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Abstract. In recent years, new manufacturing processes and joint techniques have
been developed to reduce weight while improving sustainability and circularity in
the design of components and structures. In this context, monitoring structures using
non-destructive techniques can provide useful information about the presence of
defects that can compromise the strength of the material and lead to unexpected
early failure. Detecting, quantifying, and then repairing components can extend their
life, increasing sustainability. The aim of this work is the non-destructive
characterization by means of thermographic techniques of hybrid dissimilar
materials made of a layered structure in which the bulk material (additive
manufactured AlSil0Mg) is coated with carbon fibre skins. In particular, the
presence of detachments between the bulk and coating has been investigated on
several specimens classified according to the 3D building direction of the bulk
material: 0°, 45°, 90°. Several tests were carried out adopting lock-in and step
thermography using two halogen lamps with a total power of 1300 W. Data were
analysed with several algorithms and a quantitative evaluation of the damaged area
was performed. Moreover, the Thermoelastic Stress Analysis (TSA) has been used
as an NDT technique for assessing the damaged area before tensile and bending tests.
Finally, possible correlations between mechanical properties and damaged areas
have been investigated by using statistical tools.
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1. Introduction

A significant challenge in naval architecture lies in creating components that not only
meet stringent design specifications and deliver optimal structural performance but are
also as lightweight and compact as possible. Modern design must also conscientiously
address the environmental consequences of its choices. These somewhat conflicting
demands can be tackled from two angles. Firstly, by developing innovative materials that
optimize both the strength-to-weight ratio and the balance between structural integrity
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and environmental impact. Secondly, by implementing targeted non-destructive testing
to identify potential defects [1,2] that could compromise mechanical strength and lead to
premature component failure, in fact detecting, quantifying, and then repairing
components can extend their life, increasing sustainability. In this field, there's a strong
focus on components that can exploit the complementary strengths of different materials
by joining them with innovative methods. These are known as hybrid or dissimilar joints,
and they are widely used in various types of marine vessels. Their popularity is due to
their capacity to deliver optimal performance across several areas simultaneously: they
offer robust mechanical strength while minimizing weight and size, which in turn
enhances environmental sustainability. There are several ways to create these dissimilar
or hybrid joints, including Friction Stir Welding, Explosion Welding, and adhesive
bonding, to name just a few [3,4]. The innovative nature of these technologies often
means there's limited understanding of the components' mechanical characteristics.
Consequently, there can be some reluctance to adopt them in place of more traditional
solutions which, though less sustainable and efficient, are perceived as more reliable.
This challenge can be addressed by developing non-destructive testing (NDT)
procedures. These procedures serve a dual purpose: firstly, to mechanically characterize
the joints, and secondly, to enable structural health monitoring of the components,
thereby increasing their reliability [5-7]. Compared to other full-field NDT methods like
X-ray and tomography, thermographic techniques can be an optimal solution, offering
non-contact, full-field capabilities, time-saving procedures, low energy consumption,
and no consumables [8-13].

In this work the use of thermographic techniques for non-destructively evaluating
hybrid dissimilar materials was explored. The materials consist of an additively
manufactured (AM) AlSi10Mg core, which is then coated with carbon fiber skins. The
primary investigation was focused on identifying detachments between this core and its
coating across various samples, which were grouped based on the 3D printing orientation
(0°, 45°, 90°) of the AlSi10Mg. Lock-In thermography (LT) was employed, using two
halogen lamps providing a total of 1300W for thermal excitation. The collected data were
processed with multiple algorithms to quantify the extent of any damage. Additionally,
Thermoelastic Stress Analysis (TSA) served as a non-destructive tool to evaluate damage
before the specimens underwent tensile and bending tests [14-17]. Furthermore, potential
relationships between the detected damaged areas and the materials' mechanical
properties were observed.

2. Thermographic NDTs

In this section the Thermographic NDT techniques employed to characterize the
samples are described.

Active thermography is a dynamic analysis technique used for material evaluation. It
involves stimulating the material with external energy sources to analyze its thermal
response. Typically, pulsed flash lamps or lasers, periodic laser signals, and halogen
lamps are used. Mechanical excitation, through the application of periodic dynamic loads
that exploit the thermoelastic effect, can also be employed [8-11].

Active thermographic techniques can be classified based on the specific method
employed, which relates to how the thermal stimulation is delivered, and by the type of
excitation source. In particular, two techniques were employed in this work: Lock-in
Thermography and Thermoelastic Stress Analysis (TSA) [16].



1058 F. Di Carolo et al. / Characterization of Hybrid-Dissimilar Joints
2.1. Lock-In Thermography

Lock-in Thermography (LT) is an active thermal inspection technique that analyzes
the material's response to periodic heating. A heat source is modulated at a specific
frequency, and the resulting periodic temperature changes on the material's surface are
monitored. This data is then processed, often pixel by pixel, to create two main types of
images: amplitude and phase [9-11].

The phase image, which shows the time lag of the temperature response relative to
the heat stimulus, is particularly useful for detecting sub-surface features, defects, or
variations in thermal properties like thermal diffusivity, as these affect the thermal wave's
propagation time. The amplitude image, representing the magnitude of the temperature
oscillation, provides information about the intensity of heating, surface characteristics,
or variations in thermal effusivity.

The propagation of these thermal waves can be mathematically modeled for a semi-
infinite body in adiabatic conditions as [9]:

T(z,t) = Tyexp (— i) cos (2% - wt) (1)

Thermoelastic Stress Analysis (TSA) exploits the principle that solids change
temperature when stressed (cooling under tension, heating under compression), allowing
surface stress evaluation through dynamic thermal monitoring [14-17].

For homogeneous, isotropic materials under adiabatic conditions (typically achieved
with sinusoidal loading), the core relationship between peak-to-peak temperature change
AT and the peak-to-peak change in the sum of principal stresses (4gy, + 40,,) is [16]:

AT = _ToKo(Ao-ll + Ao-zz) (2)

The factor K, incorporates the material's thermoelastic constant, and it is defined as:

Ky =— 3)

=6
The induced temperature variations are captured as a sinusoidal signal:
T(t) =Ty + AT sin(wt + ¢)) “)

This requires high-sensitivity (often cooled) thermal cameras. Extracting the signal
amplitude AT and phase ¢ from data, which typically has a low signal-to-noise ratio,
necessitates careful processing, often using algorithms similar to those in Lock-in
Thermography.

As an NDT tool, TSA is valuable for applications like monitoring adhesive bond
integrity and tracking damage progression during fatigue tests by analyzing thermal
signal changes.
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3. NDT experimental campaign

Thermographic NDTs were conducted on sandwich specimens produced using AM
techniques, and AlSi10Mg as the base material.

The AlISi10Mg core is coated with carbon fiber skins through an adhesive bonding.

The carbon coating is composed of two layers, each of which has carbon fibers
arranged in two directions, in order to make the material as isotropic as possible. The
first bidirectional layer has an orientation of 90°/-90°, while the second has an orientation
of 45°/-45°.

The study involved twelve specimens (Figure 1), which were of two types. The first
type included dog-bone samples for tensile tests, with a useful section measuring 70 x
12.5 x 3 mm. The second type consisted of rectangular samples for bending tests, with
dimensions of 100 x 12.7 x 3 mm. Duplicates of each sample type were prepared using
three different printing directions: 0°, 45°, and 90°.

/

Figure 1. AlSi10Mg samples

For LT, a FLIR A655sc microbolometer thermal camera with an acquisition
frequency of 25 Hz was used. The IR camera was placed at a distance of 240 mm for the
tensile specimens (tested three at a time) and at a distance of 395 mm for the flexural
specimens (tested all six together).

LT was performed using two halogen lamps, each with a power of 650 W (1.3 kW in
total), were used as excitation source and the tests were performed with three different
excitation (heating) periods, equal to 5, 20 and 35 s. In Figure 2 (a) the test setup is
shown.

TSA tests were performed only on the six dog-bone samples.

For TSA tests a cooled FLIR X6540sc thermal imaging camera (Figure 2) with an
acquisition frequency of 190 Hz was used. The tensile testing machine was equipped
with a 50 kN load cell. The specimens were gripped with a jaw pressure of 3.5 MPa and
TSA tests were performed at 3, 7 and 11 Hz for each specimen. Figure 2 (b) shows the
experimental set up.
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Figure 2. Experimental setup for (a) LT tests and (b) TSA tests.

The processing of the thermographic sequences and their related analysis was carried
out using the IRTA 2 software.

4. Mechanical Testing

The same specimens tested with NDT thermographic techniques were then subjected
to static mechanical characterization tests, specifically tensile tests for the dog-bone
specimens and three-point bending tests for the rectangular specimens. The loading
machine used is a servo-hydraulic machine with a 50 kN load cell, and the two
configurations are shown in Figure 3.

Both test modes were carried out in displacement control, imposing a speed of 2
mm/min for the lower crosshead: downwards for the tensile tests and upwards for the
bending tests.

The displacement field during the tensile tests was also measured with a clip-on
extensometer (gauge length 25 mm).

Figure 3. Experimental setup for (a) tensile and (b) bending tests.

5. Results

In this section only the main results are presented.
These tests focus solely on the qualitative evaluation of damaged areas. They are not
intended to provide an accurate evaluation of the extent of the defect. Their only purpose
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is to show areas on the specimens where heat spreads differently, which suggests that
debonding has occurred.

5.1. LT Results

The results from the thermographic tests are shown as signal phase maps. We are
only showing the results from the test period that gave us the best signal-to-noise ratio.

Figure 4 a and Figure 5 display the phase maps corresponding to a 5s period for the
tensile and bending specimens, respectively. Figure 4 presents some indications of
anomalies especially on specimens T1 45° side A, B1 45° side A and B2 45° side A.

5.2. TSA Results

The results of the TSA analyses are reported only for the tensile specimen TS5 45 side
A presenting an anomaly (possibly a delamination) in agreement with the LT results. In
particular, the signal amplitude maps of the signal for the harmonics relating to the
frequencies of 3, 7 and 11 Hz are reported in Figure 6.

By increasing the loading frequency, the contrast between the damaged area and the
healthy one is reduced, suggesting that the defect is not superficial but sub-superficial.
This evaluation is purely qualitative; a quantitative evaluation can only be carried out
after a calibration.
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Figure 4. LT phase maps for the tensile samples for a heating period of 5s
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Figure 5. LT phase maps for the bending test samples for a heating period of 5s
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Figure 6. TSA phase maps for the bending samples for excitation frequencies of 3, 7 and 11 Hz
5.3. Tensile tests

The stress-strain curves recorded for the six dog-bone specimens subjected to tensile
tests are shown in Figure 7. Stress was calculated by dividing the load (in N), as measured
by the load cell, by the specimen's effective cross-sectional area. Strain, in turn, was
determined by dividing the change in displacement by the initial gauge length of the
useful section.
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All specimens showed similar behavior, including a first stretch of linear elastic
deformation and a second stretch of plastic deformation followed by abrupt stress
variations determined by the breaking of the fibers up to the breaking of the aluminum
core. Young's modulus was determined by calculating the slope of the initial, linear
portion of the curve.
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Figure 7. stress-strain curves recorded for the six dog-bone specimens subjected to tensile tests

Table 1 presents the mechanical characteristics obtained from the stress-strain curves.

The following mechanical characterization quantities were evaluated: the modulus of
elasticity (E), the maximum stress reached before the coating fails (Omax), the breaking
stress of the aluminum core (o).

A comparison of these values with the results from thermographic inspections
suggests that delamination in the T1 45° specimen could be responsible for its lower
Young's modulus compared to the others. However, due to high data variability and the
small number of available defective specimens, this correlation cannot be statistically
validated.

Table 1. Mechanical characteristics resulting from tensile tests for dog bone specimens

Sample E [GPa] omax [MPa] ou [MPa]
T10° 62,60 208,14 359,55
T2 0° 61,23 210,41 333,06
T1 45° 60,05 208,92 370,51
T2 45° 62,03 212,90 317,05
T1 90° 64,71 210,55 371,10
T2 90° 69,04 213,78 369,80

5.4. Bending tests

The bending test results are presented in terms of force-displacement curves (Figure
8), and the mechanical characteristics evaluated are the load at the first fracture of the
coating fibers (Fimax) and the load at the fracture of the aluminum core (F,). Indeed,
similarly to the tension tests, it was always possible to observe an initial linear elastic
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deformation phase followed by a plastic deformation phase in which several fiber
fractures occurred, causing sudden reductions in the load value.
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Figure 8. Force-Displacement curves recorded for the six rectangular specimens subjected to bending
tests

Table 2. Mechanical characteristics resulting from bending tests for rectangular specimens

Sample Fmax [N] Fu [N]
B10° 930,84 785,8
B2 0° 899,76 791,94
BI1 45° 1024,22 845,87
B2 45° 973,88 844,17
B1 90° 903,26 861,48
B2 90° 767,38 871,27

Comparing the mechanical test results (Table 2) with those from the thermographic
tests (Figure 5), a correlation between the presence of defects and reduced mechanical
performance is again evident. Specifically, sample B2 90°, which was the only
component where debonding was detected in the most highly stressed region during
testing, exhibited a lower load at the first fiber fracture (Fmax). Notably, it was also the
only sample where this load was below the ultimate fracture load (F.).

6. Conclusions

In this study, mechanical test specimens for tensile and bending testing, consisting of
an AM aluminum alloy core bonded with carbon fiber laminates, were analyzed using
thermographic NDTs to identify potential bonding defects.

Lock-in Thermography and TSA tests were shown to be capable of qualitatively
detecting debonding in the specimens.

The subsequent mechanical characterization tests also allowed a correlation between

inadequate layer adhesion and mechanical performance.
The reduced number of defective specimens, however, prevented the statistical
validation of the conclusions reached in these tests. Therefore, this work serves as a
preliminary study that needs to be validated with a more extensive experimental
campaign.
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