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Abstract: Spot welds have a significant part in the creation of automotive vehicles. Since the integrity
of, for example, a car, is dependent on the performance of multiple welds, it is important to ensure
the quality of each spot weld. Several attempts have been made in order to determine the quality of
spot welds, but most of them do not focus on the applicability in the manufacturing process. Spot
weld inspections are often performed using back heating. However, during manufacturing, robotic
inspections are desired, and since the bodywork of a car is a complex shape, the accessibility from the
inside of the vehicle is minor. Therefore, inspections using front heating are more suitable. In this
manuscript, multiple excitation methods are compared as well as different post-processing techniques.
The used excitation techniques can be divided into light heating and inductive heating. Light heating
is further divided in lock-in thermography and pulse thermography. The used post-processing
techniques are principle component analysis and fast Fourier transform. Inductive heating turns out
to be the most suitable measurement technique since it is fast and can be performed as front and back
heating. Both investigated post-processing techniques deliver suitable information, such as relief
images and information of the internal structure of the spot weld.

Keywords: active thermography; non-destructive inspection; spot welds

1. Introduction

Performing quality inspections during manufacturing has increased enormously in the
last decades, and more and more manufacturers are discovering the use of non-destructive
inspection methods. Using non-destructive testing, it is no longer needed to manufacture
additional parts in order to submit them to destructive inspections. Those inspections are
performed in a variety of fields, such as aircraft construction, metal structure manufactur-
ing, composite manufacturing, etc. Several different techniques are being used in order to
examine the structural integrity of the manufactured parts. Amosov et al. [1] performed
ultrasonic testing on riveted joints in aviation construction, Deepak et al. [2] compared
different non-destructive inspection techniques to assess the quality of welded joints and
Jasiūnienė et al. [3] performed ultrasonic testing on complex titanium and carbon fiber com-
posite joints. It is proven that non-destructive testing can offer a reliable inspection method
in order to investigate the structural integrity of materials and joints. In the automotive in-
dustry, many spot welds are used to combine parts together. On average, the body work of
a car alone consists already of 5000 spot welds [4]. Nowadays, the quality of the spot weld
is investigated using destructive research, resulting in many disadvantages. If the quality
of the spot weld is not sufficient, a larger batch of spot welds will be disapproved since not
every single spot weld can be tested. Therefore, car manufacturers search for alternative
solutions in non-destructive inspections. An easy inspection method can be found in visual
inspections; however, these examinations can only be performed by someone skilled in the
art. An alternative can be found in penetrant testing. This technique is suitable to detect
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cracks, but is not capable of showing defects inside the material. Besides penetrant testing,
another surface examination technique can be found in eddy current testing [5–7]. Perform-
ing subsurface inspections is possible using ultrasonic testing, but extreme accuracy is
needed to place the transducer in the middle of the spot weld. Performing visual surface
inspection of spot welds is not sufficient since a spot weld can look decent although no
internal structure change has occurred. As explained in [8], a proper spot weld contains
multiple sections. The weld nugget has a different internal structure in comparison to the
region around it. Therefore, it is important to inspect the surface of a spot weld as well as
the internal structure. An alternative approach can be found in active thermography for
non-destructive inspections [8–10]. Several efforts have been made regarding the use of
active thermography for spot weld inspections [11–14]. Scientific research often focuses on
the ability to inspect spot welds using a specific measurement setup. A. Runnelmalm and A.
Appelgren [5] and Jonietz et al. [14] performed thermography using light sources as exter-
nal heating, and Kastner et al. [12] and Schlichting et al. [13] combined thermography with
laser excitation. However, in a manufacturing process, not every measurement technique
can be used. It is, for instance, possible to inspect spot welds using laser thermography,
but due to safety issues, it is not suitable to be used in the production hall without extensive
safety precautions. This manuscript focuses on finding the most optimal measurement
setup to perform active thermography inspections during the manufacturing process. Mul-
tiple excitation methods are described in this manuscript, divided in several paragraphs
based on the used heating method. For each measurement setup, a variety of parameters is
tested and compared. Besides a variation in excitation parameters, a comparison between
two post-processing techniques is performed for each excitation type. The used measure-
ment setups can be found in Section 2, Materials and Methods. Section 3 describes the
influence of the different parameter sets and post-processing techniques.

2. Materials and Methods

Nine different samples are inspected using different active thermography techniques
in order to find the best inspection method. The samples are divided into two groups: A
and B. The A-series comprises four samples with the same thickness (2.5 mm) and one
sample that is 3.15 mm thick. All samples of series B have a thickness of 2.5 mm. An RGB
image of the samples can be seen in Figure 1. The A-series samples are used to find
the best measurement setup for the inspection of spot welds using active thermography.
The B-series will function as a validation set to test the best suitable measurement method.

The parameters used to weld the samples can be found in Table 1.

Table 1. Parameters used to generate the samples.

Sample 1A 2A 3A 4A 5A 1B 2B 3B 4B

Current [kA] 8 6 3.5 5 16 8 6 3.5 5
Weldtime [ms] 400 200 600 200 300 400 200 600 200
Force [kN] 3 2.6 3 3.5 2.8 3 2.6 3 3.5

The camera used for these experiments is a FLIR X6540sc with a 25 mm lens. This
cooled camera has a spectral range between 1.5 and 5.5 µm and a thermal sensitivity smaller
than 25 mK. The thermal camera is mounted on a tripod and placed in front of the sample.

2.1. Excitation Methods

Different excitation techniques are used in order to find the optimal measurement
setup for spot-weld inspections. The used techniques can be divided by the heating
mechanics used: light heating and inductive heating. Heating the samples using halogen
lamps is performed using lock-in thermography and pulse thermography.
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2.1.1. Light Heating

Two halogen lamps of 2 kW each are used as a heating source. These lamps are from
the brand Edevis and can be found online as the OTvis system. The lamps are mounted on
a tripod and placed on either side of the thermal camera. The measurement setup for the
light heating experiments can be found in Figure 2 , and the according parameter values
are discussed in Table 2.

Figure 1. Nine samples, divided into two series. The A-series consists of four samples with a thickness
of 2.5 mm (1–4) and sample 5A is 3.15 mm thick. The B-series only consists of four samples with
a thickness of 2.5 mm. The spot weld highlighted by the blue cross is the inspected spot weld for
each sample.

Table 2. Parameters used during light heating measurements. A representation of the parameters can
be found in Figure 2.

Parameter Value

Distance camera—sample ‘L1’ [m] 0.44
Distance lamp—lamp ‘L2’ [m] 0.88

Distance lamp—sample ‘L3’ [m] 0.44
Angle lamp—camera [°] 45



Appl. Sci. 2022, 12, 5668 4 of 12

Figure 2. Visualization of the measurement setup used for light heating experiments. The left
image is a schematic representation of the setup, and the right image is taken during measurements.
The cardboard is placed in front of the thermal camera to prevent the radiation emitted by the camera
reflecting on the sample to be inspected.

2.1.2. Induction Heating

The measurements performed in this manuscript using induction heating are per-
formed using a 1.5 kVA Leon LIH-15 heater. The heating energy is transferred to the
sample through an induction coil containing two windings. The induction heating device
is mounted using a clamp at the desired location and distance next to the sample to be
inspected. The sample is heated using inductive step heating. The pulse duration can be
found in Table 3. A visualization of the measurement setup can be seen in Figure 3.

Figure 3. Schematic overview of the measurement setup used for induction thermography mea-
surements. Both front and back heating are performed. The parameter values can be found in
Table 4.

Table 3. Parameters used during inductive thermography of spot welds. Each sample of the A-series
is inspected using these parameters.

Parameter Set 1 Parameter Set 2 Parameter Set 3

Induction time front heating [s] 5 10 19
Induction time back heating [s] 4 8 15
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Table 4. Parameter values used during induction heating measurements for the inspection of spot
welds. A visual representation of the parameters can be found in Figure 3.

Parameter Front Induction Heating Back Induction Heating

Distance camera—sample ‘L1’ [m] 0.053 0.55
Distance sample—coil ‘d’ [m] 0.03 0.025

3. Results

Due to welding, the metallic parts are connected together, resulting in a place where
the heat can be distributed through more material. In addition the internal structure of
the metal is changed in welds that are properly performed. Using infrared thermography,
a difference in heat transfer can be observed between the welded area and the rest of the
sample. The welded regions will show different cooling down in comparison to the non
welded regions. This difference can be emphasized using post-processing. The difference
in internal structure of a decent weld will also result in a difference in cooling down and
can again be emphasized using post-processing. A more thorough explanation on why
thermography can be used to inspect spot welds can be found in [14].

The results of the different heating techniques and post-processing are shown and
discussed below. The results are divided into different sections depending on the used
excitation method.

3.1. Lock-in Thermography Using Light Heating

Since lock-in thermography is based on sinusoidal excitation, the optimal amplitude
and frequency combination has to be found in order to increase the contrast of the interest-
ing regions. The amplitude corresponds to the amount of energy injected in the sample
to be inspected; the frequency on the other hand determines the time within which the
heating energy is injected into the sample. A lower frequency results in a longer heating
time. Multiple experiments were performed on one sample in order to find suitable param-
eter combinations. These experiments have shown that a lower frequency (e.g., 0.05 Hz)
results in better images. Higher frequencies (e.g., 1.4 Hz) generated noisy thermograms.
The influence of the amplitude was determined as well, and a minimal amplitude of 60%
of the maximum power was needed to be able to perform analyses on the thermal data.
For each sample, two parameter combinations were used. The used parameter sets can be
found in Table 5.

Table 5. Parameter combinations used for the inspection of each sample using lock-in thermography.
The number of periods is kept constant at a value of two, and the amplitude is kept constant at 80%
of the maximum power.

Parameter Set 1 Parameter Set 2

Frequency [Hz] 0.05 0.4
Amplitude 80% 80%

Number of periods 2 2

The experiments are analyzed using both fast Fourier transform (FFT) and principle
component analysis (PCA). PCA is based on singular value decomposition, and the goal
of this technique is to reduce the amount of variables while losing the least amount of
relevant information. FFT, on the other hand, is based on the approximation of the data
through the sum of harmonic waves. The phase and amplitude can be calculated from this
approximation. A thorough explanation on both post-processing techniques can be found
in [15,16]. Investigating the FFT images in Figure 4, it is visible that samples 1A, 2A and
3A show a closed circular shape around the spot weld and 4A only shows a part of the
circle. The images of sample 5A do not suffice for making a conclusion about the shape of
the spot weld. Another interesting aspect of a spot weld is the internal material structure
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inside the spot weld. Spot welds should have a different internal structure in comparison
to the material around it. In samples 1A, 2A and 5A, a different thermal behaviour can
be detected inside and outside the spot weld, which a different material structure might
suggest. In samples 3A and 4A, this phase shift is not visible. Besides the Fourier analysis,
PCA is performed in order to generate relief images. In the PCA images of samples 1A
and 2A, the circular shape of the spot weld is visible. Sample 2A has the most clear circle
shape. Sample 3A is less visible in the PCA in comparison to the FFT analysis, but the circle
around the spot weld is still visible. Sample 4A has no closed boundary, and sample 5A
shows a capricious relief. The images can be seen in Figure 5.

Figure 4. Snapshots taken from fast Fourier analysis for the different samples during three measure-
ments. Experiment (A) is performed using an excitation frequency of 0.05 Hz and a Fourier frequency
of 0.025 Hz, experiment (B) uses an excitation frequency of 0.05 Hz and a Fourier frequency of 0.05 Hz,
and during experiment (C), the samples are excited using a frequency of 0.4 Hz and analyzed using a
Fourier frequency of 0.2 Hz. Only the most interesting images are shown out of the large data sets.

Figure 5. Images taken from the principle component analysis of the five samples during two
experiments. The excitation frequency of experiment (A) is 0.05 Hz, and the frequency of (B) is 0.4 Hz.

3.2. Pulse Thermography Using Light Heating

The second light heating technique investigated in this manuscript is pulse heating.
The measurement setup is visualized in Figure 2 and the parameters corresponding to
‘L1’, ‘L2’ and ‘L3’ can be found in Table 2. In order to investigate the influence of the
pulse duration, each sample is subjected to experiments using different parameter sets.
The amplitude is constant with a value of eight, which is similar to the measurements
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using lock-in thermography. The parameter sets used during the pulse thermography
measurements can be found in Table 6.

Table 6. Parameter combinations used during the pulse thermography measurements. The value of
the amplitude is kept constant at 8 in order to ensure an adequate heating intensity.

Parameter Set 1 Parameter Set 2

Amplitude 80% 80%
Pulse duration [s] 1 3

Figure 6 visualizes the results of the FFT analyses of the pulse thermography inspec-
tions. Similar results can be observed between experiments using pulse durations of 1 and
3 s for samples 1A, 2A and 3A; however, a longer pulse time leads to better results regarding
samples 4A and 5A. Both samples 1A and 2A show a clear visible circle around the spot
weld, and a different thermal behaviour between the region inside and outside the weld
can be distinguished. The black regions inside the spot weld of sample 1A show a distinct
phase shift, while in sample 2A, this phase shift is not visible. Sample 3A has a visible
circular shape as well, but there is no phase difference between the region inside the weld
and the region around it. This might mean that the weld is not optimal since no change
in metallic internal structure has occurred. Similar to the lock-in measurements, sample
4A does not show a contour of the spot weld. In the images of sample 5A, a difference can
be seen between the inside and outside of the spot weld, but there is no clear boundary
visible. Besides the FFT analyses, principle component analyses were performed on the
pulse thermography data. The results of this processing can be seen in Figure 7.

Figure 6. Snapshots taken from the fast Fourier transform analysis performed on pulse thermography
data. Experiment (A) is performed using a pulse duration of 1s and a Fourier frequency of 0.038 Hz.
Experiment (B) has a pulse duration of 1 s as well and is analysed using a Fourier frequency of
0.076 Hz. A pulse duration of 3 s is used for experiments (C,D), and the used Fourier frequencies are
0.035 Hz and 0.142 Hz.



Appl. Sci. 2022, 12, 5668 8 of 12

Figure 7. Results of the PCA processing of the pulse thermography data. Experiment (A) is conducted
using an amplitude of 8 and a pulse duration of 1 s. Experiment (B) is conducted using the same
amplitude and a pulse duration of 3 s. There are no data for sample 5A since the processing did not
result in useful information. Sample shows a similar result to previous results, namely, no closed
boundary can be detected.

3.3. Inductive Thermography

The five samples of the A-series are subjected to induction thermography measure-
ments. The inspections are performed both in front and back heating, and for each heating
method, three heating times are compared. The heating times can be found in Table 3.

The thermal data captured during the experiments of sample series A, using induction
heating are only processed using PCA since the FFT processing did not lead to useful
images. Snapshots taken from the PCA on the data captured during front heating induction
are shown in Figure 8.

Besides front heating, the back of each sample is heated during three experiments.
The induction times for each experiment are noted in Table 3. The thermal data are only
processed using PCA since FFT did not result in useful images and can be seen in Figure 9.

Since induction thermography is a fast technique and it results in qualitative images,
only this technique is used for the inspection of the remaining four B samples. The optimal
parameters found during the experiments of series A can be found in Table 7. These
parameters are used in the inspection of the samples of the B series.In contrast to the
processing of the A series, the thermal data of the B series are processed using FFT and
PCA. Both techniques resulted in decent quality images for this series. The results of the
FFT processing of the front heating of the samples can be seen in Figure 10, and the PCA
results can be found in Figure 11. The processed images related to back heating the sample
can be seen in Figures 12 and 13.
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Figure 8. Images taken from the principle component analysis performed on the thermal data
captured using induction heating of the front side of the sample. Experiment (A) is performed using
an induction time of 5 s, experiment (B) has an induction time of 10 s, and the sample was heated for
19 s in experiment (C).

Figure 9. Processed data images from experiments performed using back heating. During experiment
(A) an induction time of 4 s is used, during experiment (B) this is 8 s, and experiment (C) is performed
using 15 s of heating.

Table 7. Best parameters found during the measurements on the A-series samples. The samples of
the B series are inspected using these parameters.

Front Induction Heating Back Induction Heating

Excitation time [s] 19 15
Distance coil—sample [m] 0.03 0.04
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Figure 10. Results from the FFT processing of the thermal data captured using induction heating
from the front side of the B-series samples. Row (A) shows the phase images of the measurements
using an excitation duration of 19 s, and row (B) visualizes the amplitude images.

Figure 11. Snapshots taken from the principle component analysis of the thermal data of front
induction heating.

Figure 12. FFT results of the B series samples heated from the back during 15 s. Row (A) shows the
phase images and row (B) the amplitude images. The phase images are not sufficient enough to make
a conclusion about the spot welds, but the amplitude images show a clear difference between the
regions inside and outside the spot weld.
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Figure 13. Results of the principle component analysis of the B-series samples heated from the back.

4. Discussion

In this manuscript, a comparison is performed between different active thermography
techniques in order to find the most suitable solution for the inspection of spot welds.
The samples are heated using light heating and induction heating and processed applying
both fast Fourier transform and principle component analysis. As light heating excitation,
both lock-in thermography and pulse thermography are investigated. For each excitation
method, multiple parameter sets are explored, such as frequency variations for lock-in
thermography and variations in pulse duration for pulse thermography. Induction heating
shows to be the most suitable technique for spot weld inspections since it results in clear
data images and low inspection times. Improving the measurements using induction
thermography can be possible by minimizing the distance between the coil and the sample
and increasing the amount of windings of the excitation coil. Both front and back heating
result in good quality images in inductive thermography, making it possible to be used in
the manufacturing process. In decent spot welds, a clear contour can be detected, and the
region inside the circular boundary has a different thermal behavior in comparison to the
material around the spot weld. Considering the samples used in this research, we conclude
that samples 1A, 2A, 1B and 2B are the only valid spot welds.

5. Conclusions

The aim of this research was to determine the best method to perform infrared ther-
mography during car manufacturing. Several heating techniques are not suitable to use
in a manufacturing process without extensive changes, such as safety precautions. Since
a car body is a complex shape, it is not always possible to inspect the welds using back
heating; therefore, a solution had to be found using only front heating. An additional
requirement was found in the use of robotic inspection. In order to minimize the necessity
of a human inspector, it should be possible to perform the inspections automatically using
a robot. Keeping these requirements in mind, the best inspection method can be found in
inductive thermography. These measurements can be performed using only front heating,
and the camera and heating device can be mounted on the same robot. Using induction
thermography for the inspection of spot welds, it is possible to determine whether the
different characteristics that determine a good weld are present or not. A proper spot weld
should show a distinguishable circular shape with a closed boundary and a different ther-
mal behaviour inside and outside the welded regions. Boundaries that are not fully closed
or have an irregular shape indicate that parts of the weld are not fully melted together or
the weld puddle has blown out. It is not sufficient to evaluate a spot weld only on the
shape of the weld itself. In order to deliver the needed strength, the welded materials have
to melt into each other inside the welding region. Therefore, it is necessary to determine
whether the internal structure of the weld has changed in comparison to the surrounding
area. Further investigations can be made to the induction heating in order to minimize the
needed heating time. Improvements could be found in optimizing the distance between
the induction spools and the sample and by increasing the amount of loops in the induction
coil. In future work, the use of artificial intelligence will also be investigated in order to
automatically classify spot welds.
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