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Abstract: Advanced materials are widely used in many industries. They play an important role
especially in the aeronautic and automotive sectors where weight reduction is required in order
to reduce fuel consumption. Composite materials have a high strength to weight ratio and are
applied in airplane construction. Nevertheless, sometimes it is not viable to replace all metal parts
by composite ones due to the cost factor. In this sense, hybrid structures are highly welcome. In
order to ensure the safety of these hybrid components during their entire life cycle, non-destructive
testing evaluation (NDT&E) methods are used and sometimes they are the only option. In this study,
we use infrared thermography (IRT) to inspect an aluminum-composite hybrid structure with a
3D shape. The sample has a composite part with a small metal inlay (EN AW-6082) overmolded
with a thermoplastic layer. The inlay is bended to reach the desired 3D geometry. This sample
was design to be used for the connection between an A- or B-pillar and a car roof made of carbon
fiber reinforced polymer (CFRP). A dual-band infrared camera is used in order to capture images in
two different spectral ranges. In addition, two data processing techniques for infrared images are
applied to enhance the images: principal component thermography (PCT) and partial least squares
thermography (PLST). Then, a signal-to-noise ratio analysis is performed with three randomly chosen
previous known defects to assess the quality of the images and detected defects. Results showed that
principal component thermography has a slight advantage over partial least squares thermography
in our specific experiments. Specifically, for the long-wave infrared band, PCT presented, among
the defects analyzed, PCT presented a mean value 12.5% higher while the standard deviation was
almost three times lower than PLST. In parallel to the non-detructive analysis, a numerical finite
element model was formulated in ANSYS® to analyze the total deformations to which the metal-
composite-hybrid structure is subjected during a possible use. Results obtained with the numerical
model indicate that the interface region between composite and metal parts is where the highest
degree of deformation occur, which indicates possible regions where defects and failures may occur
in real use cases.

Keywords: infrared thermography; material characterization; hybrid metal-composite; numerical
simulation

1. Introduction

Advanced materials are widely used in aeronautical and automotive industries. Car-
bon fiber reinforced polymer (CFRP), one of the most used, has excellent specific mechanical
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properties (i.e., property/density ratio) such as stiffness and strength, as well as relatively
high temperature and oxidation resistances. Another advantage is that they are usually
lighter than 100% metallic material that have traditionally been used in these industries [1].
However, to substitute all metal structures by CFRP structures is not a viable option due
to the cost factor. Ergo, hybrid structures are typically used in these cases. Here, an
aluminum-CFRP hybrid 3D sample is studied. This hybrid is manufactured by injection
molding and the aluminum component in the CFRP creates an additional interface where
defects are likely to occur. These defects may occur during fabrication or during their life
cycle caused by deformation due to mechanical load. It is very important to assess these
defects and detect them to guarantee the safety of the advanced structures manufactured
with such hybrid materials. In addition, for this sample, an artificial insert was placed prior
to molding for academic reasons.

In addition to efficient manufacturing techniques, to ensure the quality of these
materials, it is also important to asses their quality and soundness throughout their entire
life-cycle. In this sense, non-destructive testing and evaluation (NDT&E) techniques are
vital since they guarantee the sample’s integrity after the inspection. Infrared thermography
(IRT) is a valuable NDT&E approach usually used to assess different kinds of discontinuities.
IRT is a tool broadly used to inspect composite materials for many years now, especially
CFRP. It is fast technique, which is non-contact and does not emit any harmful radiation.
This topic has been explored extensively with several papers available in the literature.

Yousefi et al. [2] proposed in their work an improved way for the calculation of
the principal component analysis called candid covariance-free incremental principal
component thermography (CCIPCT). The method applies a technique for computation of
eigen-decomposition of thermographic sequences which ultimately segments the defects
in the specimens applying color based K-medoids clustering approach. They tested their
approach with CFRP, plexiglas and aluminum specimens. In [3], Summa et al. introduced a
plane hybrid-structure composed of a metal and a CFRP. Further, they used thermography
for quantitative damage characterization under quasi-static and fatigue loading of the
sample. Meng et al. [4] used a combination of IRT and 3D structural optical imaging to
inspect a curved clad composites with subsurface defects. They presented experimental
results that show that their method can reliably inspect and detect defects position in
curved parts. In [5], Zhang et al. used IRT to inspect natural fiber reinforced material. They
evaluate and characterize basalt, jute/hemp and bagasse fibers composite panels using
pulsed phase thermography (PPT) [6] and principal component thermography (PCT) [7].
PPT and PCT are two of the most used data processing techniques used in IRT. Wei et al. [8]
analyzed curved impacted CFRP samples using deep neural networks. They inspected
impacted samples and then segment barely visible defects caused by the impact using
deep learning methods. Both mid-wave and long-wave spectrum were used in their study.
The model trained with mid-wave images achieved an F1-score of 92.74% and the model
trained with long-wave images achieved an Fl-score of 87.39%.

In this study, IRT is applied to inspect an aluminum-CFRP hybrid 3D sample. This
sample was design to be used for the connection between an A- or B-pillar and a car roof
made of CFRP. The CFRP has a thermoplastic layer between it and metal component.
Additionally, for this specific study, an artificial insert is added to guarantee the presence
of internal defects in the sample to enable the quantitative analysis of the data processing
techniques that will be used in this work. First, a pulsed thermography (PT) experiment
in reflection mode is conducted. Then, a radiometric calibration is performed in the raw
data which is acquired with the camera. With the calibrated data, partial least squares
thermography (PLST) [9] (which is based on a statistical correlation method) and principal
component thermography (PCT) [7] (which relies on the single value decomposition
method), two processing techniques specifically designed for IRT, are then applied to
enhance the obtained PT signal, which is very attenuated and sometimes quite weak due
to the transient nature of the heat transfer phenomenon, for better discontinuity (defect
or damage) identification. The main advantage, for both techniques, is that they reduce
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the amount of data to be handled from thousand images (for a single PT experiment) to
approximately 5 to 10 images. A quantitative analysis is then performed in the known
defective region (artificial insert) via a signal-to-noise ratio comparison to compare and
quantify archived results. Finally, a finite element model of the metal-composite-hybrid
structure was formulated in ANSYS® so that it could be possible to investigate the total
deformation of the structure subjected to bending, compression, tension, and torsion loads.
With this information it is possible to point weak regions in the sample and estimate regions
that defects may likely occur during the component life cycle.

2. Materials and Methods
2.1. Inspected Sample

The sample inspected in this study is a metal-composite-hybrid structure. The com-
posite part is CFRP with a thermoplastic layer between it and metal component [3,10].
The metal inlay is an aluminum alloy (EN AW-6082) with thickness of 3 mm. The inlay is
bended to reach the desired 3D geometry. The characteristic form is produced in a stamp-
ing process. In a additional step, the metal insert is overmolded with the thermoplastic
component in an injection molding process.

The thermoplastic used is a polyphthalamide (PPA) with 30 vol% of glass fiber
(Vestamid® HT plus M1033). In the last step, the overmolded inlay is draped in the
middle of four layers C-fiber canvas fabric. This composite is cured in a Resin Transfer
molding (RTM) process for 20 min with a temperature of 75 °C and a pressure of 8 bar to a
thickness of 1 mm. The fibers that used are Torayca T300/ FI300, and the CFRP-layers have
a layup configuration of [0/90°, +45°]s. A 2K hot curing epoxy system from SIKA (Biresin
CR170/CH 150-3) is used in the process. This hybrid structure reaches its strength due to
a mechanical interlocking. The thermoplastic layer reduces the gap of stiffness between
metal and CFRP and prevents corrosion as well.

In this sample, displayed in Figure 1, interfaces, that are weak points in the structure,
occur and must be characterized by non-destructive testing and evaluation methods as
well as suited via numerical simulations. The dotted red box depicted in the left image of
Figure 1 indicates the region of a wide Teflon tape included above the inlay between the
first and the second layer to induced voids in the region during molding.

2.2. Numerical Model

The finite element model of the structure was conducted using the Workbench plat-
form of the software ANSYS®. As a first step of this study, only numerical models for the
structural analysis were performed. In a second step, experimental tests are going to be
performed to confirm this numerical analysis. The tool used within ANSYS® to model the
laminate composite material part (CFRP) was the Composite PrepPost (ACP), which is a
dedicated tool for composite layup modeling and failure analysis.

ACP provides efficient layup and best-in-class solid element modeling capabilities
and a platform that offers many ways to exchange model information. After modeling the
complete structure, the mesh was generated adopting an intermediate mesh refinement
in the software ANSYS®. In this case, the mesh is composed of 17,199 elements and
24,652 nodes. Then, a static structural analysis was performed, where some regions of the
structure were considered as fixed (boundary conditions). Figure 2 shows the regions in
red where the structure was clamped.

Thus, forces of 5N magnitude were applied to the edge of the metal inlay. Bending,
compression, traction, lateral bending, and torsion loads were considered separately and
the total deformation in the entire structure was determined by using the static analysis
type in the software ANSYS®. Figure 3 shows how these forces were applied for each case.
These forces are related to real loads that the component could undergo during its life cycle.
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(b)
Figure 1. Inspected sample. (a) Front, back, and (b) 3D view. The red box indicates the position of
the artificial delamination.

Figure 2. Fixed areas of the structure in red.
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Figure 3. Forces applied to the metal inlay. (a) bending, (b) compression, (c) traction load, (d) lateral
bending, (e) torsion.

All properties referring to composite, aluminum and polyphthalamide materials used
in the analysis of the considered sample are presented in Table 1. Properties were provided
by the manufactures.

Table 1. Properties of the materials.

Epoxy Carbon Woven Properties
Density 1512 kg/m?
Young’s modulus x direction 2.3 x 10'! Pa
Young’s modulus Y direction 2.3 x 101 Pa
Poisson’s ratio XY 0.04
Shear modulus XY 3.3 x 10° Pa
Aluminum Properties
Density 2770 kg/m?3
Young’s modulus 0.7 x 10 Pa
Polyphthalamide (PPA) Properties
Density 1272 kg/m?
Young’s modulus x direction 1.12 x 1010 Pa
Young’s modulus Y direction 3.5 x 10° Pa
Poisson’s ratio XY 0.3
Shear modulus XY 5 x 10° Pa

2.3. PT Set-Up

In this study, thermographic inspections were performed using a classical pulsed
thermography (PT) setup in reflection mode. Such setup is showed in Figure 4. Camera
and flash were around 60 cm from the inspected sample. It had a 2009 Thermosensorik
QWIP Dualband 384, an infrared dual-band camera which works, simultaneously, in two
spectral bands: the 4.4-5.2 pm (known as mid-wave infrared, or MWIR) and the 7.8-8.8 ym
(know as long-wave infrared, or LWIR). Camera’s detector material is Quantum Well IR
Photodetector (QWIP), detector cooler is Stirling cooler while cool-down time is under
8 min (for 20 °C operating temperature). Each detector in the camera has an individual
frame size of 384 x 288 pixels, i.e., image size. In order to heat up the inspected sample, a
circular flash device with several Xenon lamps (6 kJ) was used. Only half of its power was
employed during experiments. A short flash was fired for a period of 10 ps and the infrared
camera recorded approximately 5s of images, i.e., frames, at a frame rate of around 145 fps.
Thus, a total of 725 images were available for each thermographic inspection.
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Figure 4. PT set-up used during the experiments. (A) IR camera, (B) flash (heat source), (C) inspected
sample, (D) black body.

2.4. Radiometric Calibration

A radiometric calibration has been performed on the raw data acquired with the
camera in the two different spectral bands. To get homogeneous radiance at different
temperatures, a black body radiation source is used as reference. The main advantage of
using the raw data is that you can include the calibration procedure wherever you like
in your experiment and transfer it to all measurements performed with this particular
acquisition system, taken before and after the calibration procedure.

The effort to acquire the calibration points is further reduced by the method based
on Planck’s law proposed in [10-12]. This particular method needs only a couple of
calibration images. One of these images has to be acquired close to room temperature. The
characteristic of a quantum detector is represented better by radiance than temperature
values. Furthermore, the pixel-by-pixel calculation leads to sharper images because of its
quality as a non-uniformity correction (NUC).

2.5. Image Processing Techniques

IR sequences often have a low signal-to-noise ratio and consequently low contrast
between background and feature of interest. Thus, often, one needs to be enhanced for
better visualization. In this work, two well-known processing technique are used: partial
least squares thermography (PLST) and principal component thermography (PCT).

2.5.1. Principal Component Thermography (PCT)

PCT, originally proposed by Rajic in [7], extracts the image features and reduces the
undesirable signals. It relies on Singular Value Decomposition (SVD), which is a tool to
extract spatial and temporal data from a matrix in a compact manner by projecting original
data onto a system of orthogonal components known as Empirical Orthogonal Functions
(EOF). By sorting the principal components in such way that the first EOF represents
the most characteristic variability of the data, the second EOF contains the second most
important variability, and so on, the original data can be adequately represented with only
a few EOFs.

2.5.2. Partial Least Squares Thermography (PLST)

Based on a statistical correlation method, partial least squares thermography (PLST)
has been proposed as a technique for the treatment of thermographic images [9]. PLST
computes loading P and score T vectors that are correlated to the predicted block Y (as
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in maximum redundancy analysis), while describing a large amount of the variation in
the predictor matrix X (as in principal component regression). The matrix X corresponds
to the surface temperature matrix obtained during the PT inspection, while Y is defined
by the observation time during which the thermal images were captured. The PLS model
is achieved by decomposing X and Y into a combination of loadings P and Q (formed
by orthogonal vectors), scores T and U (the projections of the loading vectors associated
with the singular values) and residuals E and F. One of the main attractions of PLST is the
separation of physical effects. This is because of the orthogonality between each latent
variable obtained from the decomposition of the thermal sequence.

2.6. Signal-to-Noise Ration (SNR)

A SNR value is used to determine which processing algorithm is more suitable for
a certain application. It basically describes the contrast between a defective area and its
neighborhood, establishing a dynamic range measured in decibels (dB) [13].

In order to determine this SNR value, two areas in the resulting image obtained with
the processing algorithm are selected: an area inside the defect and an area around it
(sound area). In this work the following equation to compute SNR is used [14]:

M

SNR = 20 % 10g10 <ab5(avg(areadefect) - avg(areasound>)> [dB]

o

where avg(areag,s..) is the average value of the pixels of the defect, avg(areas yq) is the
average value of the pixels of a sound area and ¢ is the standard deviation of the sound area.

3. Results
3.1. Numerical Results

Considering the forces applied to the metal inlay, the structure was prone to the effects
of bending, compression, traction, lateral bending, and torsion. Figure 5 shows the total
deformation of the regions of the metal-composite-hybrid structure when disposed to
these effects.

3.2. Experimental Results

The sample was inspected with the PT setup shown in Figure 4. Since a dual-band
IR camera is used, two different sets of images are acquired: LWIR sequence and MWIR
sequence. Each sequence had 725 invidual images acquired over a period of 5s. Each
sequence is then radiometrically calibrated [10]. The resulting image sequences are then
processed with PCT and PSLT. To quantitatively compare the processed sequences, three
defects are chosen and SNR values are calculated for them for comparison. Figure 6 shows
the obtained results.

The PCT and PLST results showed that both approaches were able to identify several
discontinuities throughout the sample, including the insertion on the upper part and,
especially problems with the aluminum and CFRP interface which were also detected in
the numerical simulations. Table 2 shows the SNR values of the three defects chosen from
the upper part of the sample. For each SNR value, the area considered was formed by
9 pixels. SNR values are shown for both techniques (PCT and PLST) and for the different
sequences (MWIR and LWIR). Results show that, for our experiment, PCT provided a
clearer image than PLST.

Additionally, mean and standard deviation values of the obtained SNRs could also be
calculated. If only the SNR values obtained with PCT are considered, LWIR sequence has
greater values. Mean and standard deviation for MWIR is 13.81 and 4.26 dB, respectively,
while for LWIR they are 15.55 and 1.49 dB, respectively.
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Figure 5. Total deformation of the metal-composite-hybrid structure: (a) bending; (b) compression;
(c) traction load; (d) lateral bending; (e) torsion.
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Figure 6. IR result images. In the MWIR band: (a) PCT 3rd EOF, and (b) PLST: 2nd loading. LWIR:
(c) PCT 3rd EOF, and (d) PLST: 2nd loading.

Table 2. SNR results.

MWIR LWIR
Defect PCT PLST PCT PLST
#1 19.7 dB 17.1dB 17.6 dB 13.2dB
#2 10.0 dB 9.1dB 14.2 dB 5.7 dB
#3 11.7 dB 9.8 dB 14.8 dB 12.3dB

4. Discussion

The simulation results shown in Figure 5 revealed that, for all cases where different
forces were applied, the total deformation was concentrated in the interfaces regions
between the aluminum inlay the the composite structure as it was expected.

Moreover, IRT results revealed delaminations (parts of the big tape) and voids in the
region where the artificial insert was placed. These defects probably occurred due to the
resin flow during the molding process. It is worth to mention that the defects in this upper
region have no relation to the simulation that were previously performed. IRT results
were processed in two different spectral bands. In both bands, i.e., MWIR and LWIR, these
delaminations are clearly visible, and, visually, images look alike. However, quantitative
analysis performed with SNR comparison of the three randomly picked defects, two out
of the three defects showed higher SNR value for the LWIR band. In addition, mean
and standard deviation values are also higher for the LWIR images, e.g., when processed
with PCT, LWIR results showed a mean value 12.5% higher while the standard deviation
was almost three times lower. When one compare results within the spectral bands, but
change the image processing technique, PCT showed a better performance in our study
case. Nevertheless, both techniques, i.e., PCT and PLST, were capable of qualitatively
pointing out the same discontinuities. First loading and first component of PLST and PCT,
respectively, are not used because they have the most variation in the transient data, i.e.,
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the flash pulse. Thus, it is highly saturated and does not present the better contrast to
distinguish the discontinuities of interest from the background of the sample.

The inspected sample has a rectangular Teflon tape on its upper part. Its exact region
is showed in Figure 1. This tape does not lay perfectly flat on the surface of the composite
layer and consequently, it appears that there is no tape in some points. In fact, during
molding process, the tape assumes a wavy shape. For the PCT results, bright spots in the
tape region are caused by the tape and dark spots are cause by voids that appeared over
the tape (air trapped between tape and composite). Bright and dark spots are inverted for
PLST results. This behavior is confirmed by CT-Scan inspection of the sample. Figure 7
shows this wavy behavior and the voids over the tape. In addition, one can observe that,
when there is no tape present, there is no defect in the region, as it is confirmed by PCT
results of the inspection of another sample which has no tape inserted. These results are
shown in Figure 8. Nevertheless, defects around the inlay aluminum part are also present
confirming the results obtained during simulations.

Finally, areas that showed the highest degree of deformation in the numerical model,
are likely resin-rich areas. These regions were all around the aluminum inlay. IRT results,
in all spectral bands and processed with the two techniques, reveled solid colors in these
areas, different to the fibers visible in the rest of the background (sound area) of the
sample. Thus, these regions are clearly resin-rich areas. The highest deformation in the
simulations occurred in these regions because resin is not the composite constituent that
confers resistance to the composite structure, but, the fiber. Once there is no fiber, or, not
enough fibers, the regions becomes weak and likely to be a point of failure.

Figure 7. CT-Scan result image showing the wavy shape of the Teflon tape.
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50 100 150 200 250 300 350

(a (b)
Figure 8. PCT results of sample without Teflon tape. (a) 2nd EOF of MWIR sequence, and (b) 2nd
EOF of LWIR sequence.

This is a very new design and there are few works in the literature that dealt with
this design. Bretz et al. [15] introduced the optimized design for connecting metal and
CFRP. In their work, qualitative assessment was performed using cooperative data fusion
of thermography and laser light section. While our work presented and quantitative as-
sessment of artificial defects using infrared thermography, Bretz el al. [15] performed only
a qualitative analysis before, during and after mechanical test of the sample. Jost et al. [16]
also studied a similar hybrid structure. They, as Bretz et al. did, only qualitatively ana-
lyzed their results. Jost et al. [16] performed thermography and EMAT (electromagnetic
acoustic transducers) inspections of the sample. Finally, Fernandes et al. [10] performed
thermography inspections of this hybrid sample, but, instead of using PCT and PLST as
it was done in the present work, Fernandes et al. [10] used an unsupervised probabilistic
low-rank component factorization model. They also performed a quantitative analysis of
detected defects. However, they did not performed a numerical analysis as it was done in
this work. The present study is the only one to numerically analyze the deformation of the
sample under mechanical forces which could happen during a real use case.

5. Conclusions

In this study, an aluminum-CFRP hybrid 3D sample with an artificial insert was
inspected using pulsed thermography. In addition, a numerical finite element model was
formulated in ANSYS® to analyze the total deformations to which the metal-composite-
hybrid structure is subjected during a possible use, assessing possible regions where defects
and failures may occur.

For the experimental analysis, two sets of images were used from two different spectral
bands (mid- and long-wave infrared). A radiometric calibration was performed so that the
data could be as closest as possible to what was happening in the sample. Treated data
was then processed with two well-known IR processing techniques: PCT and PLST. Both
techniques were able to detect the defects present in the region above the artificial tape
as well as resin-rich areas around the metal inlay. A SNR analysis was performed with
three randomly chosen defects in the tape region which indicated that, for this experiment,
LWIR sequences processed with PCT produced better results. Nevertheless, MWIR band
also provided satisfactory results as well as the PLST technique did produced results that
can be used for damage assessment.

When one compares numerical results and the infrared images obtained with PCT
and PLST, the regions where the highest degree of deformation on the numerical results
coincide with discontinuities visible in the IRT image results that are likely to be resin-
rich areas. These regions are all around the inlay aluminum part. Therefore, it indicates
that the manufacturing process should be enhanced focusing on these regions to avoid
these possible regions of failure to keep the advantages of the hybrid structure. For the
infrared non-destructive inspection, the next steps of the research will include adding a 3D
geometric model of the sample for better defect visualization of the defects detected in the
2D infrared image.
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