. An external excitation source is required to
stimulate the component and detect defects. Electric currents can be used in this sense adopting
two different approaches: induction thermography and conduction thermography. In this work, a
preliminary investigation to evaluate the influence of some test parameters during experiments of
conduction thermography, for the detection of short fatigue cracks, induced in thin specimens of
different materials, is presented. The capability of the technique and crack detectability have been
analysed and compared with the Thermoelastic Stress Analysis (TSA) considered as a well-established
technique capable of quantifying short fatigue cracks in metal materials.
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1. Introduction

A component made of a conductive material can be inspected with the use of thermo-
graphic techniques in different ways and adopting several excitation sources. In this sense,
induction and conduction thermography can be used [1-5]; with both approaches a current
is induced within the inspected component, and depending on the current density and
distribution, heating occurs in the component.

The use of induction thermography is very established and common for this kind of
applications, with old and more recent publications [3-6], which have established limits
and advantages in the application of the technique, also providing the POD curves (critical
crack lengths) for different test conditions and geometric characteristics of the crack, as
demonstrated in the work of Prof. Oswald-Tranta [6] with simulated and experimental
data; instead, there are very few and old publications that proposed and discussed the
conduction thermography technique (CTT) [1,2].

Basically, CTT is based on the transient temperature field under Joule effect heating
generated by an electric current of a certain intensity (in DC or AC) [1]. The CTT allows to
overcome the well-known problems related to the use of an induction coil (coil geometry
and position with respect to the component). Moreover, another advantage is given by
the possibility of using direct current (DC), that results homogeneously distributed if no
defects are present [1] and allows to inspect deeper depths with respect to AC current.

In this work, an innovative and low-cost set-up is proposed to inspect several thin
specimens of different materials by means of conduction thermography, adopting mainly a
microbolometer sensor and a switching power supply up to 100 A. Pulsed (PT) and lock-in
(LT) techniques have been applied, providing the capability of the technique and proposed
approach to localize and quantify cracks. The obtained results were compared with those
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obtained by means of Thermoelastic Stress Analysis (TSA) [7-9] that can be considered a
reference method.

2. Materials and Methods

The cracks have been generated by means of different cyclic tests with the MTS model
370 servo hydraulic fatigue machine with a 100 kN capacity (Figure 1a). Three different
metal specimens have been analysed (see Table 1 for details), with a similar geometry (hole
of 8 mm diameter, S1 180 x 38 x 3 mm?3, S2 and S3 200 x 30 x 1 mm3).

Figure 1. Adopted set-up for short fatigue crack generation and Thermoelastic Stress Analysis (TSA) (a)
and the one used to perform conduction tests (b).

Table 1. Crack length estimation considering the results that come from the analysis of the different
algorithms after a pulsed conduction test (100 A) with the cooled and microbolometer (uncooled)
sensors and comparison with TSA.

Sp. ID Material Cooled PT Slope  Cooled PT R? Unc;lool ;S PT Uncooled PT R? TSA
s Titanium alloy 2.30 £ 0.15 210 +0.15 2.58 +0.14 243 +0.16

S1 coat Ti-6Al-4V 230 £0.23 2.58 £0.17 271 £0.17 2.57 £0.14 225£0.15
$2 Ferromagnetic 1.40 £ 0.15 135+ 0.15 140 £0.14 154+ 0.14

S2 coat steel 1.85 £0.17 1.55 £ 0.35 1.59 +£0.14 1.59 £0.21 1.43 £ 0.15
S3 Austenitic steel 1.30 £ 0.15 1.55 £ 0.15 177 £0.21 1.35 £ 0.14

S3 coat AISI 304 1.60 £ 0.15 1.80 £ 0.15 1.82 £ 0.14 1.87 £0.16 1.43 +£0.15

Thermoelastic data have been acquired by means of an infrared-cooled camera FLIR
X6540sc with an indium-antimonium detector (FLIR Systems, Inc., Wilsonville, OR, USA,
NETD < 25 mK, 640 x 512 pixels) and processed with the software IRTA 2. In particular,
the specimens were tested applying a loading frequency equal to 13 Hz while sequences of
ten seconds were acquired setting the frame rate to 200 Hz. For TSA tests, all the specimens
have been painted with flat black coating for increasing emissivity value up to about 0.95.

Conduction tests have been carried out with the set-up shown in Figure 1b, considering
two different infrared cameras placed on opposite sides of the specimen in order to monitore
the crack length on both surfaces. In particular, the cooled camera X6540sc (lens 50 mm,
MWIR, temperature range 12.7-86.4 °C, integration time 0.57 ms, windowing 320 x 204,
spatial resolution 0.15 mm/pixel) has been used on one side and a microbolometer FLIR
A655sc (FLIR Systems, Inc., Wilsonville, OR, USA, lens 25 mm, LWIR, temperature range
—40-150 °C, NETD < 30 mK, windowing 640 x 240 pixels, spatial resolution 0.14 mm/pixel)
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on the opposite side, trying to achieve the best resolution in both cases (however, no spacer
ring has been added). A switching power supply has been adopted (12 V, 83.3 A), together
with electrical resistors placed in series with the test specimens to avoid short circuits and
change current levels (24, 37, 54, 74, 100 A). To set the pulse duration during pulsed tests
(PT, frame rate cooled camera 500 Hz, microbolometer camera 100 Hz, pulse duration 2 s)
and perform also lock-in tests (LT, frame rate 25 Hz, 3 cycles) with a square wave [10],
a function generator has been used, together with a solid state relay to open and close
the circuit. Furthemore, a clamp ammeter has been adopted to register for each test the
effective current value. Different tests have been performed, changing the test parameters
and repeating the tests 3 times, considering the specimens with and without black coating.

3. Procedure for Data Analysis and Results

To analyze data that come from conduction tests and to obtain from these some
quantitative results for crack length estimation, common post-processing algorithms have
been adopted, considering, for this preliminary work, the pulse thermal data and the
heating phase. If a crack is present inside the inspected component, a localized temperature
rise due to both the cross-section reduction and the concentration of the current distribution
can be observed. Basically, it is possible to approximate the heating of the specimens with a
straight line, and estimate the slope and square correlation coefficient R?, pixel by pixel.

The entire heating of almost 2 s can be evaluated, or only a part of it, to simulate
different pulsed tests in the post-processing analysis [11,12]. Then, the sequences related
to the contrast and the normalized contrast (CNR) [11] have been evaluated, considering
a sound area near the crack (25 x 25 pixelsz). An automatic routine that searches for the
maximum value reached by each pixel for each investigated algorithm has then been used
to identify the crack tip and quantify the crack length.

Finally, for TSA technique the position of the crack tip has been obtained applying
Diaz’s approach [7]. Diaz’s method is a graphical approach based on the analysis of the
characteristic phase signal trend along a line/profile passing through the crack tip [7].

4. Discussion

In Table 1 are reported some significative results obtained with CTT (only PT tests,
for brevity) and TSA, as a comparison. In particular, for CTT, the mean and standard
deviation value of 3 replications have been considered (when the standard deviation value
is smaller than the test geometrical resolution this value is instead reported); for TSA a
single measurement has been evaluated, and as standard deviation the measure of 1 pixel is
considered. For brevity, these results are related to the pulsed conduction tests performed
with a current value of 100 A and considering the specimens with and without black coating
(for steel specimens the estimated emissivity value is around 0.2-0.3).

Some thermal maps are also shown in Figure 2 considering the results obtained for the
titanium specimen (slope algorithm after CNR evaluation). In this case, and considering
the slope algorithm, a time of about 0.1-0.2 s proved to be sufficient to obtain an indication
around the crack tip. The obtained results also show the presence of a very small crack on
the upper part of the hole (crack length ~ 0.5 mm). To be complete, for this material, some
quantitative results (CNR > 2) have been obtained considering a current value of just 37 A
for specimens with black coating, while it is necessary to reach 54 A to have a significative
crack tip indication for uncoated specimens. The quantitative results reported in Table 1 for
the crack length estimation by means of CTT show almost always a slight overestimation
of the crack length, but in any case, in agreement with those obtained considering the TSA
as reference technique.
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Figure 2. Comparison among the obtained results considering conduction thermography (100 A) and
TSA as reference—titanium material: (a) slope results in terms of normalized maximum contrast with
the cooled camera, (b) same algorithm and procedure with the acquisition of the microbolometer
sensor and (c) phase map from TSA.

5. Conclusions

In this preliminary work, the capability of conduction thermography in fatigue crack
detection has been demonstrated, investigating different specimens and materials.

Considering the adopted set-up, with low-cost devices, especially in terms of energy
source, and the reached current levels, it has been possible to obtain quantitative results in
agreement with those obtained with the TSA technique, but without the necessity to use a
black coating to increase and uniform the emissivity.

However, the applicability of this technique depends on the electrical properties of
the material and then to the current required to detect defects. Future developments will
investigate the possibility of using the proposed technique and methodologies for crack
monitoring, to demonstrate its possible application as a structural health monitoring (SHM)
technique. The temperature variations due to the Joule’s effect around notches and cracks
appear very similar to the ones obtained with TSA. The possible relationship between the
two techniques will be investigated in future works.
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