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Abstract: This study investigates the feasibility and effectiveness of two non-destructive testing
methods, active thermography and shearography, on 3D-printed thermoplastic (TP) composites
reinforced with continuous carbon fiber. Artificial defects were introduced into the composite
plate to benchmark the detection capabilities of these non-destructive testing techniques (NDT).
Active thermography produced a thermogram that highlighted defects through variations in surface
temperature. Although effective for identifying defects ranging from 3 to 10 mm in size at four
different depths, specifically 1 mm, 1.25 mm, 1.5 mm, and 1.75 mm, through the thickness of a 2.8 mm
plate, the method encountered some limitations. It faced challenges in detecting deeper defects and
accurately determining their shapes. Shearography, which utilizes fringe pattern distortions to detect
surface displacement anomalies, successfully identified near-surface defects within the same size
range. However, it required more expertise for accurate interpretation and struggled with detecting
smaller and deeper defects. The complementary strengths and limitations of these methods suggest
that employing both could offer a more comprehensive solution for defect detection in 3D-printed
TP composites.

Keywords: active thermography; shearography; 3D printing; continuous carbon fiber

1. Introduction

Over the past decades, 3D-printed TP composites have gained popularity across vari-
ous industrial sectors. Whether in aerospace, automotive, healthcare, or energy, 3D-printed
TP composites are revolutionizing the way we design and manufacture parts and struc-
tures [1]. Additive manufacturing (AM) allows for greater precision in complex structures
compared to traditional manufacturing methods. Very fine and intricate structures can be
built layer by layer. AM also enables the repair of high-value components, providing an
economical and sustainable solution for numerous industries. The mechanical properties
of components produced by AM are comparable to, and in some cases exceed, those of
conventionally treated structures [2]. These composite materials offer a unique combination
of lightness, mechanical strength, and flexibility, making them suitable for a variety of
applications. Their ability to be customized, reduce waste, and accelerate production cycles
makes them an attractive solution for many industries [3]. TP matrix composites offer
several significant technological advantages. Firstly, the unlimited shelf life of the polymer
under normal storage conditions is a major benefit compared to thermoset (TS) composites.
Additionally, manufacturing time is significantly reduced due to the absence of the lengthy
polymerization process associated with TS matrices. Furthermore, the ability to shape the
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material in its heated state and its reprocessability make it a versatile solution for various
industrial applications [4].

A recent advancement in the field of additive manufacturing of composites is the
development of coextrusion technology by Anisoprint, particularly in the context of fused
deposition modeling (FDM) [5]. Coextrusion involves the simultaneous deposition of two
materials: a filament of continuous fiber pre-impregnated with a thermoset resin, which is
CFRTS, and a TP matrix. Both materials enter the nozzle where the TP is heated, becoming
malleable, and it effectively envelops the CFRTS filament as illustrated in Figure 1a. This
process results in the CF, already embedded in the TS matrix, being further coated by the
TP material, creating a CFRTSTP filament. This integrated approach ensures that the rein-
forcing carbon fiber, already embedded in the thermoset matrix, is precisely aligned with
the thermoplastic during the printing process, which enhances the mechanical properties
and dimensional accuracy of the printed parts [6]. Unlike dual-nozzle systems, illustrated
in Figure 1b, where TP and CF are deposited separately, coextrusion combines the CFRTS
filament and the TP filament into a single step, resulting in a composite with a TS matrix
around the fiber and a TP matrix around the entire structure. This leads to improved
structural integrity and strength of the final composite [7]. The coextrusion method not
only streamlines the printing process but also reduces the risk of fiber misalignment, which
can compromise the performance of the printed component. By using a pre-impregnated
fiber, coextrusion ensures that the fiber-matrix interface is optimized for high performance,
while the outer TP matrix provides additional strength and processability. Coextrusion is
therefore a critical innovation for producing high-quality CFRTP composites with superior
mechanical properties and precision [8].
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Figure 1. Coextrusion versus dual-nozzle technologies: (a) thermoplastic (TP) is melted with

CFRTS

continuous-fiber-reinforced thermoset (CFRTS) in the nozzle creating continuous-fiber-reinforced
thermoset-thermoplast (CFRTSTP) filament; (b) continuous fibers (CF) are added after thermoplastic
(TP) creating continuous-fiber-reinforced thermoplastic (CFRTP) filament.

In a recent study, Demarbaix et al. [5] explored the feasibility of printing self-sensing
composite parts using continuous carbon fiber. They demonstrated the potential of coex-
trusion technology to produce parts that not only meet structural requirements but also
have integrated sensing capabilities, useful in applications like structural health monitoring
(SHM) [6] and soft robotics. The study highlights the advantages of using continuous
fibers for both mechanical reinforcement and electrical conductivity, which can be moni-
tored in real time to predict material failure. This research underscores the importance of
coextrusion in advancing multifunctional 3D printing technologies [5].
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However, several factors hinder the growth of this market: material characteriza-
tion during development, process control, and integrity assurance [7]. The use of non-
destructive testing (NDT) [8] is essential to ensure the quality and reliability of 3D-printed
continuous carbon fiber composites. These inspection techniques enable the properties of
parts to be assessed without altering their mechanical integrity, thereby reducing costs and
boosting confidence in inspection processes. By detecting defects such as cracks, voids,
inclusions, and porosity at an early stage, NDT helps to avoid costly repairs or subsequent
replacement. It is essential to ensure that products meet the required quality standards
and guarantee user safety. Among the methods particularly well-suited for inspecting
these materials are radiographic testing, computed tomography, ultrasonic testing, infrared
thermographic testing, and shearography [9]. Radiographic testing (RT) employs X-rays or
gamma rays to detect internal defects such as delaminations. Computed tomography, also
using X-rays, provides detailed cross-sectional images for a comprehensive view of internal
anomalies. Ultrasonic testing, which uses ultrasonic waves, is effective for identifying
delaminations and density variations, and is widely used for quality control of composites.
Infrared thermographic testing detects surface and near-surface defects by measuring
temperature variations, often caused by irregularities in the material’s thermal conductivity.
Shearography identifies defects by analyzing deformation patterns under stress, making it
particularly useful for detecting subsurface flaws like delaminations and voids.

Numerous studies have already compared various NDT technologies, such as ther-
mography and shearography, to demonstrate their effectiveness in inspecting composite
materials obtained by classical manufacturing processes. Georges et al. [10] compared
thermography and shearography on a hybrid sandwich metal-composite flat panel. Ther-
mography, using lamp heating, detects defects up to 2 mm deep, with diameters as small
as 6 mm. In contrast, shearography yields good results for larger defects such as 25 mm air
gaps at depths less than 2 mm. Garnier et al. [11] studied the comparison between shearog-
raphy and thermography for the inspection of an epoxy/carbon composite plate. They
found that shearography shows variations of 8% in length and 21% in width compared
with the reference measurement, while induction thermography shows variations of 12% in
length and 20% in width. Wei et al. [12] explored the efficiency of long pulse thermography
(LPT) and shearography in detecting defects in carbon-fiber-reinforced polymers (CFRP)
and aluminum honeycomb panels. Their study demonstrated that LPT is particularly
effective for CFRP, providing high accuracy with minimal error for small defect detection.
However, in aluminum honeycomb panels, shearography performed better, effectively
identifying all pre-embedded debonding defects. They concluded that combining both
methods could optimize defect detection across different materials. Hung et al. [13] ex-
amined the application of thermography and shearography in evaluating fiber-reinforced
composites. Their research highlighted that thermography effectively locates adhesive
bond defects, while shearography is advantageous for identifying deformations caused
by internal flaws under stress. They concluded that a combined approach enhances defect
detection reliability, compensating for the limitations of each method when used alone.
However, none of these studies have addressed 3D-printed composites. To date, no articles
have been found comparing shearography and thermography on 3D-printed composite
parts. Thermoplastic-based composites are gaining increasing prominence in various indus-
tries due to their recyclability, toughness, and ease of processing. As the use of 3D printing
for manufacturing composite materials grows, especially for complex and customizable
components, it is essential to assess the effectiveness of NDT methods on these new ma-
terials. Since TP can exhibit different behavior compared to traditional TS composites,
understanding how these NDT techniques perform in this context is crucial for ensuring
the quality and reliability of 3D-printed parts.

Building upon these findings, the aim of this project is to compare the efficacy of active
thermography and shearography on a 3D-printed composite plate reinforced with continu-
ous carbon fiber, in which artificial defects with defined geometries have been integrated.
Although defects such as porosity and cracks can occur in 3D-printed parts reinforced
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with continuous fibers, this study focuses mainly on the analysis of artificial defects in the
form of voids deliberately inserted into the plate in order to assess the performance of non-
destructive testing methods. The two non-destructive testing methods were selected for
comparison due to their shared principle of using an external excitation source, specifically
heat, to induce detectable changes in the test material. Both methods involve the application
of thermal energy to the plate, followed by the capture of resultant responses via imaging
systems. In active thermography, the infrared camera records the thermal radiation emitted
from the surface of the plate as it heats up and cools down, enabling the identification of
temperature anomalies associated with defects. In shearography, the application of heat
introduces slight variations in the material’s internal stress state, which are captured by a
shearography camera. The camera monitors changes in the optical phase of light reflected
from the surface during the cooling phase, revealing the presence of subsurface defects.
The comparison of these two technologies offers insights into their respective strengths and
limitations in defect detection. While both rely on heat as the excitation source, they differ
in how the material’s response is captured: thermography detects variations in surface
temperature patterns, whereas shearography measures local strain variations by capturing
changes in the fringe patterns that correspond to the mechanical response of the material
under thermal excitation. These two non-destructive testing techniques will be evaluated
to detect and characterize defects in the plate. The limitations and potential advantages of
both inspection techniques will be discussed.

2. Materials and Methods

This section discusses the materials and methods employed in this study. The focus
will first be on the benchmark composite plate, detailing its composition and manufacturing
process. Following this, the non-destructive methods used to evaluate the integrity of the
composite benchmark will be explored.

2.1. The Benchmark

In the context of this study, a composite plate made of continuous-carbon-fiber-
reinforced thermoplastic polymer is used as a benchmark, manufactured by 3D printing
using the FDM method. This plate was printed with the Anisoprint Composer A4 printer,
which is characterized by its coextrusion technology. The benchmark used in this study is
based on the plate model proposed by Saeed et al. [14]. This rectangular plate measures
220 mm in length, 140 mm in height, and has a thickness of 2.8 mm. It consists of 8 plies
arranged in a sequence of (0/45/90/—45°), orientations. The plate contains 16 internal
defects of various sizes and shapes, the exact dimensions of which are given in Figure 2,
and these defects are located at different depths. To create these defects, the printing head
does not deposit material at the locations of the defects to reproduce any delamination or
porosity present in real components. The geometric model of the benchmark used can be
seen in Figure 2.

The accurate fabrication of this benchmark plate is essential for validating the results
of the following NDT methods.
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Figure 2. Benchmark geometry and specifications.

2.2. Non-Destructive Testing Methods

The RT method, using the X-RIS Dxbox-200 X-ray Inspection Cabinet from WAN,
Charleroi, Belgium, was utilized as a preliminary step to verify the presence and location of
any pre-existing defects in the specifically designed benchmark. This reference plate serves
as a control, allowing for a clear and reliable comparison of defect detection capabilities
between the active thermography and shearography methods on 3D-printed composite re-
inforced with continuous carbon fiber. The radiographic image of the reference benchmark
plate, illustrating the identified defects, is presented in Figure 3.

The defects numbered 1 to 4, located at a depth of 1 mm from the top surface of the
plate, are clearly visible. Their dimensions and the shape of the defects can be determined
with precision. Similarly, the defects numbered 5 to 8, located at a depth of 1.25 mm from
the top surface of the plate, are also clearly visible. Their dimensions and shape can be
accurately determined. In contrast, the defects numbered 11 and 12 (at a depth of 1.5 mm)
and 15 and 16 (at a depth of 1.75 mm) are discernible, but it is difficult to distinguish
whether they are circular or square in shape. Additionally, their dimensions are challenging
to measure accurately. Finally, the defects numbered 9 and 10 (at a depth of 1.5 mm) and
13 and 14 (at a depth of 1.75 mm) with dimensions below 5 mm, are not detectable in the
radiographic image.
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(a) (b)

Figure 3. Radiographic result of the reference benchmark: (a) X-ray image of the 3D-printed composite
plate; (b) overlay of defect map on the X-ray image. This image shows the same plate with a red
overlay indicating the positions and numbers of the artificial defects introduced.

By confirming the presence of defects in the reference benchmark plate, the RT method
establishes a baseline for the experimental study. This baseline ensures that any defects
identified in subsequent tests on the composite plate are genuine and not the result of
inconsistencies introduced during the manufacturing process or inaccuracies in the test
setup. Consequently, this RT verification guarantees the integrity of the benchmark plate,
making it a reliable standard for comparison.

To accurately assess and detect defects or anomalies within the test plate, two comple-
mentary NDT methods were employed: active thermography and shearography. Active
thermography is a technique that involves heating the surface of the material to be in-
spected and measuring its temperature evolution using an infrared camera. During the
control, the object of study is scanned using an infrared camera to measure the surface
temperature. This technology is based on the physical principle that each body diffuses a
certain amount of electromagnetic radiation which is determined by its emissive power.
Infrared thermography allows temperature measurements to be taken from a distance,
without contact, by detecting the object’s or target surface’s own infrared emissions. [13].
Thermography has the capability to detect some defects that are located deeper within
the material, providing a comprehensive assessment of the object’s integrity [15]. Shearog-
raphy, also referred to as speckle-pattern shearing interferometry, is a non-destructive
testing technique that employs the principles of coherent laser light, akin to holographic
interferometry. This method is used to generate a visual representation of an object under
testing, facilitating the detection of various defects in metallic and composite materials.
The shearography process starts with capturing an image of the test object in its unloaded
or neutral state. The reflected light from the surface, if not entirely smooth, results in a
speckle pattern, which is recorded by the camera. Subsequently, the object is subjected to
stress or excitation, typically through mechanical load or thermal heating. This induces a
reaction in the material, causing any existing defects to expand. Following the application
of stress, a second image is captured, representing the deformed state of the object. The
speckle pattern in this image differs from the initial one. The subsequent analysis involves
the subtraction of the second image from the first, resulting in a shearographic fringe
pattern, or shearogram [16]. This pattern delineates the topography of surface defects,
including but not limited to cracking, disbonding, delamination, fluid ingress, porosity,
and wrinkling [17]. The characteristic black and white fringe pattern provides valuable
insights into the relative deformation of the inspected object. In the absence of defect
features, the pattern appears regular. However, a disturbance in the pattern indicates
the presence of a subsurface defect. This technique, therefore, not only facilitates defect
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identification but also enables the measurement of deformation extent in composites and
metallic materials [18].

Following the explanation of the active thermography and shearography techniques,
their experimental setup is presented below. As shown in Figure 4a, both methods share a
nearly identical configuration. In this setup, « represents the orientation of the halogen
lamps in the horizontal plane, L is the distance between the camera and the sample, and d
is the distance between the camera and the halogen lamp.

(b)

benchmark

Sample with defect thermal camera

i halogen lamp

angle measurer in
the horizontal plane

(c)

benchmark

~

halogen lamps
shearographic

Figure 4. Experimental setup of non-destructive techniques: (a) schematic of general setup; (b) active
thermography setup; (c) shearography setup.

The experimental setup for active thermography includes two halogen lamps mounted
on tripods, each with a power output of 1000 W, which serve as the thermal source. A FLIR
T560 infrared camera, equipped with a 17 mm focus lens, is positioned at a distance from
the test plate to capture the thermal images effectively. This setup is optimized to ensure
uniform heating of the plate, which facilitates accurate defect detection through thermal
imaging. The adjustable parameters of the configuration, summarized in Table 1, include
the distance between the thermal source and the plate, the angle of the lamps, the exposure
time, and the positioning of the camera relative to the test object.

This configuration is designed to deliver consistent and even heat distribution across
the surface of the plate, enabling the infrared camera to capture detailed thermal variations
associated with defects. The spatial arrangement of the camera, heat sources, and sample is
visually represented in Figure 4b.
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Table 1. Adjustable parameters of the experimental setup of thermography tests [19].

Symbols Parameters Value
L Distance between thermal source and plate 70 cm
a Angle of lamps relative to plate 20°
d Distance between lamps and camera 30 cm
t Exposure time 10s

Regarding shearographic tests, Table 2 outlines the experimental parameters that were
selected to conduct the measurements. The parameter Ds represents the shearing distance,
which is a parameter of the shearographic camera. It is the distance between two points on
the surface of the object that are compared to detect deformations.

Table 2. Parameters of the experimental setup of shearography tests.

Symbols Parameters Value
L Distance between thermal source and plate Im
a Angle of lamps relative to plate 20°
d Distance between lamps and camera 30 cm
Dsg Shearing distance 7 mm

Several experimental trials were conducted to determine the optimal parameters for
maximizing the accuracy of defect detection in the tested composite plates. Each trial
involved adjustments to the parameters, such as the exposure time, which affected the final
temperature of the plate, the distance between the camera and the plate, and the shearing
angle. The inputs of experimental configurations are summarized in Table 3.

Table 3. Inputs and results of shearography tests for defect detection.

Inputs Trial 1 Trial 2 Trial 3 Trial 4
Shearing angle (°) 45 0 90 45
Exposure time (s) 45 15 15 15
Results

Final temperature of the plate (°C) 30 27 27 27

For the first trial, the exposure time was set at 45 s, which allowed the plate to be
heated to a final temperature of 30 °C. However, after analysis, it was determined that
heating the plate for only 15 s already allowed a temperature of 27 °C to be reached, which
is the minimum temperature to highlight the majority of defects in a single shot. Therefore,
for the following tests 2, 3, and 4, the exposure time was reduced to 15 s, thus maintaining
a stable temperature of 27 °C on the plate.

Another parameter modified in the tests is the shearing angle. In the first trial, this
angle was 45°. In the second trial, the angle was adjusted to 0°, and in the third one, it was
changed to 90°. In the end, the 45° shear angle showed the greatest number of defects in a
single image. The other parameters, such as the distance between the camera and the plate
and the shear distance, remained constant throughout the four tests.

Trial number 4 was identified as the optimal setup for defect detection. This choice
is explained by the combination of parameters that yielded the best results in terms of
image accuracy and clarity. During this trial, the plate was heated for 15 s, allowing its
temperature to stabilize at 27 °C, an ideal value for generating the necessary thermal
deformations for defect detection. The Optrion camera was positioned one meter away
from the plate, capturing images with sufficient resolution to observe deformations during
both the heating and cooling phases. The shearing angle was set at 45°, while the shearing
distance was 7 mm. This configuration, illustrated in Figure 4, provided an optimal field of
view for detailed deformation analysis, thus improving defect detection.
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3. Results

In this study, the two non-destructive testing methods presented in the previous sec-
tion, active thermography and shearography, were applied to the 3D-printed composite
plate. This benchmark was used as a reference to compare the effectiveness of these two
methods in detecting defects. The main objective was to determine the feasibility and
comparative effectiveness of active thermography and shearography on 3D-printed com-
posite materials reinforced with continuous carbon fiber. The results obtained revealed
detailed information on the presence of defects detected by each method, providing indi-
cations of their respective effectiveness. The specific details of these testing methods, the
corresponding results, and their comparison are presented in this section.

3.1. Active Thermography

To begin with, Figure 5 presents the results obtained for the active thermography tests.

(a)

Figure 5. Active thermography results: (a) thermogram of the 3D-printed composite plate. This image

shows the temperature distribution on the surface of the plate after applying the active thermography
method. (b) Overlay of defect map on the thermogram. This image shows the same plate with a red
overlay indicating the positions and numbers of the artificial defects introduced.

The analysis of the thermogram in Figure 5a reveals several hot and cold spots in-
dicating thermal anomalies potentially related to the presence of internal defects. To
better understand these anomalies, the defect map is superimposed on the thermogram in
Figure 5b. The numbered areas in Figure 5b correspond to the artificial defects introduced
in the composite plate. Figure 6 illustrates the outcomes of active thermography analysis
after post-processing techniques were applied to enhance defect detection. Compared to
the raw data presented in Figure 5a, this image demonstrates a significant improvement in
identifying the various defects within the material. Indeed, in the raw image, only defects
3,4, 7, and 8 are visible. However, in the post-processed image, both of the first two rows
corresponding to defects 1 to 8 are clearly visible.

To provide further detail from the post-processing thermogram, the visible defects
include:

e  Defects 1 to 4, which are circular in shape and located at a depth of 1 mm within the
plate, with respective sizes of 3 mm, 5 mm, 7 mm, and 10 mm.

e  Defects 5 to 8, which have a nominal square shape, are located at a depth of 1.25 mm
within the plate, with respective sizes of 3 mm, 5 mm, 7 mm, and 10 mm.
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e Additionally, defects 11 and 12, which are circular and located at a depth of 1.5 mm,
are less visible than the others but nevertheless are now detectable in the post-
processed image.

Conversely, some defects remain undetected:
e  Defects 9 and 10, which are circular with respective sizes of 3 mm and 5 mm, and are
located at a depth of 1.5 mm.

e  Defects 13 to 16, which are square in shape with respective sizes of 3 mm and 10 mm,
and are located at a depth of 1.75 mm.

Y

Figure 6. Thermogram post-processing.

To further assess the accuracy of the defect detection, measurements were taken using
the Maestro software version 5.14.8. Figure 6 shows both the nominal characteristic lengths
of the defects and the measured values obtained through the software. Since the defects
have circular or square shapes, their characteristic lengths, diameter for circular defects,
and side length for square defects were used for comparison. The percent deviation A
between the nominal characteristic length and the measured value for each defect was
calculated using the following equation:

Nominal Value — Measured Value
A= Nominal Value x 100. M

Applying Equation (1), the deviations for defects 3 and 4 were determined as follows:

e  For defect 3, with a nominal value of 7 mm and a measured value of 6.33 mm, the
deviation is 9.57%.

e  For defect 4, with a nominal value of 10 mm and a measured value of 9.28 mm, the
deviation is 7.2%.

It should be noted that the observed deviations, which are close to 10%, can be
attributed either to the inherent limitations of measurement precision, or to transient
temperature effects. However, it is important to emphasize that during the thermography
tests, the material’s glass transition temperature is not reached, eliminating any risk of
deforming the part due to heat exposure.
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For the remaining defects, accurately defining the measured values using the software
proved to be challenging. Firstly, the exact delimitation of the defect area, whether circular
or square, proved complex, making it difficult to determine its precise geometry. Secondly,
the intensity of the anomalies detected is a delicate factor to analyze. Indeed, some anoma-
lies can be interpreted as defects, but a comparison with other areas of the plate reveals
similar intensities without the presence of artificial defects. Thus, only defects 3 and 4 could
be effectively quantified.

The post-processing techniques have effectively revealed most defects located at
depths up to 1.25 mm. However, detecting defects becomes more challenging as the depth
increases, with fewer defects at depths above 1.5 mm being identified. Additionally, smaller
defects, particularly those with diameters of 3 mm and 5 mm, are more difficult to detect,
especially when located at greater depths. This limitation is mainly due to the thermal
diffusion process, which weakens as the depth increases. For deeper defects, the heat
generated does not reach the surface as effectively, reducing thermal contrast and making it
more challenging to identify the defects. Similarly, smaller defects produce less pronounced
thermal variations, further complicating their detection. So, although active thermography
can identify certain defects down to a depth of 1.5 mm, accurate defect depth estimation
remains limited by thermal diffusion and reduced thermal contrast at greater depths.

The effectiveness of active thermography in this experiment demonstrates its capa-
bility to detect and locate internal defects in reinforced composite materials. The thermal
variations observed are consistent with the positions of the artificial defects, confirming
the sensitivity of this method. Using this experimental setup, the positioning of the defects
within the plate was accurately identified. Furthermore, the visible defects, which have
sizes ranging from 5 mm to 10 mm, are those located at depths of 1 mm and 1.25 mm in
the plate relative to the analyzed surface. However, the exact shape of the defects, whether
square or circular, could not be determined.

3.2. Shearography

The series of images presented in Figure 7 corresponds to the results obtained from
a shearography inspection. These images illustrate the evolution of wave propagation
through the analyzed plate. The wave, highlighted with red circles in each image, enables
us to detect and visualize defects within the structure as it moves across the material.

Figure 7. Wave propagation and defect visualization in shearography analysis.

From the sequence of images obtained through the shearography inspection, it was
necessary to select a specific image, shown in Figure 8, for detailed analysis. This selection
was made to determine the most suitable frame for detecting and assessing potential defects
within the material. The choice of image was guided by the clarity of the wave propagation
patterns and the contrast between areas of interest.
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Figure 8. Shearography results: (a) shearogram of the 3D-printed composite plate. This image shows

the interference pattern of the 3D-printed composite plate captured after applying a heating excitation.

(b) Overlay of defect map on the shearogram. This image shows the same plate with a red overlay

indicating the positions and numbers of the artificial defects introduced.

The analysis of the shearogram in Figure 8a reveals several fringe disturbances indicat-

ing surface displacement anomalies potentially related to the presence of internal defects.
To better understand these anomalies, the grid overlay is applied to the shearogram in
Figure 8b. The numbered areas in Figure 8b correspond to the artificial defects introduced
in the composite plate. The following observations were made:

Visible Defects: Defects 3 and 7 are particularly noteworthy. Defect 3, a circular defect
with a dimension of 7 mm located at a depth of 1 mm in the plate, shows fringe pattern
distortion. Similarly, defect 7, a square defect also measuring 7 mm but located slightly
deeper at 1.25 mm, is visible. These defects stand out primarily due to their proximity
to the surface, which enhances the visibility of the fringe pattern distortions, despite
their not being the largest defects.

Less Visible Defects: On the other hand, larger defects, such as defects 4 and 8, which
have dimensions of 10 mm, exhibit less pronounced thermal variations. Defect 4 is
located at a depth of 1 mm within the plate, while defect 8 is situated at a depth of
1.25 mm. Despite their larger size, these defects display only minimal fringe pattern
distortions, making them less prominent in the shearographic analysis. One possible
explanation for this phenomenon is the influence of edge effects, which can impact the
accuracy of defect detection near the boundaries of the plate. As the wave propagates
through the material, it interacts with the edges, causing distortions in the wavefront
that may reduce the visibility of defects, particularly those located closer to the edges.
Furthermore, the dynamics of wave propagation can result in non-uniform visibility
of defects at a given moment, as the wave moves through the material. This can lead
to situations where larger defects are not as clearly discernible as smaller, shallower
defects that may create more immediate surface deformations.

Non-Visible Defects: Several defects were not detected in the shearographic images.
Among these, defects 1 and 2, which are circular in shape with dimensions of 3 mm
and 5 mm, respectively, are located at a depth of 1 mm. Defects 5 and 6, which are
square-shaped with the same dimensions of 3 mm and 5 mm, are positioned slightly
deeper at 1.25 mm. Additionally, defects numbered 9 to 16, found at depths of 1.5 mm
or greater, have dimensions ranging from 3 mm to 10 mm but remain undetected. The
challenges encountered during these tests include the fact that smaller and deeper



J. Manuf. Mater. Process. 2024, 8, 227

13 of 15

defects induce less surface deformation, leading to minimal or no fringe pattern
distortions. The difficulty in detecting these deeper or smaller defects underscores
the limitations of the current shearographic setup in identifying internal anomalies,
particularly as defect depth increases.

e  Out of the sixteen artificial defects introduced in the composite plate, the shearographic
analysis detected four defects. Specifically, defects 3 and 4, both circular and located
at a depth of 1 mm, with diameters of 7 mm and 10 mm, respectively, and defects
7 and 8, both square and situated at a depth of 1.25 mm, with sizes of 7 mm and
10 mm, respectively, were identified. These results demonstrate the sensitivity of
the shearography technique and the current experimental setup in detecting internal
defects, particularly those closer to the surface.

e However, it is important to emphasize that the interpretation of images obtained
through shearography is challenging. The method’s reliance on fringe pattern dis-
tortions, which can vary subtly with defect size and depth, complicates the clear
identification of all anomalies within a single shearogram. In particular, deeper defects
produce weaker fringe distortions, which are more prone to being masked by noise or
other surface irregularities. This complexity underscores the need for careful analysis
and potential refinement of the technique to improve its effectiveness, especially for
detecting deeper or smaller defects.

4. Discussion

Both active thermography and shearography have been used to detect certain internal
defects in 3D-printed TP composites reinforced with continuous carbon fiber. However,
while these methods have shown some effectiveness, they represent only an initial step in
evaluating the material. Not all defects were detected, suggesting that further work is needed.
Table 4 provides a comparative summary of the results obtained using both techniques,
including the types of defects detected, along with their sizes and depths within the plate.
These results give an indication of the current capabilities and limitations of each method.

Table 4. Summary of the results of active thermography and shearography tests for defect detection.

Method Defect No. Size of Defect (mm)  Depth of Defect (mm)

Active Thermography 1 3 1
2 5 1
3 7 1
4 10 1
5 3 1.25
6 5 1.25
7 7 1.25
8 10 1.25

Shearography 3 7 1
4 10 1
7 7 1.25
8 10 1.25

The results obtained from the active thermography technique demonstrate its efficacy
in detecting subsurface defects within the composite material. Specifically, the technique
identified eight defects, as detailed in Table 4, with a clear distinction between defects
located at varying depths and sizes. The post-processing techniques applied to the ther-
mograms significantly improved the visibility of defects, particularly those situated at
depths of 1 mm and 1.25 mm. However, defects positioned deeper within the material
or those with smaller dimensions, such as 3 mm and 5 mm, proved challenging to detect,
especially at depths greater than 1.5 mm. These findings highlight the sensitivity of active
thermography to detect and map defects within specific size and depth ranges, although
it faces limitations as the defect depth increases. Additionally, while it could identify the
presence of defects, it struggled to accurately determine their shapes, whether circular
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or square. Moreover, thermography gives an indication of the surface condition of the
plate. Lines in the raw image represented in Figure 5 were observed across the entire
plate, representing continuous carbon fibers. These observations further emphasize the
thermography method’s current capabilities and areas where it could be improved.

In contrast, the shearography technique exhibited lower sensitivity, detecting four
defects out of the sixteen introduced in the composite plate made of 3D-printed material
reinforced with continuous fiber. The defects identified were circular with diameters of
7 mm and 10 mm, located at a depth of 1 mm, and square with sizes of 7 mm and 10 mm,
situated at a depth of 1.25 mm. Despite being able to detect these defects, shearography
struggled to identify smaller defects, especially those at greater depths. The reliance on
fringe pattern distortions to detect anomalies limits the clarity and precision of this method.
The difficulty in interpreting shearographic images, combined with the subtlety of fringe
pattern distortions, underscores the technique’s challenges in providing comprehensive
defect detection across varying depths and sizes within the material. Additionally, edge
effects observed during wave propagation may distort the results and further reduce defect
visibility near the boundaries of the plate.

Ultimately, active thermography has demonstrated a superior capability in identifying
a higher number of defects, particularly those located near the surface and within a specific
size range. While shearography was able to detect certain defects, especially those near the
surface, its effectiveness could be significantly improved. The complementary use of both
techniques could improve defect detection, especially in 3D-printed composite materials.
However, further refinement of both methods is necessary to enhance their accuracy and
reliability, particularly for detecting deeper or smaller defects within composite structures.

5. Conclusions

This study evaluated the feasibility and effectiveness of two NDT methods, active
thermography and shearography, for detecting artificial defects in 3D-printed TP compos-
ites reinforced with continuous carbon fiber. The analysis revealed distinct strengths and
limitations for each technique.

Active thermography demonstrated a higher sensitivity for detecting subsurface
defects, particularly those within the size range of 3 mm to 10 mm and at depths of 1 mm
and 1.25 mm in a 2.8 mm-thick 3D-printed composite plate. The post-processing techniques
applied to the thermographic data significantly enhanced the visibility of defects, increasing
the number of detectable defects from four to eight, thereby improving the method’s
overall detection capabilities. However, the technique faced challenges in identifying
deeper defects beyond 1.5 mm and struggled to accurately determine the shapes of the
detected anomalies.

Shearography, on the other hand, identified four defects, all located near the surface
at depths of 1 mm and 1.25 mm. Despite its potential to detect near-surface defects,
shearography’s effectiveness was limited by its reliance on fringe pattern distortions, which
proved difficult to interpret, especially for smaller or deeper defects. Additionally, edge
effects and the complexity of analyzing wave propagation further limited the clarity of the
results, reducing its reliability for detecting subtle or deep anomalies.

In summary, this study underscores the need for continued development and opti-
mization of NDT methods tailored for 3D-printed composites reinforced with continuous
fibers. The characteristics of these materials, including their internal structures and the
presence of continuous fiber reinforcement, pose challenges for defect detection. Therefore,
enhancing the sensitivity, accuracy, and interpretability of NDT techniques is essential for
effectively identifying defects across varying depths and sizes within these composites. As
the use of 3D-printed, fiber-reinforced composites expands in various high-performance
applications, refining these testing methods will be critical to ensuring the reliability and
safety of the materials in practical use.
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