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Abstract

The aerospace industry’s current focus on recyclable materials and low-
cost processes has accelerated research and implementation of thermoplastics
matrix composites (TPC). In the last decades, researchers have researched
weldability of these materials as a valid alternative to conventional mechanical
fastening and adhesives, for improving the strength of the joint. Automatic
induction welding of carbon fiber TPCs is one of the most promising techniques
due to its numerous benefits, such as elevated energy efficiency and highly
localised heat. As for all the manufacturing techniques, the importance of
efficiently detecting the presence of defects during TPCs welding has pushed the
need for automated real-time non-destructive evaluation (NDE) systems. This
paper focuses on the development of an efficient NDE technique able to detect
the presence of alterations and defects in real-time during the welding process.
This technique relies on Infrared (IR) active thermography inspections performed
using the induction welding heat as the source and an undamaged baseline
methodology to detect differences in the heat field. The procedure was
experimentally analysed by means of an apparatus capable of automatic welding
of samples, performing the real-time NDE during the process. Results show the
efficiency of the method to localise the damaged area and characterise the defects
during the welding. The undamaged baseline methodology was proven to better
clarify shape and location of defects, allowing for an efficient detection of
damaged samples and areas where more detailed inspections can be performed
after the welding process by means of the same IR apparatus.
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Introduction

Recent interest of industries (such as aerospace and automotive) in new
materials like carbon fiber reinforced polymers (CFRPs) has led to the
development of advanced automated manufacturing systems. Some examples are
automated fiber placement (AFP), automated tape placement (ATP) and
automated welding systems [1].

The welding process, also known as fusion bonding, is one of the main
advantages in the use of thermoplastic composites (TPCs) materials, where the
material temperature is increased above the matrix melting point and joined to
other parts. Automated welding processes produce high strength joints, without
altering the structural integrity of the parts, as in the case of mechanical
fastenings. Da Costa et al. [2] published a review on the welding techniques
available for TPCs, differentiated by the heat source: ultrasonic, induction,
microwave, resistance, hot plate, IR and laser welding are some of the most



common. Particular interest is growing in research regarding induction welding,
which involves the generation of heat by means of eddy currents generated at the
welding interface using a high-frequency magnetic field, efficiently producing
high quality joints between the composite and other thermoplastic [3,4] or
metallic [5,6] materials. However, welded components need to be checked,
particularly in critical application where weld failure can be fatal, such as nuclear
field, power plants, pressure vessels and load-bearing structural component [7—
9]. Indeed, the presence of a damage in the welded area may lead to a strong
reduction of the joint strength, and thus a catastrophic premature failure of the
final part. Thus, the importance of efficiently detecting the presence of defects
during TPCs welding has pushed the need of automated non-destructive
evaluation (NDE) systems.

Non-destructive testing (NDT) techniques have been developed over the
years in many engineering processes as a powerful tool to reveal presence of
damage in materials without affecting the structural and chemical properties of
the inspected component. Conventional NDT methods used in industry for
damage detection generally include liquid penetrant, magnetic particle, and
phased-array ultrasonic testing [10—12]. However, these techniques are based on
contact inspections, thus representing a limitation where material contamination
with coupling medium or contact sensor is prohibited. Nonlinear air-coupled
ultrasound [13], radiography [14], and eddy current testing [15] provide non-
contact inspections where coupling liquid are inappropriate, e.g. in such
engineering processes where contact technique or immersion may not be
practical, or, where water can affect the property of the material being inspected,
such as reinforced plastics, electronic-packaging materials, wood, or stainless
steel [8,16-19]. However, the above-mentioned technique generally requires
voluminous equipment and time-consuming data processing and cannot be
implemented in the welding apparatus to have a real-time evaluation of the
inspected part. Therefore, there is need of an automatic NDE technique capable
of performing damage evaluation of the joint during the welding procedure.
Active infrared (IR) thermography techniques are widely used for surface and
internal damages in many engineering contexts, in both military and civil
engineering [20-22]. An IR-camera is employed to detect any non-uniform heat
distribution along the surface of the sample, subjected to heat source or ultrasonic
excitation [23,24]. In the case of induction welding of TPCs, real-time
thermography NDE of the welding line is a possible solution for detection of
damages in the part, but it is limited by the heterogeneity and intensity of the heat
field. In addition, most of the defects, such as delamination at welding interface,
are parallel to the eddy current field, thus not creating a significant interference
in the heat generation [25,26]. Indeed, induction heating of CFRPs is based on the
flow of an electric current through closed carbon fiber loops. Given that the
density of closed loops of carbon fibers may substantially vary through the
thickness of the part, CFRP is a highly inhomogeneous conductive material when
compared with metals [27].

Many studies about eddy current testing (ECT) can be found in literature,
which is a damage localisation technique based on detecting alterations in eddy
currents induced in the part. De Goeje et al. [26] studied the influence of fiber
orientations and process parameters on the ECT in creating C-scan images,



highlighting its limitations and differences between unidirectional and weave
reinforcements. Koyama et al. [27] illustrated some of the problems relating to
the use of ECT for CFRPs, proposing some inspecting probes able to efficiently
detect the damages in the part. A strong limitation of these probes relies on the
optimisation needed to be designed in function of part and material. He et al. [28]
investigated the use of eddy current pulsed thermography for NDE of impacted
CFRP using probs in reflection and transmission modes, obtaining the best results
with the last. Heuer et al. [29] provided a detailed study on the efficiency of high
frequency ECT system in detection of different material properties and defects,
with the possibility of integrating the NDT system into some manufacturing
processes for thermoset composites. Another example of integrated ECT system
is the one proposed by Fierro et al. [30], where a thermography induction NDT
system was used during automated fibre placement (AFP) process while principal
component analysis (PCA) of the raw thermal images was conducted, obtaining
clear images of typical damages. In a previous work, Flora et al. [31] provided an
experimental study about a real-time thermography system during induction
welding, which was able to detect damage in samples, but required further NDE
analysis for the complete characterisation of the defects due to the
inhomogeneities in the heat field.

Generally, the system and its parameters used for ECT NDE thermography
of composite materials need to be customised for the specific part in order to
overcome the natural inhomogeneities in the heat field and detect the real defects.
This optimisation becomes more complicated when NDE is needed in-situ and
real-time during automated induction processes, such as induction welding.
Indeed, the parameters used for the welding process, such as frequency,
movement speed, coil shape and position, may be far for the ones optimised for
the NDE.

This work is focused on the development of a technique aimed to solve these
limitations, easing the implementation of NDE thermography system to a general
automated induction process. The technique is based on the building of an
undamaged baseline that, coupled with the repeatability of the automated process
and parameters, allows for the building of a thermographic image of the part and
efficiently detect large and small variations in the heat field. Indeed, automated
induction welding machines designed for large-scale productions can weld with
arate up to 150 parts per minute [32]. Based on this it is possible to timely identify
damaged parts and alterations in the system components, allowing for a prompt
adjustment of the manufacturing line and reduction of the rejected parts, leading
to large cost saving. The proposed system is able to detect discrepancies in the
process automatically, highlight the defected part and perform a local post-
welding thermography scan in an automatic manner, without the intervention of
the manual operator. In order to experimentally prove the efficiency of the
technique, the NDE thermography system is combined with an automated
induction welding process composed of an induction coil and a pressure roller
connected to a gantry system. Samples were welded using Titanium and TPCs
parts, and some of the typical defects for this kind of process were simulated
between the parts. Thermal data was recorded during the process using IR
cameras and an algorithm was used to automatically allocate them in time and
space, leading to a 3D thermal data matrix. Thermal images were obtained by



characterising the thermal intensities (T;) in three different features (depth, width,
aggregate integrations) and subtracting the undamaged baseline, which was built
scanning three undamaged samples. Results show the improvements provided
using the undamaged baseline in the defect localisation, sizing and clarity when
compared to traditional thermography-based analysis.

Induction heating

Induction heating is a well-established method for generation of heat in
magnetically susceptible and electrically conductive material. Applying an
alternate current to a coil made of a conductive material (induction coil), a time
variable magnetic field with the same frequency is generated in the area around
it. When the conductive part is placed into this primary magnetic field, eddy
currents are generated through the material, which themselves generate heat,
meanly due to Joule losses, and a secondary magnetic field. This phenomenon,
illustrated in Figure 1, can be used for NDE of the parts by means of
thermographic image analysis or using probes, usually a secondary coil, able to
detect the properties of the secondary magnetic field, and thus identifying
eventual alterations. In addition, the generated heat can be used to melt the part
and weld it to other materials, such as in the case of induction welding of TCPs.

Sample

Eddy currents — Induction coil

Figure I - Induction heating process

Eddy currents need closed-loop of conductive material in order to be
generated. This is easy for a homogeneous conductive material, such as metals,
where every section of the part is itself a closed-loop. Indeed, induction heating
and welding was originally widely used for metals [33]. Only in the last decades
this technique was extended to other materials such as CFRPs, with thermosetting
or thermoplastic matrix, where the carbon fiber reinforcement plays the role of
the magnetically susceptible and electrically conductive component. Given the
heterogeneity of composite materials, the presence of carbon fiber closed-loops
is not always guaranteed. An example is the unidirectional laminate, where all the
reinforcement is aligned in one direction, thus not creating enough contacts to
generate a significant quantity of eddy currents [34]. For induction welding, in



the cases where the parts themselves cannot be heated by generation of eddy
currents, heating elements sensible to the magnetic field are inserted at the
welding interfaces in order to generate the heat [35].

When the part is immersed in the magnetic field generated by the coil, the
eddy currents tend to flow along the surface rather than through the depth and
dissipates quickly. This so-called “skin effect” 1is usually measured with the
standard depth of penetration 9, that is the point in depth were eddy current field
is decreased by the quantity 1/e (approximately 37%) [36]. This quantity is a
function of the current frequency f and the electrical conductivity 6, and magnetic
permeability u of the material as given by the following equation.
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The frequency of the eddy currents is the same as the alternating current
induced in the induction coil. Therefore, the eddy current field increases with the
frequency following the Faraday’s law of induction states [29]. For materials with
low electrical conductivity, such as CFRPs, high frequencies are needed to
generate a significant amount of eddy currents and, thus, of heat. Despite the high
values of frequency (f), the value of § is maintained relatively high enough thanks
to the low electrical conductivity (o) of the material, generating eddy currents in
depth.

The heated sample acts as an ohmic resistor, therefore the induced current,
and thus the heat, is proportional to the generated power, defined by the following
formula [34]:
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where H the magnetic field intensity, A the sectional area and R the resistance of
the conductive material. From equations ( 1 ) and ( 2 ), the intensity and depth of
the heat, for both welding or NDE purposes, is a function of several factors:
frequency of the magnetic field, coil geometry and distance, sample dimensions
and material properties. The optimisation and design of the induction system is
complicated due to the non-linear relation between these parameters and is
therefore unique for each application, making the combination of manufacturing
and NDE processes a challenge.

(2)

Thermal data analysis

Infrared (IR) active thermography is a NDE technique widely used for damage
detection in structures and materials in many sectors, such as aerospace, civil
engineering and military [20,22,24,37]. IR techniques generally require an
external energy source to induce a gradient of temperature within damaged and
undamaged areas in the inspected component. As regards induction heating,
damage detection relies on the change in the distribution of locally induced eddy
currents due to damage region, thus leading to a higher heat generation near the
cracks [38,39].



In this context, heat diffusion trough a solid represent a three-dimensional
problem which can be modelled by Fourier’s heat equation [40]:
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Where T and t denote the temperature and time variables, respectively, o =
k/pcy is the thermal diffusivity of the inspected material, k is the thermal

2 (3)

conductivity, p and c,, represent the density and the specific heat at constant
pressure, respectively. A one-dimensional solution of equation ( 3 ) in a semi-
infinite isotropic and homogeneous solid can be evaluated for the propagation of
a Dirac heat pulse, which represents an ideal waveform defined as an
instantaneous and intense unite-area pulse. The solution is given by:

T = = Q ("i)
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Where Q is the energy absorbed by the surface and z is the space variable through
the sample thickness. A Dirac heat consists of periodic wave containing all the
frequencies and amplitudes, and such a waveform cannot be reproduced. In
practice, a heat pulse generated by a photographic flash or an induction coil has
approximately a square shape. With this regard, the signal is a periodic wave with
several frequency harmonic components, depending on the pulse duration.
Indeed, the shorter the pulse, the broader the frequency range. At the surface (i.e.
z = 0), equation ( 4 ) can be written as follows:

_
JKeppTit (5)

Ti(Z = O,t) = Ti(Z,t = O) +

Although equation ( 6 ) only represents an approximated solution of the
complex 3-D Fourier’s law in equation ( 3 ), several pulsed thermography-based
processing techniques rely on this simplification to perform quantitative and
qualitative analysis [41-43]. The second term of equation ( 5) quantifies in-time
thermal distribution across the sample, which can be used to conduct NDE
thermography investigations.
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Figure 2 - Infrared active thermography general setup

Data acquisition and experimental setup of a general NDE thermography
procedure are shown in Figure 2. The sample is subjected to a heat source, which



in this work is Joule losses due to the eddy current generated by the induction
coil. The heat field reflects the shape of the induction coil, which is of hair pin
type, and is also influenced by the conductive properties of the material. As time
elapses, the thermal front travels within the sample, and the superficial
temperature  will decrease nearly uniformly. Contrarily, subsurface
inhomogeneities behave as a resistance to heat flow which produces anomalous
temperature distributions at the surface.

In this work, during the process, IR cameras move with the welding system,
recording images (frames) of a part of the heated sample, each of them
representing the thermal status of a specific area and time. Thermal data were
analysed in a similar manner highlighted in previous works [30,31]. Knowing the
position along the welding line and recorded time of each frame, it was possible
to build the structure of the thermal data in space and time.

Indeed, given that a frame is a M x N matrix of pixels, and thus thermal data, of
the sample, it is possible to overlap the images aligning the pixels relative to the
same point in space at different times. The image relative to the part of the sample
that was not recorded by the cameras at each time were filled with zeros, obtaining
M x N’ matrixes of thermal data of the sample. Figure 3 illustrates the recording
of the thermal images during the welding process at three different points in time.
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Figure 3 - Thermal images capturing process at the beginning (a), middle (b) and end (c) of the welding line.
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Stacking all the frames, which total number n depends on the moving velocity of
the system and the frame rate of the cameras, a 3D matrix of thermal data is
obtained, where the third dimension represents the number of frames, and thus
the time t. The other two dimensions of the thermal intensity T; 3D matrix
represents the two directions of each frame, labelled here as x and y, and can vary
from 0 to N’ and M, respectively. Summing the values in the T; 3D matrix along
the time, one obtains a final thermal image (dT; 2D matrix) of the sample, as
described by equation ( 6). The building of the thermal data matrix and final image
is illustrated in Figure 4.
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Figure 4 - Summary of thermal image processing and building of T; 3D matrix and dT; image.
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The high repeatability of the welding process allows for further
simplification of the process used for analysis of the thermal images illustrated in
Figure 4. Figure 5 illustrates the calculation process applied to obtain width [wTj,
(b)] and aggregate T, [aT;, (c)] images. The term wT; was calculated by summing
over the width y of the frame stack, as described in equation ( 7), providing a final
image of the T; through the depth t and length x of the sample. The aT; provides
a single line plot of the aggregate intensity values by integrating over the number
of frames t of wTj, as described in equation ( 8).
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Figure 5 - Processing of thermal images using the frame stack (a), thermal intensity over the width (b) and
the final aggregate thermal intensity (c)

Induction welding of TPCs is characterised by high repeatability for a given
set of samples. The technique proposed in this work relies on the process
repeatability, aiming to detect any kind of alteration in the heating field. With this



regard, the baseline was built by welding and testing a set of undamaged samples.
The undamaged results in terms of dT;, wT; and aT; values were subtracted from
the ones obtained from tested samples, thus highlighting any variation in the heat
field during the welding, as illustrated by the following equations:

dTIsub =dT; — dTIundamaged (9)
WTIsub =wl; — WTIundamaged (10)
aTlsub =aT; — aTIundamaged (11)

Experimental setup

In order to simulate the automatic induction welding process, the same system
showed in [31] and illustrated in Figure 6 was used. The system, consisting of an
induction coil, compression roller, IR cameras and a cooling fan attached to a
gantry system, is able to pass over the samples and in order heat up, compress and
cool down the two welding parts. The velocity used for the system and all its
components is 6 mm/min. The induction heating system consists in an Ambrell®
EasyHeat Induction Heating System 0224, with a maximum power of 2.4 kW and
frequency in the range of 150-400kHz. The induction coil is made of a copper
tube with 8 mm outside diameter and is of pin type shape, with a length of 150
mm and an internal distance of 10 mm (see number 1 in Figure 6). The pressure
was applied using 50 mm diameter PTFE roller attached to two steel springs of a
known elastic spring constant. The applied force was controlled during the
process by measuring springs displacement and adjusting the pre-compression
nuts. To record the thermal data during the process, two IR cameras (FLIR Lepton
3.12 um, array format 160x120 pixels, frame rate 8.7 Hz, thermal sensitivity <50
mK) were used for the real-time scanning of the samples after the compression,
for a total of 280 frames recorder for each sample. A fan was attached pointed
towards the area after the compression in order to provide a fast cooling down of
the samples, that gives benefits for both the welding process and the NDE
analysis. Indeed, after the compression and welding of the part, the thermoplastic
matrix needs to return below the -crystallization temperature to avoid
decompaction and delamination. On the other side, according to equation ( 3), the
introduction of a cooling step after heating/welding increases the instantaneous
temperature gradient (i.e. dT/dt), thus enhancing thermal imaging resolution
[44].



Figure 6 - Welding system. induction heating coil (1); PA6-Ti sample (2); PTFE pressure roller (3), rear IR
cameras (4); cooling fan (5) [30]

The welding tests were performed between TPCs and Titanium samples. In order
to have a comparison with similar tests performed without the undamaged
baseline, samples with the same layout as the ones used in a previous work [31]
were used: 150x65 mm samples manufactured using SGL Carbon® UD carbon
fiber-reinforced PA6 laminates (2 mm thickness) and Ti 15-3-3-3 foils (0.1 mm
thickness). The induction field was generated using a current of 151.2 A and a
frequency of 290 kHz, while a force of 60 N was applied to the samples. The
welding parameters were selected during a preliminary experimental campaign in
order to provide the right temperature and pressure at the interface between the
titanium foil and the TPC sample, without overheating and damage the material.
In order to prove the reliability of the system for damage detection, four samples
were tested, outlined in Table 1 and Figure 7. The first sample is an undamaged
sample; therefore, the results are expected to show the absence of defects. The
other three sample present different kind of defects: foam and titanium inserts
with different dimensions, a hole and a wrinkle in the titanium foil. In the last
sample, different damages were added in sequence to make the characterisation
more complicated. Indeed, every damage creates alteration in the eddy currents
that could lead in a strongly deformed heat field, hiding the presence of more than
one defect.
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Figure 7 — Samples damage configuration [31]

Table 1 - Samples nomenclature and damage dimensions

Sample Damage Dimensions Label

Undamaged (UD2) Undamaged -
Damaged I (D1) Foam patch 10x20x10 mm 1
Damaged 2 (D2) Foam patch 10x10x3 mm 2
Hole 5 mm diameter 3
Damaged 3 (D3) Ti patch 20x30x0.1 mm 4
Air gap 10x65 mm 5

Wrinkle

Overlap 10x65 mm 6

During the tests, the system recorded and analysed the thermal data in real-
time using the algorithm previously described. If an alteration is detected, the
sample can be recognised as damaged by the system analysing the difference from
the undamaged results and flagging values over a defined threshold, in particular
for the aT; profiles. In function of the dimensions of the sample, and therefore the
amount of data to be analysed, and the computational capabilities of the computer,
the analysis can take from just a few seconds up to some minutes. In the case of
the samples and system used in this work, the analysis took around 45 seconds
for each sample.

Results and discussion

The first tests were performed on three undamaged samples in order to build
the undamaged baseline (UD). The integrity of the samples was double checked
by using ultrasonic C-Scan, in order to verify the absence of unexpected defects



such as delamination. In order to prove that the subtraction method recognised the
absence of defects, an additional undamaged sample (UD2) was inspected.
Thermal images were recorded and evaluated during the process.

Figure 8a and Figure 8b show dT;, images for the baseline and the
undamaged samples respectively. As shown in Figure 8, the heating field is not
uniform in both cases, especially between the central area and the edges, but the
heating hotspots and patterns between the two images clearly match. After
subtraction, variability between the values of dT; was very low, as expected. The
subtracted values of dT; allows the building of a final thermal image (Figure 8c)
that clearly shows the absence of alterations in the heat field.
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Figure 8- Thermal dT; images for undamaged baseline (a), undamaged sample (b), baseline subtraction
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Figure 9 shows the wT; (a-b) and aT; (c-d) responses for the baseline and
the undamaged sample, with the direct comparison highlighted in (e). The
abscissa in the graphs corresponds to the sequential number of the recorded frame,
and therefore the position along the sample length. There are marginal differences
between the two undamaged cases (UD and UD2), and the subtracted aT; line
plot results in an almost flat response. This indicates that there is no significant
difference between the welding and material integrity of these two samples. The
propagation of thermal waves across discontinuities (defects) results in varied
heat field of inspected samples in that region. This variation should be clear when
compared with a baseline (defect-free) measurement, with the results highlighted
in the following sections.
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Following the same procedure and parameters used for the undamaged
samples, D1 damaged sample was welded, real-time recording thermal data from
the welding line. The resulting thermal dT; image of the sample D1 is shown in
Figure 10b, where an irregularity in the heat distribution is already visible. Defect
location and shape become clearer when the subtraction of the undamaged
baseline (a) is applied, obtaining the image in Figure 10c
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Figure 10 - Thermal dT; images for undamaged baseline (a), damaged sample D1 (b), baseline subtraction
dT, . (o).
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Figure 11 shows the wT; (a-b) and aT; (c-d) calculations for the baseline
and damaged samples. The comparison and subtraction of the two aT; line plots
(e) identify the location of the damage along the sample, highlighted in the plot.
A visual representation of the sample and damage was added at the bottom part
of the plot to show the accuracy of the technique. The results in both Figure 10
and Figure 11 show an accumulation of heat towards the top and bottom of the



D1 sample. This is probably due to the fact that the heat generated in the titanium
foil is shielded by the large foam, accumulating in the area before and after the
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Figure 12 shows thermal images from the welding of sample D2, which
present the same kind of defect of the D1 sample but of a considerably smaller
size. As shown in dT; image of the D2 sample (b), damage affects heat profile at
different points. In Figure 12c related to the subtraction image, damage creates a

colder area in the centre of the sample, dissipating the heat and thus creating hot
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Figure 13 shows the wT; (a-b) and aT; (c-d) responses for both UD baseline
and D2 sample. The difference between the two aT; curves, highlighted in the
plot (e), is far from being flat, thus indicating presence of defects. The damage
location corresponds to the non-zero values highlighted (1) in the curve. In
addition, a second peak (2) was detected, thus suggesting the presence of a second
damaged area. This area was successively linked to an unwelded part of the
sample by visual inspection of the welded area. In this second sample, the damage
is difficult to be distinguished, due to the smaller size of the defect and the
generation of numerous secondary alterations in the heat field and the second
unexpected defect (unwelded zone). However, from the analysis of the difference
with the UD results, it is possible to determine the presence of defects in the
sample, thus flagging it as damaged, which is the main aim of the technique.
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As described in the previous section, sample D3 presents three defects: a
hole in the top part of the Ti foil, a titanium patch and a foil wrinkle. The scope
of inspecting multiple defects in the sample is to test the efficiency of the
undamaged baseline technique in the detection of more complex and overlapping
discontinuities in the heat field. Figure 14 shows the dT; images of the undamaged
baseline (a), D3 sample (b) and the dT; subtraction image (c). As shown in the
subtraction image, the heat profile of the sample presents many alterations in
correspondence with the defects. In central part, the presence of the titanium insert
is clearly located by the hot spot (1). In the bottom part of the samples, two
horizontal alterations are detected: a cold area (2) which correspond to an air gap
before the wrinkle, followed by a hotter area (3) due to the higher amount of metal
material at the wrinkle. Finally, in the top part of the welding area, a cold spot is
clearly detected in correspondence with the hole (4).
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Figure 14 - Thermal dT; images for undamaged baseline (a), damaged sample D3 (b), baseline subtraction
D3-UD (c).

Figure 15 shows the wT; (a-b) and aT; (c-d) for both undamaged and
damaged samples. A good estimation of defects location can be identified by
plotting the difference between the two total temperature profiles (e). As
highlighted in the plot, each peak of the subtracted curve corresponds to the
position of a defect. In the case of the wrinkle, there are a positive and negative
peak arises, as expected.
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Figure 15 - wT; undamaged baseline (a), wT; image for D3 (b), aT; undamaged baseline (c), aT; profile for
D3 (@), al;_, (e).

In Figure 16 the aT; and aT;, , profiles are summarised for all the tested samples
with illustrations of the samples and defects. As it is possible to see, every
defected sample showed a non-flat subtraction curve. The aT; result with



undamaged baseline subtraction is a valid method for detection of damaged
samples. The process can be easily automated for detecting the eventual presence
of peaks during the welding process, highlighting the damaged samples. In order
to do this, a damage threshold needs to be defined, thus flagging as damaged every
sample that shows values over the limit.
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ubD2-UD D1-UD

D2-UD

Figure 16 - dT’sub profiles for UD2 (a), DI (b), D2 (c) and D3 (d) samples with samples illustration

Conclusions

A thermography-based technique for real-time non-destructive evaluation
of defects during automated manufacturing processes was developed. The
technique was tested during electromagnetic induction welding of TPCs to
evaluate and characterise various defects. The automated welding process was
simulated attaching an induction coil, a pressure roller and IR cameras to a gantry
system. Given the high repeatability of the process, thermal images were
processed by means of an undamaged baseline methodology. The integral of the
thermal response dT; was calculated for each point of the samples and subtracted
from the undamaged baseline in order to highlight the alteration in heat field due
to the presence of the defects. In addition, the width (wT;) and aggregate T}, (aT;)



were calculated for each sample. Applying the undamaged baseline subtraction to
the aT; line of the damaged samples, the resulting single line plot peaks were
proved to highlight the position of strong alterations, and thus possible defects, in
the heat field. Results show the efficiency of the method in real-time non-
destructive localisation and characterisation of defects during induction welding
of TPCs.

Generally, the undamaged baseline technique is able to highlight the heat
variation due to the defects although the heat source itself is not homogeneous
along the sample. Therefore, the proposed NDE technique can also be applied to
other kinds of heat-based manufacturing process with high repeatability.
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