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ARTICLE INFO ABSTRACT

Keywords: Infrared thermography is a non-contact, cost-effective, and non-destructive technique for defect inspection.
Thermography Analyzing the surface temperature behavior of an object excited by a suitably designed heat source provides
Signal analysis information on the internal structure of the object. The thermal diffusion coefficient of the material is the

Non-destructive testing main physical parameter determining the surface temperature profile. Defects are typically characterized by a

different thermal diffusion coefficient than the base material, leading to changes in the heat transfer model.

If defect identification from thermography analysis is possible and computationally efficient, interpreting
the results often requires trained users. In this work, we propose an algorithm for active thermography data
analysis that generates images enabling the detection of the position and size of internal defects. Experimental
results validate the approach, showing its ability to detect blind flat-top holes of 3 mm diameter and depths
of 0.5 mm and 0.8 mm in a 1 mm thick DP600 steel plate. In addition, tests of the proposed technique show
promising results in highlighting embedded defects in a 3D-printed polylactic acid object, proving the algorithm
efficacy for the inspection of materials with different heat diffusion coefficients. These findings highlight the
robustness and practicality of the proposed method for industrial applications.

1. Introduction indicative of subsurface defects such as cracks, delaminations, inclu-
sions, corrosion, and fatigue damage (see, e.g., [4-6]). Unlike some

Nondestructive testing (NDT) ensures the structural integrity and ~ NDT methods that may be limited by material properties or defect ori-
safety of components used in various industries, such as aerospace, entation, thermography can often provide valuable insights regardless

automotive, construction, and energy. NDT techniques allow for the
evaluation of material properties and the detection of defects without
compromising the functionality or serviceability of the component.
Defects can be identified using a probing energy source and evaluating
the physical material properties.

Established NDT methods include ultrasonic testing (UT), which
utilizes sound waves to identify internal flaws, and X-ray radiography,

of these factors.

The key advantages of thermography include its non-contact na-
ture, which eliminates the need for surface preparation and reduces
safety hazards associated with radiation exposure [7]. Thermographic
cameras allow for rapid data acquisition, enabling significantly faster
inspection times compared to some traditional NDT methods. This

which employs penetrating radiation to visualize internal structures. enhanced speed is crucial in high-volume production lines or time-
These methods have been widely used for decades to inspect metallic sensitive maintenance scenarios where efficiency is paramount. Addi-
and polymeric components. However, each method has its limitations. tionally, thermography is highly versatile and can be applied to various
For instance, UT requires physical contact with the sample and a materials, including metals and polymers, and to detect a wide range
couplant for sound wave transmission, which may not be suitable of defects. This versatility can reduce the need for multiple specialized
for all materials or geometries. X-ray radiography necessitates expo- NDT methods, leading to overall cost savings.

sure to ionizing radiation, raising safety concerns and requiring strict In thermography, two primary techniques are used to analyze tem-

regulatory compliance.

Infrared thermography has emerged as a versatile NDT technique
that offers several advantages over traditional methods. It is a non-
contact method that allows for rapid data acquisition and applies
to a wide range of materials, including metals and polymers [1-3].
Thermography detects surface temperature variations, which can be

perature variations within objects: passive and active thermography.
Passive thermography relies solely on the natural infrared radiation
emitted by the object itself. This inherent thermal signature is captured
by an infrared camera, allowing for the visualization of temperature
differentials across the object’s surface. The simplicity of this method
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makes it well-suited for applications where manipulating the envi-
ronment is impractical or undesirable. Passive thermography finds
applications in building inspections to identify heat loss [8,9], pre-
dictive maintenance in electrical equipment [10,11], search-and-rescue
operations to locate individuals [12], and medical diagnostics for fever
detection [13]. Moreover, passive thermography is helpful in chemical
applications, where temperature analysis improves the fatigue analysis
without probes that may interact with the reactions [14].

Conversely, active thermography employs an external energy source,
such as high-intensity lamps or lasers, to induce thermal excitation
within the object. This controlled heating amplifies pre-existing temper-
ature variations, leading to a more pronounced thermal contrast in the
captured image. The enhanced sensitivity detects subtle defects, such
as cracks [15] or material delamination [16]. Active thermography
is particularly valuable in industrial settings for non-destructive test-
ing [17,18] and preventive maintenance procedures [19]. Moreover,
active thermography finds application in laboratory testing for material
characterization [20-22].

Techniques such as finite element analysis (FEA) offer insights
into the thermal behavior of materials with defects under controlled
conditions. FEA can be used to optimize test parameters, such as the
heat source modulation frequency in active thermography, to improve
defect detection in both metallic and polymeric materials [2,3].

It is essential to acknowledge that thermography also has limi-
tations. Factors like surface condition, material properties, and the
specific defect type can influence defect detection effectiveness. First,
contactless temperature measurement requires knowledge about the
radiation source, like the object emissivity that may change across the
thermal camera frame. In [23], the authors propose a fuzzy logic to im-
prove the temperature estimation. Additionally, quantitative analysis of
defect depth may require more advanced techniques or complementary
NDT methods for confirmation. Moreover, interpreting thermographic
data often poses challenges; the results can be complex to analyze,
requiring specialized training for users to identify defects and oper-
ate the system effectively. However, the advantages of thermography,
including its safety, speed, versatility, and real-time monitoring capa-
bilities, make it a valuable asset in the NDT toolbox for inspecting either
metallic or polymeric components [24].

In the literature, several approaches are proposed to analyze ther-
mographic data. In passive thermography, the analysis is often per-
formed by comparing the infrared data to a baseline value [25]. For
example, colder or hotter areas denote heat losses in building inspec-
tion. Electronic circuits are also well inspected through passive ther-
mography since defects increase resistance, leading to higher localized
temperatures than normal operating ones (see, e.g., [26,27]).

In active thermography, algorithms are often categorized based on
the excitation type. In pulsed thermography, the sample is excited by
a single heat pulse, and the transient behavior is analyzed [28-30].
Lock-in thermography uses a sinusoidal heat source, and the analysis
is performed by evaluating the stationary input-output delay, given
an external time reference generator (see, e.g., [31]). More recently,
machine-learning techniques have been applied to infrared data. Typi-
cally, the algorithm aims to classify defects through a neural network.
In [32], a fault classification algorithm from passive thermography
data is proposed, where the infrared video is preprocessed to extract
features representing the neural network inputs. In [33], a passive ther-
mography algorithm based on a Deep Convolutional Neural Network
(DCNN) that integrates other sensor information is used to diagnose
faults. One of the main drawbacks of neural network-based algorithms
is the training phase, which requires a large amount of data suitably
labeled with the defects to be identified.

In this work, we propose a novel algorithm for material inspection
based on active thermography. We highlight the defects as differences
from the nominal case by evaluating the heat transfer behavior. Our
method generates easily interpretable images from active thermogra-
phy data, enabling even non-expert users to quickly and precisely assess
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the presence of defects without extensive training. Active thermogra-
phy is chosen for the flexibility of the excitation method, allowing
it to be adapted to the particular object to be analyzed. Here, we
use a modulated laser as a heat source; however, the same results
apply to other heat sources like infrared lamps. This work considers
the heat source acting with a generic periodic signal at a given fre-
quency. Fourier transform is used to extract features from the infrared
video. The output feature considered is the through-plane phase delay,
which is shown to behave as a smooth function in nominal conditions,
i.e., a uniform semi-infinite specimen. Defects act as obstacles for the
heat waves propagating internally to the material, leading to surface-
localized variations from the nominal case in the extracted feature.
We evaluate the through-phase gradient to generate a gray-scale image
that highlights the internal defects. The proposed algorithm generalizes
the lock-in thermography inspection since we consider a generic heat
input function shape, and the through-plane phase is only one possible
feature to extract. The algorithm has low computational complexity
because it relies on the discrete Fourier transform, whose efficient
implementations are well-known in the literature (see, e.g., [34]). This
work extends our previous results in [35,36], where a similar approach
has been used to detect the size of the weld diameter in resistance spot
welding joints.

The remainder of the paper is organized as follows. Section 2 recalls
the heat transfer model, while Section 3 provides test cases in thermal
processes where our approach finds application. Section 4 describes
the proposed algorithm and Section 5 shows the effectiveness of the
proposed methodology through calibration tests. Conclusions and final
remarks end the paper.

2. Background

This work proposes a sample analysis method through an active
thermography setup. The sample under test is thermally exited through
a laser, and a thermal camera acquires the temperature profile. The
thermal profile can be acquired on the opposite side, i.e., in trans-
mission mode (Fig. 1 shows the experimental setup used, while the
conceptual schema is given in Fig. 2), or on the same side excited
by the laser, i.e., in reflection mode. This setup is portable and can
be installed in industrial systems, such as welding robots, to control
resistance spot welds automatically. The industrial interest in active
thermography as an NDT method led to some commercial solutions,
like the one proposed by InfraTec GmbH [37], where the heat source
is an infrared lamp.

The heat source is assumed circular with a radius a, whose shape
applies generically to the most common sources, i.e., laser and infrared
lamps. The experiments are performed by ensuring a constant ambient
temperature for the duration of the single test, and the specimen
is thermally excited through a pulsed laser source. The theoretical
thermal behavior acquired from the thermal camera can be computed
under some hypothesis.

We recall the heat transfer model across a semi-infinite uniform slab
of thickness #. The nominal laser power has a Gaussian distribution
over a spot of radius a. The specimen absorbed laser power is
Pty = n 2D 20, M
Ta
where p is the distance from the center of the laser spot, P,() is the
heating temporal profile, and 7 is the absorbed power fraction. The heat
conduction equation through a uniform medium is described by
(321',- 107 (321',- 1 Jat;

9% pop 02 Do’

where 7,(p, z,1) = T;(p, z,1) — T, is the temperature difference from the
initial value T} in the region i, and D; is the diffusion coefficient. Eq. (2)
is subjected to the boundary conditions along z surfaces

T,1(p,0,1) = 7,(p,0,1) (3a)

(2
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Fig. 1. Active thermography experimental setup in transmission mode.
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Fig. 2. Cross-section of the experimental setup and the reference system for the
transmission mode setup. The laser excites one side of the specimen, while the infrared
camera acquires the rear sample temperature.

To(p, €, 1) = 7,(p. 0, 1) (3b)

where subscripts el and e2 denote the air regions for z <0 and z > 2,
respectively, and subscript s denotes the sample, ie., 0 < z < 7.
Moreover, by assuming a sufficiently short observation period, the
temperature within all of the regions does not change for a sufficiently
large distance from the laser spot, i.e.,

lim 7;(p,z,1) =0 (©)]
p—00
as well as the air temperature is constant far from the sample

lim 7,(p,z,t) = lim 7,(p,z1t)=0. 5)
Z——00 zZ—+00

In addition, the heat transfer equilibrium along the surfaces, by con-
vection and radiation, leads to the following relationships

k2 Tt 4 pe| - PGout) (62)
K, =- - P(p,1), a
N az Z=0 e az Z=0 TS z=0 p
ot o,
-K,==| =-K,=2| -—n , 6b
59z 7y ¢ 9z st Tslz:f ( )

where £ is the heat transfer coefficient, and K, and K, are the air and
sample thermal conductivity, respectively.

We rewrite the thermal behavior 7;(p, z, ) into the spatial-temporal
frequency domain by applying the Laplace and the Hankel transforms
(see, e.g., [38]), i.e.,

o (s8]
Ti3.2.5) = / / 5J5(3)5i(p. 2.0 dt dp %)
0 0

where 6 is the Hankel variable, J,(6p) is the Oth order Bessel function,
and s is the Laplace complex variable. Given (7) and (2), the following

relation hold
2 _

—5Ti6.2.9 - (52 + Di> T.(6,2,5) = 0. (8)

1
The sample temperature profiles can be computed through the inverse
of the transform (7) and considering the conditions (3a)-(6), i.e.,

o—iw 00 _
7,(p, 2, 1) = / / 8Jy(8p)T,(8, z, s)déds, ©)
o—iw 0
where
T —Ps(z=0) By (z—£)
T(6,25) = ~L P, (s)e"Ca*/8 A + Be a0

4

A=K +K,p,+h, B=Kp —Kp,—h, > =68 +5/D,, i ={es},and
P,(s) is the Laplace transform of P,(r).

From (10), the oscillation component of z; at frequency w, = 2z f,
is given by

F(p.2) = / ) 8Jo(8p)T,(8, 2, jar,)ds. (11)
0

A2ePs¢ — B2e=hs?

Eq. (11) has no analytical expression, but it must be evaluated through
numerical simulations. It is worth noting that the ratio
7,(p, 2)

P,(jog)

represents the transfer function value evaluated for the specific fre-
quency w,, as a function of the cylindrical coordinates (p, z). Here,
we focus on the transfer function phase, ¢(p,z) = 2G(p, z), since the
module is affected by large measurement uncertainty (see, e.g., [35]).

G(p,z) = 12)

Remark 1. Contactless temperature measurement systems, such as
infrared cameras, rely on the thermal radiation emitted by the object.
The Stefan-Boltzmann law relates the thermal radiation M with the
temperature T as

M = ecT? (13)

where ¢ is the Stefan-Boltzmann constant and 0 < ¢ < 1 is the emissiv-
ity. The exact ¢ value depends on the surface chemical composition and
geometrical structure. The surface color, roughness, and temperature
influence the value of ¢, leading to large uncertainties in the absolute
temperature measurement. Thus, while evaluating (11), the module
|G(p, z)| typically includes superficial defects, like scratches and object
shapes. On the other hand, the transfer function phase ¢(p, z) measures
the input—output signal response delay, which is less influenced by e.

Remark 2. It is worth noting that, in this work, we consider a laser as
the heat source. However, the results in (12) apply to a generic input,
given a cylindrical symmetry. For example, the laser could be replaced
by an infrared lamp, heating a region of radius a. The user can choose
between a laser or an infrared lamp based on needs, like the testing
surface area and the required irradiated power.



V. Razza et al.

¢ (rad)

-1.2

L

I

I

I

|

A

I

I

|

|

|

|

|

14 '
5

10 15 20
p (mm)

Fig. 3. Example of laser-thermal signal delay «G(p,z) in transmission (red) and
reflection (blue) mode. The vertical dashed line highlights the laser spot radius a,
and the oblique dash-dotted line is the asymptotical behavior.

In [20], the transmission mode delay is numerically evaluated for a
small laser spot radius a value, leading to

P(p,0) = po(wy) — % for p>> a, 14)

where

A=1+/2D,/w, 15)

is the thermal diffusion length, and ¢, is a phase lag constant value
that depends on slab thickness, modulation frequency, and laser to
temperature acquisition system delay. In this work, we are interested
in the phase delay while using a larger laser spot and evaluating the
thermal phase delay in both reflection and transmission modes. Fig. 3
shows the laser to thermal signal delay, numerically evaluated from
(11). While the numerical results depend on the specific parameter
values considered for the simulation, some general considerations can
be drawn. The simulation results, depicted in Figs. 3 and 4, have been
computed by considering a laser radius of ¢ = 5 mm, exciting an
aluminum plate with a thickness of # = 5 mm, using a power signal
with a frequency of w, = 0.5 rads~!. The thermal diffusion coefficient
D, = 95-107% m?s~!, thermal conductivity K, = 200 Wm~!K~!,
and heat transfer coefficient = 60 Wm=2K~! values are taken from
literature [39]. For the transmission mode, we observe within the laser
spot radius, i.e., p < a, almost constant phase delay. The phase delay
slope reaches the asymptotical value —p/4 for p > a, as highlighted
in [20]. On the other hand, in reflection mode, the phase delay is
lower than in transmission mode in correspondence with the laser spot.
However, the phase delay cannot be considered constant for p < a, as
the curve slope quickly decreases. For p > q, the phase delays in both
modes converge to the same value.

Similar considerations can be made on the gain of the transfer
function (12), representing the temperature increase due to the input
heat power. Fig. 4 shows an example of the magnitude behavior as a
function of p, computed with the same physical parameters previously
considered in the phase delay analysis. The magnitude values are nor-
malized to the maximum achieved in reflection mode, corresponding
to the laser spot center. In reflection mode, the temperature increase
decays quite fast. Moving on the edges of the laser spot, we see less than
60% of the maximum temperature. In transmission mode, the maxi-
mum temperature increment is lower than the respective point on the
other side of the sample. However, in correspondence to the laser spot,
it is more constant. The temperature increment ranges from 54% to
43% for the center and the edge of the laser spot, respectively. Moving
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Fig. 4. Example of laser-thermal heat gain |G(p, z)| in transmission (red) and reflection
(blue) mode. The vertical dashed line highlights the laser spot radius a. The gain
behaviors are normalized to the maximum achieved in reflection mode.

far from the laser spot, e.g., twice the radius, both surfaces have the
same temperature increment, which decreases with the distance from
the heat source. This behavior can be crucial in choosing the infrared
camera to perform the data acquisition regarding sensor sensitivity.
When measuring temperatures with a thermal camera across a wide
temperature range, the impact of sensor noise is more significant in
colder areas. In fact, colder areas emit less thermal radiation, resulting
in a weaker signal reaching the camera’s sensor. Moreover, the camera
sensor introduces a constant level of noise, which becomes more signif-
icant relative to the weaker signal from colder objects. This lower SNR
leads to a noisier image. From Fig. 4, we see that the wider temperature
range is achieved in reflection mode, where the sensor noise may be
relevant for analysis on large surfaces or small laser spot diameters.

3. Motivating applications

The ability to non destructively detect internal defects plays a
crucial role in several fields. In particular, thermal process applications
are more likely to be subjected to fatigue cracks. In this section, we
provide some test case studies to show the applications of our testing
technique.

Internal inhomogeneities in materials, such as porosity, inclusions,
or microstructural defects, play a crucial role in corrosion behavior
and, thus, in determining the efficiency of thermal processes [40]. For
instance, in the battery case, internal defects prevent the thermal and
electrical insulation and a high sealing level. The internal pores, often
due to welding processes, are typically detected through expensive tests
like X-ray or tomography (see, e.g., [41]). In this paper, we provide an
efficient method for pores detection that can be implemented for in-line
inspections.

Similarly, in heat exchangers, identified internal defects are associ-
ated with impaired heat transfer efficiency and increased thermal resis-
tance. The ability to detect non-destructively material non-uniformities
allows for timely maintenance and optimization of thermal systems,
thereby enhancing energy efficiency and prolonging the lifespan of
critical components [42]. Additionally, in additive manufacturing pro-
cesses, detecting microstructural defects ensures the structural integrity
and performance of 3D-printed parts, which is essential for their ap-
plication in high-stress and high-temperature environments. The cor-
relation between detected defects and their impact on thermophysical
properties [43] highlights the importance of integrating advanced ther-
mographic techniques in the quality assurance protocols of various
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thermal engineering applications.

The effects of material properties and thermal cycles are studied
in turbine rotors to investigate the thermal stresses (see, e.g., [44]).
These studies involve finite element analysis methods and numeri-
cal models to account for thermal fatigue. However, these numerical
studies do not consider pores in the material, often arising from pro-
duction processes such as casting and welding. Still, they may introduce
mechanical and thermal discontinuities, leading to failures. In [45], au-
thors analyze the possibility of cracks in turbines operating in elevated
temperature environments. Their study shows how subsurface cracks
often start in proximity to casting pores. This highlights the impor-
tance of a non-destructive method for pore detection in high-reliability
applications.

4. Thermal signal analysis

The thermal camera captures the temperature, either on the same
side (reflection mode) T'(p,t) = T,(p,0,1), or the opposite laser side of
the specimen (transmission mode) T'(p,1) = T,(p,?, ). The optical field
of view is such that the observed area fully contains the corresponding
region directly hit by the laser.

We denote by T,i"c) the 3D matrix arising from the thermal camera
acquisition (see Fig. 5), where k = 0,..., N — 1 are the discrete-time
samples acquired at ¢t = k t, t, = 1/f is the camera sampling time,
r=1,...,H and ¢ = 1,..., W are row and column indexes, respectively,
and the frame size is H X W pixels.

Given a single row-column index (r*,c*) (e.g., the red pixel in
Fig. 5), we get the 1-dimensional vector T,i’*’”*), which contains the
thermal behavior of the selected point. For the sake of simplicity in the
notation, we omit the pixel index (r, ¢) in the latter unless it is necessary
for the algorithm, i.e., T}, = T,i’*’c*). Fig. 6 shows a time-based profile of
T, for a single pixel (+*,c*) acquired during an experiment, where the
specimen was thermally excited through a pulsed laser input acting at
f, =2 Hz. The initial temperature 7|, is measured as the average value
measured along the surface before switching on the laser. Thus, we get
the temperature difference from the initial one as rfcr’“) =T ,Er’”).

We compute the oscillatory components of r](:’c) through the Dis-
crete Fourier Signal (DFT) (see, e.g., [46]), which convert a uniformly
sampled sequence of length N into an equally-spaced sequence of the

Fourier Transform. Given the sequence 7,k = 0,..., N — 1, the DFT is
defined as
NI i27nk
=) e N €C Vn=0,...,N-1 16)
k=0

The output is a sequence of N complex numbers denoted by 7,, whose
amplitude and phase are related to sinusoidal signals at frequency
f =n f;/N. The original signal r, can be retrieved through the linear
combination of all the N sinusoids defined by 7,.

Remark 3. To compute (16), the sampling time & = 0, i.e.,, t = 0,
corresponds to the first laser pulse instant, and k = (N — 1)z, is the last
one.

Only 7, for n, = Nf,/f, is evaluated for all pixel index values
(r,c). We build the matrix 7(9), which is the cartesian representation
of 7,(d,z) in (11). For each point (r,c), we evaluate the phase of the
complex number 7

«% = atan2 (1 {7} ,R{%}), 17)

where R{-} and I{-} are the argument real and imaginary part, respec-
tively. atan2(y, x) € [—x, z] is the angle measure between the positive
x-axis and the ray joining the origin to the cartesian point (x, y).

It is worth noting that #(p, z), in (11), is derived for a uniform slab.
On the other hand, «7 is derived from measurements performed on a
defective part or, in general, a specimen to be inspected, e.g., a welding
joint, which is not uniform in its composition. The specimen internal
defects or nonuniformities act like an obstacle for the thermal waves,
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Fig. 5. Video data structure. T, represents the temperature of the pixel (r,¢) acquired
at time k.

influencing the phase delay. In particular, while the input-output phase
delay shows smooth changes along the radial component (see Fig. 3),
large variations are expected in the presence of a nonuniform internal
structure.

To highlight such variations, we exploit the numerical gradients
along the two dimensions, row and column, i.e.,
) )
o Tt as)
where F is one among the amplitude |7| or the phase matrix «%, and
7 and j and the versors along the row and column directions, respec-
tively. The measure of the change rate is given from the element-wise
gradient magnitude

2 2
oF(r.0) oF(r.0)
|VF| = \/< o > +< ac ) . 19

The matrix |VF| € R¥*¥ can be normalized to the maximum value
and represented as a colored-value image. This image highlights the
defects within the material, allowing, e.g., a non-experienced user, the
material inspection. Unlike amplitude-based methods, which depend
on absolute signal levels and may require complex normalization pro-
cedures, gradient magnitude is inherently independent of the signal
module. High-gradient areas, indicative of discontinuities or edges,
can be systematically identified, providing a robust foundation for
automated defect detection algorithms.

The so-defined images that highlight defect contours can be used
together with algorithms based on machine vision systems to recognize
and classify defects.

In the latter, we present experimental testing results to show the
efficiency of our approach.

VF =

5. Results and discussion
5.1. Experimental setup description

The thermographic testing employed laser-stimulated active ther-
mography. The setup is a Multi-DES system for laser thermography
testing and included a FLIR A6751sc IR thermal camera with a sen-
sitivity below 20mK, a Ytterbium pulsed fiber laser source producing
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Fig. 6. Example of temperature signal acquired from the thermal camera for a single
pixel. Dash-dotted lines represent the time of the first and the last temperature rise
profile due to the laser impulses.

(a) Front view (b) Back view

Fig. 7. Test plate used for experiment described in 5.2.

a maximum of 50 W power in an 8 mm diameter circular spot, and a
PC control unit. We have run tests in both reflection and transmission
modes, and the algorithm presented in Section 4 has been applied
to detect defects through the generated images. Due to the thermal
camera optical characteristics, we have set the distance between the
thermal camera and the target equal to 420 mm, leading to 8 pixels per
millimeter resolution.

5.2. Detecting holes on a metal plate

The first experiment we conducted was on a 1 mm thick DP600 steel
plate, where two blind flat-top holes, 3mm in diameter, have been
drilled. The two holes, having depth 0.5 and 0.8 mm respectively, are
placed on the same side, while the plate back is uniform (see Fig. 7).

The laser thermally excited the specimen, operating with a pulsed
7.5W maximum power. We have chosen the modulation frequencies
used in transmission and reflection modes from (15) such that the
thermal diffusion length 4 is close to 0.5 mm, i.e., the half of the plate
thickness, i.e., where the defect is likely to be positioned. Starting from
f, = 3 Hz, a fine parameter tuning procedure was performed through
trial and error to highlight the defects better. The thermal camera was
placed on the specimen back side such that the superficial defects on
the front side do not affect the analysis results, and on the same side,
in a more challenging application, to validate the methodology and
showecase the usability for testing components where double side access
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is not assured. We repeated the experiments by focusing the laser on
the two holes or the base material. We have generated the grayscale
images for transmission and reflection configuration, shown in Figs. 8
and 9, respectively, through the algorithm described in the previous
section.

We report the experimental results in transmission mode in Fig. 8.
The tuned laser modulation frequency was f, = 4 Hz. Concerning
the theoretical analysis, we may expect round marks from the results
of the proposed algorithm. However, in our experimental setup, the
laser beam is not perpendicular to the specimen (see Fig. 1) since
the laser source is at a lower height than the tested object. Thus,
the thermal behavior may appear as an ellipsoid, especially while
testing higher plate portions, due to the lack of an F-theta scan lens.
However, in technical literature [47], it is common practice to use a
laser beam angle with respect to surface normal lower than 20°. The
experimental results are coherent with the theoretical analysis. The
phase map diagrams, i.e., Figs. 8(a)-8(c), show that the maximum value
(darker area) is reached where the laser is focused. Then, the phase
decreases (lighter area) with increasing distance from the laser spot.
It is worth noting that, from Figs. 8(a)-8(c), the presence of defects
is unclear. On the other hand, by applying the proposed algorithm, the
generated image from the phase gradient amplitude identifies the edges
of the defects. While the testing on the base material, i.e., Fig. 8(e),
produces a light gray mark, a darker mark is present on testing results
when the laser is focused on the defective sections. Within the darker
area in Figs. 8(d) and 8(f), a light circle is visible, corresponding to the
defect. This is clear from the comparison between testing results and
the plate picture (see Figs. 8(g)-8(i)), where the holes perfectly match
the highlighted area.

For the test performed in reflection configuration (see Fig. 9), we
tuned the laser excitation frequency f, = 5 Hz. Also in this case,
the phase map-based images are coherent with the theoretical results.
Figs. 9(a)-9(c) show the maximum phase value in correspondence with
the laser focus area (darker regions), and the phase decreases (brighter
areas) with the distance from the laser spot. The images generated from
the phase gradient magnitude allowed us to achieve a good contrast and
find the hidden defects. The comparisons between the gradient phased-
based images and the photo of the original plate (Figs. 9(g)-9(i)) show
good matching between the highlighted area and the position of the
holes.

The observed contrast maps in the images (Figs. 8 and 9) can
be explained by the thermal behavior within the laser spot and its
surroundings. In defect-free regions, the phase gradient tends to zero at
the center of the laser spot, resulting in a brighter area with a smooth
transition to the surrounding darker regions. This behavior is primarily
due to uniform heat distribution in nominal conditions. However, the
presence of a defect disrupts this uniformity, creating a localized and
sharp transition between the darker and brighter areas. This sharper
transition serves as a key indicator of defect presence.

To reliably detect defects, a defect-free region can serve as a refer-
ence for comparison. The smooth transitions observed in such regions
can be used as a baseline to identify anomalies in areas with sharper
transitions indicative of defects. Additionally, material properties such
as thickness and thermal diffusion coefficients influence the sharpness
of the transitions, which have been accounted for in the experimental
analysis. This ensures that the proposed algorithm provides reliable
results for identifying defects across various conditions and materials.

It is worth noting that, for the 0.8 mm deep hole, we get some differ-
ent results from the 0.5 mm deep hole. In transmission mode (Fig. 8(f)),
the surrounding gray circle is considerably smaller than in the other
cases. On the other hand, in reflection mode (Fig. 9(f)), the deeper
hole leads to a significant increase in the phase gradient magnitude,
represented as a darker region. This is due to the thinner material
left, 0.2 mm, which propagated the heat in a significantly different way
from the 0.5 mm thick metal of the hole in Fig. 9(d). Once the defect
is highlighted, it is possible to modify the excitation frequency to get a
better image of the analyzed defect. Fig. 10(a) shows the testing results
on the 0.8 mm deep hole in reflection mode with 10Hz as excitation
frequency.
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Fig. 8. Testing results of phase gradient magnitude in transmission mode for the experiment in Section 5.2. The analysis results are reported for the laser pointing to each plate
hole and the base material. For each experiment, we report the phase map «% (above), the phase gradient amplitude map |V«7#|, computed from (19), (middle row), and the phase
gradient amplitude map with the plate pictured in the overlay (bottom) as a comparison. The images are generated in grayscale, where black represents higher values and white

represents lower values.

5.3. Single plastic plate defect identification

This example employed a single 3D-printed plate fabricated from
Polylactic Acid (PLA) to investigate defect identification methodolo-
gies. PLA was selected due to its widespread use in additive man-
ufacturing, favorable mechanical properties, and ease of processing,
which make it an ideal candidate for controlled defect studies. The
plate was produced using a high-precision 3D printer, ensuring minimal
material properties and geometry variability, crucial for accurate defect
detection and analysis. To simulate hidden defects within the plate, we
have divided the plate into 1 x 1 cm regions, where we have integrated
a distinctive marker in the form of our laboratory’s logo, “JTech”,
one letter for each region (see Fig. 11). The characters composing
“JTech” are embedded within the plate at a depth of 0.5 mm, ensuring
that the defects are neither too superficial nor excessively deep, which

could potentially affect the integrity of the plate or the detectability
of the defects. The embedding process has been carefully controlled
to maintain a consistent 1 mm plate thickness at the defect location,
which is centrally positioned within the material to emulate real-world
scenarios where defects may not always be on the surface. The tests are
performed in reflection mode, where the laser is modulated at f, = 1
Hz. We show the testing results in Figs. 12-13, where the colormap is
grayscale with white for lower values and black for higher values.

Fig. 12 shows the analysis results achieved with the algorithm
proposed. It is worth noting that the phase maps «#© alone do not
provide a clear view of the internal defects, which are highlighted
by the phase gradient maps |V«7|. Still, the phase gradient method
gives uncertain results on some letters of the ‘““JTech” logo, which
may be better detected by fine-tuning the excitation frequency f,. We
have chosen to compare the results of the proposed technique on the
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Fig. 10. Testing result in reflection mode for the experiment in Section 5.2, where
the excitation pulse frequency is set to 10 Hz. The analysis result is compared with the
picture of the real defective plate in the figures in the bottom row.

phase map to the amplitude map |7"9|. The amplitude map directly
represents the signal intensity across the plate. In general, |7">9)| may
include superficial defects due to the emissivity coefficient variation
(see Remark 1). However, the testing plate was built purposely for this

example through a 3D printer, and the surface was finely smoothed.

Fig. 11. Single plastic plate — overview of embedded characters composing the writing
word “JTech”.

Thus, we can assume the emissivity coefficient uniform along the spec-
imen surface, giving us the possibility to compute the surface gradient
on the module of 7" to spot internal defects. Just like the proposed
phase gradient magnitude matrix (19), the magnitude gradient map
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Fig. 13. “Jtech” test plate. On the top row, the amplitude map |#")|. On the bottom, the amplitude gradient map |V|#||.

offers a transformed representation where the focus is on the signal
amplitude change rate. Fig. 13 compares the amplitude map ||
with the proposed gradient-based generated image. The magnitude
gradient maps clearly show the embedded “JTech” by accentuating the
edges and boundaries of the defects, characterized by abrupt changes
in material properties. The enhanced visibility of these features in the
gradient map demonstrates its superior capability in highlighting subtle
defects that may be overlooked in conventional amplitude mapping.
The results from the amplitude map outperform the ones from the phase
map, but they can be employed only in a few cases, i.e., when the
emissivity coefficient is constant. It is worth noting that, through the
gradient-based image generation technique, we do not need the exact
knowledge of the emissivity coefficient during the thermal acquisition
since it results in a scaling in the temperature measure, i.e., a constant
offset while computing (19).

The improved contrast and clarity provided by the gradient mag-
nitude map are particularly advantageous for distinguishing between
actual defects and benign circular patterns that may arise from re-
flections or other lens imaging artifacts. This distinction is crucial for
ensuring the accuracy of defect identification, as it reduces the likeli-
hood of misclassification and enhances the reliability of the detection
process.

6. Conclusion
This work has presented a rigorous and practical approach to non-

destructive testing through gradient-based thermography. The method-
ology significantly enhances defect visualization by applying amplitude

and phase gradient mapping, yielding superior contrast and precision in
defect characterization compared to conventional techniques. The pro-
posed algorithm provides a robust framework for accurately delineating
defect dimensions and locations, underscoring its suitability for appli-
cations where material integrity is essential. Additionally, the potential
for automation in defect detection suggests that this method could
facilitate real-time inspection with notable efficiency. Future research
may further refine this algorithm’s adaptability to diverse material
types and explore the integration of machine learning algorithms for
more sophisticated defect classification.

It is demonstrated the pivotal role of internal inhomogeneities in
influencing the efficiency and reliability of thermal processes. The
gradient-based active thermography method presented herein proves to
be a robust tool for the non-destructive detection and characterization
of defects such as porosity and inclusions, which are critical factors
affecting thermal conductivity, heat capacity, and thermal diffusivity.
By accurately identifying these internal irregularities, the proposed
methodology facilitates the optimization of thermal management sys-
tems, including battery thermal management, heat exchangers, and
components produced through additive manufacturing. This advance-
ment aligns with the broader objectives of improving energy optimiza-
tion, reducing operational costs, and promoting sustainable practices
in thermal engineering applications. Future research should explore
the choice of suitable excitation frequencies to detect the presence of
defects and to provide an accurate estimation of their position and size.
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