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ABSTRACT

Metallic materials are widely used in many applications of mechanical and aerospace engineering. Due to severe
environmental and loading conditions, components and structures can experience cracking phenomena. In this
regard, different non-destructive techniques were developed in the last years to detect and monitor cracks that
can propagate during the actual loading conditions.

This work deals with the application of the conduction thermography as a non-destructive technique for the
offline control and inspection of different notched metallic specimens characterized by short fatigue cracks. The
potentials of the technique have been demonstrated considering a low-cost set-up consisting of a power supply of
low current and limited voltage, and a microbolometer sensor. Moreover, to further simplify the inspection, the
specimens were not black coated. Quantitative results, in terms of crack lengths, have been obtained using a new
procedure of data analysis and then compared to those provided by thermoelastic stress analysis, a well-

established technique adopted for the detection and monitoring of cracks.

1. Introduction

Fatigue and corrosion can significantly reduce the life of metallic
components, due to the onset of cracks that can lead to unexpected in-
service failures. So, timely detecting and characterising short fatigue
cracks is vital to increase safety and reliability in engineering fields such
as aeronautical, aerospace and mechanical one [1-4].

According to Standards [5], there are well-established non-destruc-
tive techniques (NDT) that can be used for detecting cracks including
penetrants testing, magnetic particle inspection, and X-ray techniques.
These methods are time consuming, require the contact with the
inspected component and do not provide the possibility of automation in
industrial field [3,6-8]. Furthermore, the non-destructive inspection
with traditional techniques is usually applied offline, when inspected
components are not operating. Furthermore, some traditional NDT can
fail in detecting short cracks in absence of external loads, leading to the
crack closure phenomenon. This latter issue is critical especially during
standard ultrasonic testing [7,8].

* Corresponding author.

To overcome these problems, active thermography (AT) techniques
such as induction (IT), conduction thermography (CT), thermoelastic
stress analysis (TSA), and flying laser thermography (FLT) can be
applied [12-16].

Approaches based on IT or CT involve the injection of certain level
current (normally >200 A) in the inspected component. The current
density distribution increases around the crack tips, causing the
apparent temperature to significantly increase with respect to the sound
areas [17-22].

As demonstrated in the last years [12-14,21,22], if IT can be
considered well-established for crack detection and characterization in
many applications, the use of conduction thermography is instead less
widespread, probably due to lack of research works that deeply inves-
tigated the experimental set-up and possible in-situ applications
[12,17-20]. There are, in fact, very few and old publications that pro-
posed and discussed the use of CT considering the typical constrains
related to in-service inspections such as, the need for contact with the
component and safety problems due to the use of high electrical currents
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and high voltage [12,17,18]. Moreover, the large part of literature
works focused on the use of an alternate current (AC) rather than the
direct current (DC), and then on detecting superficial cracks. Instead, the
use of DCs has less explored even if this approach allowing the inspec-
tion of deeper depths with respect to AC and then detecting sub-surface
cracks [19,20,23].

Furthermore, CT has peculiar advantages with respect to well-
established AT techniques.

As an example, IT can present some issues related to the use of coil-
specific geometries that, in turn, influences the crack detection and
limits the inspection to defined portions of the component. Furthermore,
the edge effects can influence crack detection, reducing the probability
of detection and the reliability of IT.

FLT, often used for crack detection [24-28], requires a scan of the
component, which extends testing and post processing times, while TSA
can be only performed in presence of external dynamic loads applied to
the component [9-11]. Moreover, due to the nature of the thermoelastic
effect, a matt black need to be used to increase the surface emissivity and
enhance the signal to noise ratio.

This work aims to investigate and quantitatively assess the feasibility
of CT to detect and measure short cracks. A low-cost setup is proposed
and used based on preliminary results shown in the short abstract [23].
An experimental campaign was conducted to inspect several thin spec-
imens of different materials, mainly adopting a microbolometer sensor
and a switching power supply in DC.

Moreover, a novel procedure for crack detection and crack length
estimation is also proposed, based on processing thermal data over time
and using the determination coefficient (R?) as an index to describe the
thermal behaviour of the crack during the transient heating phase.

To demonstrate the potential of the technique, several experimental
tests were carried out considering different notch geometries, on
different materials such as a titanium alloy, and two steels, austenitic
and ferromagnetic one.

The goal was to demonstrate the feasibility of the technique by
expanding the application range from ferrous metal to non-ferrous ones,
from high-diffusive to lower ones, covering a large range of different
electrical properties. Moreover, the influence of some testing parame-
ters, i.e. the current level or time of excitation has been investigated on
the titanium alloy Ti6Al4V, commonly used to manufacture aerospace
components such as, turbine blades that make up key components,
including gas turbine axial compressors and rotors [3,4]. It was
demonstrated that titanium is a good candidate to be inspected with
conduction thermography thanks to its material properties character-
ized by low values of both electrical conductivity and thermal diffusivity
that allow to reduce the level of current used for the tests.

The quantitative results were compared with those obtained by
applying TSA, that is considered in this work the reference method for
crack tip identification and crack length estimation.

2. Material and methods

This section reports materials and methods, starting from pre-
liminary considerations achieved by simulating the phenomenon with
an FE model to understand the expected temperature increase in the
proximity of the crack tip. The experimental setups adopted for cyclic
tests to generate short fatigue cracks and for non-destructive evaluation
with CT will be presented. The specific algorithm proposed to analyse
the raw thermal data from conduction tests and the procedure adopted
to obtain crack length measurement are here described in detail.

2.1. Numerical model

To investigate the thermal and electrical behaviour of thin specimens
of different materials, a numerical model has been developed in COM-
SOL Multiphysics®. The aim is to simulate the electrical and thermal
behaviour when a potential difference is applied at opposite sides of the
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specimen.

In the FE model, the discretization was performed using second-
order tetrahedral elements, with a finer mesh adopted in regions expe-
riencing higher thermal gradients. The developed model is a multi-
physics model as it encompasses both thermal aspects, where the heat
source arises from Joule heating due to current passing through the
specimen. For the generation of heat due to current, it is necessary to
consider the following three equations:

Vel=Q (€]

This equation states the divergence of the current density J, within a
volume equals the charge generation rate per unit volume, Q. In this
case, it expresses the conservation of the charge.

J=0E+ D +J. @
ot

Eq. (2) represents the constitutive relation for current density and de-

fines the total current density as a sum of conduction current (¢E),

displacement current (da—lt’), and an external current density (J.), where ¢

is the electrical conductivity and E the electrical field intensity which is

described in (3), as the negative gradient of the electrical potential V.

E=-VV 3

For the thermal aspect of the problem, we can express the conservation
of heat and Fourier’s law of heat conduction:

oT
pcpa+pcPUoVT+Voq:Q (€)]

It accounts for heat accumulation (pc,%), the transportation term
(pcp,U » VT) and conductive heat transfer (V e q), equating them to the
rate of heat generation, Q. p is the density, ¢, is the specific heat at
constant pressure, T is the temperature, U the velocity field and q the
heat flux which is proportional to the negative gradient of the temper-
ature, indicating that heat flows from regions of high temperature to
regions of low temperature. k is the thermal conductivity.

q= —kvT 5)

A transient problem was solved with a time step of 0.1 ms, ranging from
0 to about 1800 ms.

oT 1
Peygp +PeUe VT +V e (—kVT) = ;|.I|2 6)

To have an idea of the effective potential of the technique in the pres-
ence of a crack, the simulation included in the geometry a crack of about
2 mm, and the presence of a notch in the centre of the specimen.

In the considered simulation, a crack length of 2 mm was hypothe-
sized on a 3 mm specimen. Based on the properties of titanium and
considering the crack faces as two flat surfaces in contact at a distance of
1 um, the resistance was estimated. Consequently, the conductance was
found to be 1.43 x 107 S. These values yielded results consistent with the
experimental ones, as shown after in the results. This value is indicative
and derived from an estimate without considering the influences of
other factors.

2.2. Experimental campaign, specimens and equipment

Three metallic materials (one specimen per material) have been
tested (Fig. 1), offline, without loading on machine: a titanium alloy (Ti-
6Al-4V — specimen 1, S1), a ferromagnetic steel (specimens 2, S2), and
an austenitic one (AISI 304 — specimen 3, S3). After the preliminary
results obtained in [23], to increase the case history, other notched
geometries have been investigated analysing two steel specimens
(indicated as S4 and S5) as reported in Table 1 and Fig. 1. Moreover, as
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Fig. 1. A schematic representation of specimen geometry (a) hole in the centre, (b) notch of square shape.

Table 1
Material and geometrical characteristics of the investigated specimens.

Table 2
Camera parameters and Loading conditions for TSA tests.

Specimen Material a b Thickness Notch

(ID) (mm) (mm) (mm) dimension — ¢
(mm)

S1 titanium alloy 200 40 3 4

Ti-6Al-4V

S2 austenitic steel 200 30 1

S4 AISI 304

S3 ferromagnetic 200 30 1

S5 steel Fe360

suggested by the preliminary results of FE simulations, the effect of the
cross section has been investigated as it can significantly influence the
crack detectability for given values of current and heating time.

Small fatigue cracks have been generated around notched regions
performing cyclic tests with increasing loads (until crack arises), by
means of with a servo-hydraulic fatigue machine (MTS 370, 100 kN
capacity), Fig. 2. As a reference, the thermoelastic data have been
collected using an infrared-cooled camera FLIR X6540sc with an
indium-antimonium detector. The acquisition parameters and loading
table are reported in Table 2. For TSA tests, as known [9,11], all the
specimens must be covered with matt black coating to increase the
surface emissivity up to about 0.95.

Non-destructive conduction tests have been carried out with the set-
up shown in Fig. 3, considering two different infrared cameras placed on
the opposite sides of the specimen in order to evaluate the crack length
on both surfaces. In particular, the same cooled camera FLIR X6540sc
has been used on one side and a microbolometer FLIR A655sc (a cheaper
sensor) on the opposite side. The geometrical resolution was almost the
same.

The current excitation has been applied at the opposite edges of the
specimen with two cables and two clamps (interposing a thick copper
sheet between the specimen surface and clamp itself) controlling a
switching power supply (83.3 A, 12 V), coupled with electrical resistors
placed in series with the test specimens to avoid short circuits. To fix the
pulse duration, a function generator and a solid state relay have been
adopted to open and close the circuit. A clamp ammeter has been used to
check the effective current value for each test.

Different tests have been performed according to Table 3 by

Fig. 2. Setup for fatigue tests, used for crack generation and TSA tests.

Camera parameters and Loading conditions for TSA tests

Loading machine Specimen Load R Gmax, nom MPa] Cycles
Model MTS 370 (ID) frequency number
Load frame, [Hz]

S1 10 0.5 83 25,000
+100kN S2ands3 13 01 320 14,000
Cooled camera  g4ands5 13 01 320 36,000
FLIR X6540sc,
MWIR 3-5 pm,
NETD < 25 mk,

640x512 pixels
Frame rate 200
Hz
Geometrical
resolution 0.15
mm/pixel
Acquisition
duration 10 s

changing the test parameters, repeating the tests 3 times and considering
the specimens coated and not.

The influence of the current levels was investigated for titanium
material, while, the tests on steel specimens were carried out consid-
ering the maximum current value (100 A), as resumed in Table 3.

It is also worth specifying that these are small fatigue cracks, real and
closed, generated with a loading machine, and whose length was
monitored and controlled with TSA analysis, post-processing the ther-
mal signal acquired with a cooled sensor, an operation necessary to
notice the presence of these cracks, stopping the fatigue tests, and return
the machine to zero, after reaching a length of a few pixels.

2.3. Preliminary results and proposed procedure for data analysis

Considering the material properties here specified (from literature
[14]) and fixed the specimen geometry (S1, Table 1), the phenomenon
during the heating phase is simulated in case of titanium and two steels,
and then also validated with experimental data in case of titanium alloy.
The expected temperature increase for each material is reported in
Table 4.

Fig. 4 reports the temperature trend in the case of titanium material,
considering simulated and experimental data, and in particular a 3x3
regions of interest in different positions (area indicated in Fig. 4c), one in
correspondence of the sound region (blue, ROI 1), another one in
proximity of the crack tip (red, ROI 2), and the last one near the notch
(green, ROI 3), together with two thermal maps after 0.1 s of heating and
at the end of excitation. The temperature increases rate changes from the
sound area to the crack tip since the observed areas experience different
values of the density current. Fig. 1d reports the current distribution
after the first instants of excitation, and as expected, the area around the
crack tip presents the higher values of the density current. These qual-
itative results demonstrate that a significant and measurable tempera-
ture variation occurs in correspondence with the crack tip and then, a
significant thermal contrast can be measured, already after the first in-
stants of excitation. Of course, keeping the same geometry and consid-
ering the same time window, the temperature increase depends on the
electrical and thermophysical properties of the material. As shown in
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Fig. 3. Setup adopted for conduction thermography (a) together with its schematic representation (b), considering as main devices: (A) uncooled infrared sensor, (B)
cooled infrared sensor, (C) specimen, (D) switching power supply, (E) resistors in parallel.

Table 3

Camera and excitation parameters for conduction tests; (the obtained current values are directly measured during the experiments and are referring to an effective
value as average of different experiments, considering the resistors placed in parallel to the circuit, the cables and the thermal resistance of the specimen itself).

(a) Camera parameters

Cooled camera Frame Resolution (mm/pixel) Microbolometer camera FLIR A655sc, lens ~ Frame Resolution (mm/pixel)
FLIR X6540sc, lens 50 mm, MWIR 3-5 um, rate(Hz) 25 mm, rate (Hz)
temperature range 12.7 — 86.4 °C, 500 0.15 LWIR 7-14 pym, temperature range —40 — 100 0.15
integration time 0.57 ms, NETD < 25 mK, 150 °C, NETD < 30 mK, windowing 640 x
windowing 320 x 204 pixels 240 pixels
(b) Excitation Parameters — Switching power supply DC (83.3 A, 12 V)
Specimen (ID) Current (A) Resistence (Q) Pulse duration (s) Acquisition Time (s)
S1 24 0.5 2 10
Ti-6Al-4V 37 0.1+0.2-0.3
54 0.2
74 0.2//0.5 - 0.14
S1, S2, S3, S4, S5 100 0.1

Ti-6A1-4V, AISI 304, Fe360

Table 4
Material properties used to evaluate the temperature increase.
Material Electrical Density  Specific k AT max
resistivity (kg/ heat Thermal expected
(Q-m) m?) capacity conductivity  at the
J/kg - (W/mK) crack tip
K) O
titanium alloy 1.8E-06 4500 520 6.7 2.0
Ti-6Al-4V
austenitic steel ~ 1.4E-06 8000 500 16.0 0.9
AISI 304
ferromagnetic 5.4E-07 8400 410 40.0 0.4

steel Fe360

Table 4, the temperature variation at the crack tip is expected to be on
half of the titanium one, and then with the imposed conditions (100 A
and 1750 ms), it can become hard to detect cracks. In this regard, the FE
model can be a useful tool to set the test parameters (current and exci-
tation time) in order to the desired target temperature. The good
agreement between experiments and simulations suggests that the crack
interface likely involves partial contact or imperfect contact, where
there are regions of direct contact interspersed with reduced contact
areas. Cracks may not fully close at the tip due to various factors
influencing the contact condition, but the reference in this case regards a
microscopic scenario. The chosen thermal conductance value selected
for the simulations reflects the realistic thermal behaviour resulting
from this contact condition that can be changed on a microscopic scale
based on the area selected for validation.

The raw thermal data were then analysed. In particular, most of the
information derived from this technique is related to the analysis of the

transient regime in the first instants of the heating, when the diffusion
phenomena and the heat generated at the edges of the specimens where
the potential difference is applied do not significantly influence the
results.

To describe the procedure for crack tip evaluation and length esti-
mation by CT, some results obtained for the titanium material (specimen
S1) are reported, considering the best conditions available for the tests:
maximum current level (100 A), surface covered by black coating and
analysis of data acquired with the cooled sensor.

In Fig. 5 is possible to observe the trend of the thermal signal during
the heating by considering a pixel taken in correspondence with the
crack tip (square ROI - red outline) and a pixel in correspondence with
the relative sound area (circular ROI - blue outline). The same graph
also reports the trend in correspondence of the notch (green outline),
with a significant temperature increase, and some thermographic raw
maps during the thermal excitation (after 0.1 s, and at the end of the
heating). The experimental data confirms a significant temperature in-
crease both in correspondence of the crack tip and notch regions while
sound regions experience a lower temperature variation.

The temperature trends reported in Fig. 5 are related to a signal
belonging to a single pixel and then affected by noise. This serves to
appropriately justify the choice to analyze the data with a specific al-
gorithm, focusing on the first part of the heating, where the noise still
covers the material response in the sound area, with a slope of about
0 and a very low expected R

In fact, if the analysis is limited to a short time interval (i.e. a small
number of frames), it is possible to notice a significant heating only at
the crack tip. It can be noticed in Fig. 5 that, considering the signal
related to a single pixel in the sound area, the level of the noise at the
beginning of the heating is such that the effect of the heat source is still
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Fig. 4. COMSOL results: temperature increase in correspondence of a region with a crack, an area around the notch and the related sound area (a) with some thermal
maps that represent the delta temperature after 0.1 s of excitation (b) and at the end of the same (c), and for completeness the map related to the current density

distribution (d).
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Fig. 5. Specimen S1, thermal behaviour after a conduction test, considering the reference sound area, a crack and the notch, with some thermal maps after 0.1 s of
excitation and at the end of the long pulse heating (a zoom at the first instants of the heating).

negligible. Considering a time window of about 300 ms at the beginning
of the heating phase, the temperature trend can be approximated as
linear both for the sound and the crack regions. This means that the
determination coefficient R? can be considered as an index for
discerning the thermal behavior between the sound and the crack areas.
Another index that can be used is the maximum signal reached by each

pixel during the heating phase [23]. In this work, the procedure based
on R? will be shown in detail since less affected by noise and has the
advantage of requiring a very short heating phase.

Specifically, the R? pixel by pixel is calculated, expanding the anal-
ysis window one frame at a time [29,30], using a mobile truncation
window size. All intervals start from the beginning of the heating. In
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Fig. 6. Specimen S1, post processing of raw thermal data with R? after a conduction test, considering the signal at reference sound area and the signal at crack tip,

reporting on the y-axis right the contrast in terms of R%

Fig. 6 is shown the trend of R2 over time considering the average value of
3x3 ROIs in the sound and crack tip area, respectively. The R? contrast
(purple line) changes over time an reaches its maximum value for a
specific time interval.

Considering the R? signal in correspondence of a sound ROI as re-
ported in Fig. 6 (black line) is possible to obtain also a sequence related
to the R? contrast, subtracting this reference value pixel by pixel at the
previous result.

Examining the R% map obtained in correspondence of the maximum
contrast and considering a profile along the direction of crack growth, it
is possible to observe a typical trend characterized by a noisy signal that
oscillates around low values of R2, and then changes sign and increases
at the crack tip (Fig. 7). To find the crack tip a threshold value was set
equal to the mean value on the sound area plus two times the sound
standard deviation. In this way, the crack tip position can be defined as
the first pixel along the profile for which the R? contrast is beyond the
imposed threshold value. Then, it is possible to estimate the crack length
by knowing the mm/pixel. In order to evaluate the precision of the
measurement, five consecutive horizontal profiles were analysed, and
the result was averaged to obtain the information related to the crack tip
and relative lengths. For completeness, the Fig. 7 also reports the areas
chosen to identify the sound area and to determine the threshold value
and the absolute contrast in correspondence with the crack tip (red
outline).

To evaluate the crack length, it is necessary to uniquely identify the
notch edge. In this work, the Sobel edge algorithm has been applied to

—profile y
——profile y+1 0.6
—profile y+2
1|+ profile y-1 -= -— -
» | profile y-2 ~ 0.4
_% l"-thvalue ‘ §
&7 --crack profile Moo
Q
|mean+2std
200 ~ly-
-~
50 100 150 200 [sign.]
pixels
(a)

the sequence of raw thermal data, to extract the coordinates in corre-
spondence of the notch geometries and have the same reference valid for
all the tests and measurements (Fig. 8).

The thermoelastic data were analysed according to the procedure
proposed in [10]. In particular, the procedure involves the signal
reconstruction algorithm based on least squares method of thermal
signal via IRTA 2 software (DES - Diagnostic Engineering Solutions) to
assess the phase and amplitude of the first harmonic as features [11,31].
The procedure is applied to each pixel of the thermal data sequence and
then first harmonic phase and amplitude maps are provided. The
amplitude and phase are jointly used to find the crack tip position and
finally a profile along the crack propagation direction is plotted.

To the purpose of evaluating the crack length, in present research, an
average profile along the direction of crack propagation in the phase
map was considered after the evaluation of 5 consecutive profiles, as in
the case of CT analysis.

It is worth to mention that:

e the CT data refer to the sequences acquired with the cooled sensor
and the specimens covered with black coating to be consistent with
TSA analyses

o the analysis of TSA data is limited to phase map as it is the one of the
consolidated procedure to evaluate crack tip [31-35].

To summarize the proposed procedure for data analysis in case of CT,
below a bulleted list of the fundamental steps is reported:

«profile y
oprofile y+1
~profile y+2

125 F | profile y-1

contrast R~

140 +
~ 4\OLCh )dt‘iﬁ?/&

_—

154 156 158 160 162 164 166 168
pixels

(b)

Fig. 7. Evaluation of the crack tip with conduction thermography — map of R? expressed in terms of contrast (after 0.16 s of excitation) and profiles for identification

(a), with a zoom in the area of interest (b).
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Fig. 8. Specimen S1. Edge detection — application of Sobel operator to identify the edges of the notch: case 1 — hole - (a) generic map of raw thermal data, (b) edge
detection, (c) image overlay to identify directly the contour on the thermal result; case 2 — square notch - (d) generic map of raw thermal data, (e) edge detection, (f)

image overlay to identify directly the contour on the thermal result.

e Analysing the heating phase with a linear approximation of the data
pixel per pixel, changing the truncation window size one frame per
time;

Saving the R? map for each time interval to obtain a sequence of

processed data related to the R? signal (the number of frames

available coincides with the number of time intervals analysed);

Extracting the R? signal in correspondence of a sound region (mean

and standard deviation);

Obtaining the sequence related to the R? contrast, subtracting pixel

by pixel the mean value of the sound region;

e Analysing the R? contrast map in correspondence of the maximum

value, calculated referring to the crack tip;

Extracting notch edges with a Sobel filter (the operation has been

done on the raw data, towards the end of the heating where the

signal is quite clean from noise sources);

e Taking five different profiles along the crack growth direction,
considering the average profile, and evaluating the crack length as
number of pixels that do not exceed the threshold value, set as the
mean of the sound plus two times the related standard deviation (the
mm/pixel have to be known).

3. Results

This section shows a panoramic view of the obtained results
considering different materials, whether different phenomena like
heating current values, time of excitation, presence of a coating overlay,
and material properties influence the mechanism of detection for CT. As
already said, the electrical resistance of the material plays a crucial role
in heat generation, as well as the thermos-physical properties thermal
conductivity, specific heat, and diffusivity. Other practical consider-
ations such as the presence or absence of a thin layer of black coating
will be discussed showing the experimental results in the two different
cases. In this application, and for the purpose of crack detection as
surface defects, this black coating acts as an insulator to increase mainly
the emissivity especially in case of steel material inspection, resulting,
basically, in a higher thermal contrast.

The influence of these testing parameters will be discussed in detail
presenting the experimental obtained results for the analysis of the ti-
tanium. For the specimen indicated as S1, in fact, the investigation
mainly regards the influence of the IR sensors, emissivity surface and

current value.

A first comparison between the two techniques is shown in Fig. 9,
considering the TSA data in terms of contrast phase map, Fig. 9a, and the
result obtained in the case of CT application, Fig. 9a, using the same
sensor, covered the surface with black coating as in case of TSA, and
reaching the highest available current level of 100 A, adopting the
procedure previously explain to obtain the R? contrast map. The results
in both cases reveal the presence of a crack on the right side.

In Fig. 10, the maps related to the same specimen S1 of Fig. 9 ob-
tained with CT technique by using the uncooled sensor and with and
without black coating are reported. Moreover, the trend of the R? signal
along the crack growth direction (blue profile) is represented in the
same maps. Another black dotted line represents the threshold value
chosen to determine the crack tip position. In terms of absolute contrast,
the result in Fig. 10a, using an uncooled sensor, is similar to the previous
result obtained in the same test on the opposite side, but with a cooled
sensor (Fig. 9b). However, as expected, the results are affected by a high
level of noise if compared to the ones obtained with the cooled sensor
(Fig. 7), with an absolute contrast that decreases along the crack tip, but
still exceeds the threshold value chosen for defect identification by
several pixels (averageemissivityvaluee,, = 0.65[36]).

The influence of the current level is then analysed in detail for the
“worst” case, reporting the results obtained in Fig. 11, where further
decreasing the current value is further reduced to determine the limits of
the technique for a fixed specimen geometry. The results show that, up
to a current level of 54 A the crack can still be identified.

The frame at the maximum R? contrast occurs consistently at the
same time: for the cooled sensor, it is about 100 frames (0.2 s of exci-
tation), instead, for the uncooled sensor, the frames are about 30 (0.3 s
of excitation). In the case of a current level of 54 A, the time of excitation
corresponding to the maximum contrast increases slightly because it is
necessary to wait a longer time to have a sufficient signal at the crack tip.
Diffusion phenomena increase as the heating time increase and can
affect the determination of the crack tip, as shown in Fig. 11 b.

Fig. 12 graphically reports the trend related to the normalised
contrast for the uncooled sensor, changing the current value as testing
parameters and analysing the data with the R? algorithm. The results
demonstrate, as a current of 54 A is still enough to detect crack without
black coating. The current level could decrease furtherly for high
emissivity values, maintaining detection capability.
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Fig. 11. Specimen S1. CT results, R? contrast maps, uncooled sensor and uncoated surface, evaluation of the current value — 74 A (a) vs 54 A (b).

Figs. 13 and 14 show a comparison between the TSA and CT, for a
current of 100 A, using a cooled sensor and a black coating. The cracks
produced in these cases are very small, as shown by the TSA results. The
phase signal inversion occurs very close to the notch region.

Except for the smallest crack for the specimen indicated as S2, the
TSA results show a phase contrast that is very similar for all cracks,
regardless of the crack length and material. The CT results reveal an
absolute contrast in correspondence of the crack tip, as the previous

cases, always higher than the threshold value. As in the case of the TSA
results, the choice of the correct pixel identifying the notched edge is
fundamental and has a strong influence on the correct measurement of
the crack length. Referring to the specimens with two cracks (S2 and S3),
the map chosen to represent the CT results is the one that provides the
length for the longest crack; however, the difference in terms of
maximum contrast for the two cracks is only of 2-3 frames.

For both techniques, the areas selected to obtain the reference or
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Fig. 12. Specimen S1. CT results, evaluation of the normalized contrast in
terms of R? at the crack tip when the current changes, uncooled sensor coated
and uncoated surface.

sound signal for the two cracks are different, but they are chosen to
represent a single result and a single map, as they were similar in the two
cases.

4. Discussion

Table 5 reports the quantitative results in terms of crack length
estimation in the case of the analysis of titanium material, considering
the maps reported before in Figs. 9, 10, 11 and 12, for TSA and CT. In the
case of TSA, the error of the measurement was estimated considering the
measure of a pixel, and so the obtained geometrical resolution. For CT,
the error of the measurement is the standard deviation of three
consecutive measurements, repeated as separate tests on the same
specimen. Where this value is lower than the measure of a pixel, the
value of the geometrical resolution, was reported. The results in terms of
the absolute measure of the crack length are identical in all the cases
reported in Table 5. Only in the case of specimen without coating, the
values are higher due to the noise of the test itself. In fact, in case of
inspection without coating, the emissivity variation influences, obvi-
ously, the obtained results. Furthermore, it is necessary to underline
again that this estimation regards short fatigue cracks, containing few
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pixels (in this case 13 pixels, with a difference of just 3—-4 pixels among
tests). However, the values obtained for the three different currents are
not statistically inconsistent with each other. In this regard, Table 5
reports also the values with the confidence interval at the 95 % level,
together with the indication of the pyaue (Pyawe > 0.05 — significancelevel)
obtained after an ANOVA analysis to demonstrate that there is no sig-
nificant difference in the crack length estimation as the current changes.

Table 6 summarizes the results obtained by analysing steels S2, S4,
S3 (Figs. 13 and 14). Also, in this case, the estimation of the absolute
crack length is referred to both techniques TSA and CT. As explained
before, the value of the standard deviation is also evaluated, as for the
previous cases. For CT, the standard deviation related to the three tests,
always returned lower results compared to the value of the geometric
resolution, and so, for this reason, the error corresponds to the
geometrical resolution itself. The results in terms of crack length are
always comparable and differ at most by the value of one pixel. In this
case, the definition of short fatigue cracks is even more fitting than the
previous case because the results refereed to cracks no larger than 1 mm.

5. Conclusions

This work has proven the feasibility of conduction thermography in
short fatigue crack detection and quantitative characterization, inves-
tigating different materials and analysing some thin specimens.
Considering the adopted set-up, with low-cost devices, in terms of en-
ergy source and sensor, with low current values, it has been demon-
strated the possibility to obtain quantitative results, in terms of crack
length estimation, in agreement with those achieved via the TSA tech-
nique, furthermore with some advantages as the capability to inspect
surface without black coating and offline. The results demonstrate that
the success of CT technique depends on the material’s electrical prop-
erties and the electrical current required to have a sufficient signal in
correspondence with the crack tip.

For the first time in literature, the quantitative results referred to a
titanium alloy, which represents a perfect candidate for the potential
application of the technique, with concrete and industrial possibility
concerning the type of investigated defects and analysed geometries.

Some testing parameters, such as current level and type of IR sensor,
have been investigated in detail, and the results demonstrated the
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Fig. 13. TSA results, contrast phase maps, specimen S2 AISI 304 (a), specimen S4 AISI 304 (b), specimen S3 Fe360 (c), specimen S5 Fe360.



E. D’Accardi et al.

Infrared Physics and Technology 140 (2024) 105394

0.7
0.6 0.6
0.5
0.5
0.4
04 ~
~N03
1032 M0.2
r N
' =z 0.1
02 2"
| £140
0.1
A 0.1
0 )
-0.1 1-0.3
0.4
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Table 5
Specimen S1, crack length estimation comparing TSA and CT results related to
the previous Figs. 9, 10, 11 and 12.

TSA CT CT CT
Type of sensor  cooled cooled uncooled uncooled
Surface coated coated coated uncoated
Current level / 100 100 100 74 54
(A)
$1 - Titanium 1.95 + 1.95 + 1.95 + 2.10 2.40 1.80
Crack 0.15 0.15 0.15 + + +
length (mm) 0.18 0.24 0.24
mean value
+ standard
deviation
$1 - Titanium 2.10 2.40 1.80
Crack length (mm) + + +
mean value + confidence interval 95 % 0.37 0.74 0.74
ANOVA analysis — pyame =
0.0787

Table 6

Specimens S2, S3, S4 and S5, crack length estimation (mm) comparing TSA and
CT results related to the previous Figs. 13 and 14. To be noticed the dimension of
the pixel is 0.15 mm.

Specimen TSA cooled TSA cooled CT cooled CT cooled
coated sx coated dx coated 100 A coated 100 A
sX dx

S2 — AISI 0.15 £ 0.15 0.45 £ 0.15 0.30 £ 0.15 0.45 £ 0.15
304

$4 - AISI 0.75 £+ 0.15 0.90 + 0.15
304

$3-Fe360 0.75+ 0.15 0.45 + 0.15 0.75 + 0.15 0.45 + 0.15

S5 - Fe360 1.15 + 0.15 0.90 + 0.15

possibility of recognizing short cracks, up to 0.3-0.5 mm.

The main novelty of this work regards the proposed procedure to
analyse raw thermal data. More specifically, the proposed algorithm
consists of considering the R? coefficient as an index to describe the first
instants the thermal behaviour of the material during the heating phase.

Future developments will investigate the possibility of using the
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proposed technique and procedure for quantitative analysis in crack
growth monitoring to demonstrate its possible application as a structural
health monitoring (SHM) technique.

Finally, the simulated and experimental results shown the analogy
between temperature variations due to thermoelastic effect and current
distribution around different types of notches and cracks. The possible
relationship between the two techniques and the potential analogy be-
tween current and stress distribution will be investigated in future
works.
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