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Uncovering the Hidden Structure: A Study on the Feasibility of Induction Thermography
for Fiber Orientation Analysis in CFRP Composites using 2D-FFT

Renil Thomas Kidangan,Sreedhar Unnikrishnakurup,C V Krishnamurthy,Krishnan Balasubramaniam

e Proposed approach accurately identifies fiber orientations and stacking sequence in CFRP laminates up to 12
layers.

e Circular induction coil produces distinct heating patterns containing pertinent information on fiber orientations

e Two-dimensional Fast Fourier transform-based image processing tool extracts spatial features to identify fiber
orientations.
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ARTICLE INFO ABSTRACT

Keywords: The induction heating process elicits a heating response in a carbon fiber reinforced polymer
CFRP (CFRP) composite distinctly different from those in metal. Prior work in our lab and elsewhere
Induction Thermography has established that the intensity and spatial distribution of the heating patterns are governed by
NDT the fiber orientations in each layer and the degree of electrical contact between layers. Based
Fiber orientations on more extensive work on this non-conventional heating behavior, we show that the analysis of
2D-FFT induction heating patterns enables the characterization of the fiber orientations and stacking order
Inverse 2D-FFT within the material. In the first step, 2D Fast Fourier Transform (2D-FFT) is used to extract the
Quality Control fiber orientations from the spatial characteristics of the heating pattern recorded with an infrared

camera. In the next step, the extracted fiber orientation is used to design bandpass filters to carry
out the inverse 2D-FFT and obtain the layer stacking order. Our findings demonstrate that this
approach can accurately identify the layer orientations (maximum error of 6°) and the stacking
sequence in quasi-isotropic CFRP laminates with up to 12 layers. We believe that the proposed
approach has the potential as a valuable nondestructive, non-contact tool for large-area inspection
and quality control in manufacturing fiber-reinforced composites.

1. Introduction

Carbon Fiber Reinforced Plastics (CFRP) are composite materials composed of carbon fibers embedded in a poly-
mer matrix. Such materials are becoming increasingly popular for lightweight yet sturdy components, such as those
used in aero planes or automobiles, because of their high strength-to-weight ratios [1]. This means that they can be
designed to be both strong and lightweight, which is especially desirable in aerospace engineering applications [2].

The use of CFRP provides a wide range of design options for material properties, enabling structural components to
be customized to specific loads while reducing overall weight. However, this also leads to non-uniformity in composite
materials, in which the strength and stiffness are determined by the placement and orientation of individual fiber strands.
To achieve the desired properties of a component, it is crucial to correctly orient the fiber material. Neglecting to do
so increases the risk of assembly errors and structural failure, as even a slight misalignment of just 10° can result in

a 30% or more decrease in compression strength for unidirectional composites [3, 4], and changes in its response to
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impacts [5, 6]. Misalignment and stacking errors can occur during the layup process of complex geometries, which
can affect the mechanical and thermal properties of the laminate structure [7, 8]. Ensuring proper layup of the fiber
material is essential to avoiding potential failure and achieving the desired material characteristics.

Different techniques have been developed for this purpose, including both non-destructive and destructive methods.
In the laboratory, the fiber orientation of composite laminates is typically determined destructively by obtaining a small
sample from the waste edge and analyzing it using an optical microscope [9]. Non-destructive techniques such as X-ray
radiography [10-13], optical sensing [14, 15], polarization imaging [16], digital image correlation [17], eddy current
testing [18-20], and ultrasonic-wave scanning [21-23] has been widely tested for the measurement of fiber orientation
in composite materials. Each of these techniques offers specific advantages and disadvantages, and the choice of
method depends on the particular application and the desired level of accuracy. However, determining the depth-
resolved fiber layup in a non-destructive manner is a challenging task. This is because it requires the identification of
the orientation of individual layers at different depths within the panel. However, the non-contact inductive sensing-
based eddy-current testing (ECT) [18-20] and ultrasonic pulse-echo [23] methods have shown some success in depth-
resolved orientation prediction in CFRP. Both ECT and ultrasonic pulse-echo methods obtain measurements for a
limited area of a sample, with ECT measuring electrical properties locally on the surface while ultrasonic pulse-echo
employs a point measurement. As a result, scanning systems are required for these techniques to test large areas.

Active Infrared Thermography (IRT) is a rapidly growing Non-Destructive Testing (NDT) method that offers sev-
eral benefits, including quick, non-contact inspections of materials and full-field evaluations [24]. Active thermography
involves the introduction of heat into material using an external source, such as an optical source (optical thermog-
raphy) [25], vibration (vibrothermography) [26], or induction heating (induction thermography) [27, 28], to create a
transient condition for the detection of defects or the analysis of material properties by monitoring the temperature
decay on the surface. This approach has gained popularity due to its non-destructive and non-contact nature, making
it an attractive method for the inspection and characterization of various materials, including composites [29], met-
als [30], and ceramics [31]. There have been a few studies to detect fiber orientation in composites using active IRT
[32-34]. Fernandes et al. introduced a novel approach utilizing a diode-laser beam for localized heating of a small
spot on the surface of a CFRP laminate [32, 34]. The heat pattern was then observed using an infrared camera, and a
method was proposed to extract the local fiber orientation from the resulting infrared sequence. In their study, Wang et
al. employed a depth dynamic-resolution thermal-wave radar imaging technique to detect fiber lay-up orientations in a
unidirectional CFRP laminate composite [33]. They proposed a phase characteristic of the thermal wave radar signal,
calculated using a discrete fractional Fourier transform, and demonstrated its usefulness in identifying the fiber layup
orientation at different depths within the composite. These studies were either limited to the inspection of the layer

orientation on the surface layer or used a numerical model and inverse analysis with the aid of high computational
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power.

This paper uses active infrared thermography to analyze the internal structure of unidirectional fabric-based (prepreg,
non-crimp) composite materials. Our method uses induction heating to thermally stimulate the CFRP laminates. The
presence of electrically conductive carbon fibers makes induction heating possible in CFRP laminates. However, the
heating response of CFRP laminates is different from metals. The CFRP laminates produce distinctive heating patterns
governed by the fiber orientation and the degree of electrical contact between various layers. This non-conventional
heating behavior has been extensively investigated in this paper to identify the fiber orientations and characterize
the stacking order within the material. An infrared camera is used to record the sample’s heating and cooling pro-
files. The obtained thermal image sequence contains geometrical patterns owing to the fiber directions, which were
then processed using a two-dimensional Fast Fourier transform (2D-FFT). The amplitude spectrum obtained from the
transformation is used as the primary tool for identifying the fiber orientation within the composite, with a maximum
error in identifying the fiber orientation with respect to the designed orientation of 6°. Our method provides a non-
destructive and efficient way to assess the layer orientation of unidirectional fabric-based composite materials, making
it a valuable tool in the field of material science and engineering. The extracted fiber orientations are used to design
bandpass filters for carrying out the inverse 2D-FFT to obtain the layer stacking order. The stacking sequence was
correctly predicted for up to 12 layers in quasi-isotropic CFRP laminates.

This study is structured as follows: In the subsequent section (Section 2.1, we will present the materials and
methods, including an overview of induction heating mechanisms in CFRP composites, how the understanding of
heating mechanisms lead to the proposed approach, the preparation of samples, and the novel method proposed for
extracting fiber orientation and the stacking sequence. In Section 3, we will present the results obtained from the study.

Finally, we will present our summary and conclusions in Section 4.

2. Materials and Methods

2.1. Induction Heating mechanism in CFRP composites

The induction heating mechanism in CFRP composites offers a unique heating response due to the presence of
discrete electrically conductive carbon fibers. The direction of the carbon fibers in the laminate determines the specific
pattern in which the induced current is permitted to flow. Hence, two scenarios can arise in a unidirectional carbon
fiber layer (single layer of fabric or multiple layers of fabric aligned in the same direction). Scenario-1, where induced
current completes the loop within the fiber itself, and scenario-2, where induced current completes the loop by passing
through the carbon fibers along the axial and transverse directions. The flow of induced current in the transverse

direction is only possible through the random contacts of fiber along the axial direction or/and the capacitive coupling
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between the fiber and the polymer medium. Wasselynck et al. [35] studied both scenarios solving electromagnetic and
electrostatic equations and calculated the impedance values for the scenarios. They found the impedance for completing
the current loops within the fiber to be very high compared to the impedance due to the capacitive coupling between
the fibers (the ratio is in the order of 10'%). Hence, they concluded that the possibility of current loops ending within
the fiber to be negligible. Though the impedance due to the capacitive coupling between the fibers is less than the
impedance for completing the current loop within a fiber, this is not a sufficient condition for observing heating in
the unidirectional laminate. It is widely reported [36, 37] that unidirectional laminates cannot be heated using the
induction principle due to the absence of closed current paths. This observation disagrees with the fact that fibers
have random contacts throughout the laminate for fiber volume fractions greater than 30%. Prakash et al. [38] have
reported that at low frequencies, the induced current completes the loop through the random contacts of fibers in
the laminate. If the frequency is sufficiently large (> 15 MHz), the reactance of inter-fiber capacitance would be low
compared to the resistance of the conduction path through contact points. Nevertheless, the heating cannot be observed
in unidirectional laminates at the frequencies considered in this study. Thus, it can be concluded that in a unidirectional
laminate, heating cannot be observed, even when the fibers are in contact at random points throughout their axes.
Thus, to observe heating due to induction in a unidirectional fabric-based (prepreg, non-crimp fabric) laminate, a
minimum of two layers aligned in different directions is required. In a two-layer unidirectional fabric-based laminate
with fibers aligned in perpendicular directions (Figure 1), the closed current paths consist of fibers along their axial
directions and the interfaces between the two layers. The interfaces allow the current to flow from one layer to another
through the actual contacts of fibers at the junctions and the capacitive coupling existing at the junctions if a polymer

medium is present between the fibers.
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(a)

Figure 1: (a) Schematic of a two-layer unidirectional fabric-based laminate with fibers aligned in perpendicular directions
and the paths of induced current (in red color) when a circular coil is used for excitation (b) The microstructure of a
two-layer laminate

When CFRP laminates are exposed to an alternating magnetic field, heating can occur due to (a) Joule loss in

fiber [37, 39—41] (b) polymer dielectric loss exists between the fibers of adjacent plies [36, 42—44] and (c) contact

Kidangan et al.: Accepted Version Page 4 of 21



105

110

Kidangan et al.

resistance at the overlapping fiber junctions due to the fiber-fiber contact [45-48]. In studies by Fink et al. [36],
the dominant heating mechanism occurs in the polymer regions between the overlapping fibers. This might be true
only for the cases where the fiber volume fraction is very low (< 30% according to [38]). However, Yarlagadda et al.
[46] discount the dielectric hysteresis heating at the junctions by conducting two sets of experiments, the first with a
pancake coil to induce alternating currents (ac) in the unidirectional prepreg loops and the second with one side of the
loop cut and connected to a direct current (dc) source. Both these experiments showed similar heating rates and rise
times, and since dc is not sensitive to capacitive coupling, the dielectric hysteresis heating mechanism can be ruled
out. Therefore, heating along the fibers and heating at the junctions due to electrical contacts at the interfaces are the
two possible heating mechanisms expected in unidirectional-based CFRP laminates. Out of two heating mechanisms,
the dominant one will be determined based on fiber volume fraction, layer thickness [49], fabric type (non-crimp or

prepreg), and consolidation processes [50].

¥ ¥
\—[90°/ 45°] —Heating Pattern - Coil —[90% 45°] —Heating Pattern - Coil

/]

(a) (b)

Figure 2: Schematic of two layers of carbon fibers oriented in [90/45] along with induced current paths for (a) low junction
resistance case and (b) high junction resistance case.

The dominant heating mechanism and the direction of carbon fibers determine the spatial characteristics of surface
temperature distribution. In two layers of carbon fibers aligned in 90° and 45° excited using a circular coil (Figure 2), a
very low junction resistance will allow induced currents to encounter more junctions and complete the loop using the
least resistive path (Figure 2a). On the other hand, if the junction resistance is high, the induced current is forced to
choose the minimum possible junctions to complete the loop (Figure 2b). The former results in an approximate circular
temperature pattern close to the coil diameter. The latter results in a non-circular temperature pattern bigger than the
coil diameter (by almost three times). The fabrication process of the laminates and the fabric type used for fabrication
result in either of the above scenarios. We have previously studied the influence of interlaminar microstructure on
the induction heating patterns of CFRP and found that when a circular coil was used for the induction process on a
mutually perpendicular fiber layup, the heating patterns shifted from a circular profile (low junction resistance case)
to a rectangular profile (high junction resistance case) as the gap between the fibers at the interface grew [50]. The

variation in the interlaminar gap results from different consolidation processes and fabric types used for the study. The
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current study investigates the proposed approach on laminates that exhibited a non-circular temperature pattern when

heated with a circular induction coil.

2.2. CFRP laminates used for the study

. The study was conducted on four CFRP laminates with multiple layers and fiber orientations. A minimum of
four layers was selected for the fabrication due to practical considerations. The samples were prepared using the
compression molding process. The fiber architecture used for the fabrication is prepreg. The compression molding
process employed a pressure of 400 kg /cm?. This pressure was applied for 2 hours at 120 °C and de-molded at 80 °C.
The size of each plate is 300 mm x 300 mm, and an approximate individual layer thickness of 0.128 mm. The layup
sequences of the samples were chosen to achieve a minimum of two adjacent layers oriented in different directions.
This was a necessary condition to observe heating due to induction in CFRP laminates, as discussed in section 2.1.
In the current study, these adjacent fiber layers are termed active pairs (AP). In a laminate, multiple active pairs,
multiple inactive pairs (i.e., two adjacent layers oriented in the same direction), and repetition of existing active pairs

can exist. The study was conducted on samples containing multiple active pairs such as 1, 2, 3, and 5 (table 1). In

Table 1

Details of the CFRP laminates used for the study

Sl No. of Layup No.Active Active pairs Sample

No. Layers Sequence pairs (AP) Label
1 4 [0/90/90/0] 1 [0/90] CFRP-4L-1P
2 4 [0/30/30/90] 2 [0/30],[30/90] CFRP-4L-2P
3 4 [90/ £45/0] 3 [90/45], [+45],[—45/0] CFRP-4L-3P
4 6 [-60/90/ +£45/90/0] 5 [-60/901,[90/45], [+45], [-45/90],[90/0] CFRP-6L-5P

the microstructure image of four samples considered in this study (Figure 3), each layer has been marked with the
corresponding fiber orientation. Each image has been marked with vertical lines to show the active pairs involved in
the induction heating process. The line colors denote the various combinations of layers available in each laminate.
There are two similar active pairs and one inactive pair (2"¢ and 3" layers in Figure 4a) in CFRP-4L-1P. The inactive
pairs are so named because they cannot form a closed current path through which induced current can flow. These
layers, however, are part of other active pairs in the sample (1* and 2"?, and 3"¢ and 4'%). Similarly, two multiple
active pairs and one inactive pair are found in CFRP-4L-2P (Figure 3b). In CFRP-4L-3P and CFRP-4L-5P, all the
possible pairs are active.

The predicted heating patterns for each active pair available in the samples when exposed to induction heating using
a circular coil (Figure 4a) were constructed based on the closed current paths each active pair can offer for the flow of
induced current. The closed current paths comprise fiber orientations and the interfaces between two adjacent layers

of fibers. A least resistive path for the flow of the induced current results in a non-circular heating pattern (Figure 4a).
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Figure 3: Microstructure images of (a) CFRP-4L-1P, (b) CFRP-4L-2P, (c) CFRP-4L-3P, and (d) CFRP-6L-5P highlighting
the active pairs that take part in induction heating process and the orientation of each layer

The combined effect of all the individual heating patterns was also predicted (Figure 4b).
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Figure 4: (a) The predicted heating patterns based on the active pairs available in the CFRP laminates considered for the
study and (b) the combined heating patterns of the CFRP laminates.
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2.3. Two-Dimensional Fourier Transform Analysis

The geometric characteristics of spatial domain images were extracted using two-dimensional Fourier transforma-
tion. The Fourier Transform is an important image-processing tool that is used to decompose an image into its sine
and cosine components. The output of the transformation represents the image in the Fourier or frequency domain,
while the input image is the spatial domain equivalent. In the Fourier domain image, each point represents a particular
frequency contained in the spatial domain image. The Fourier analysis has been used extensively for textile-related
applications [51-54], fiber orientation in paper sheets, biological cell networks, and also fiber reinforced polymers

[18, 20]. The 2D Fourier transform was computed using the inbuilt MATLAB function FFT2 [55], which returns the
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two-dimensional discrete Fourier transform (DFT) of the image. The DFT was computed with a fast Fourier trans-
form (FFT) algorithm. Since we are concerned with digital images, the equation for performing Discrete Fourier

Transformation is given below:

f(x, y)exp[ i (52 + Ny)] M

||[\42

1 M-
F(U, U) M_ 2

where, f(x,y) represents the pixel at position (x, y), whereas F(u,v) is the function to represent the image in the
frequency domain pertaining to the position # and v. M X N represents the dimension of the image, j is /—1 and
u and v are the frequency component of the spatial wave in the x direction and y direction, respectively [56]. The

solution of the 2D-FFT is complex and is computed as:
F(u,v) = Fr(u,v) +iF;(u,v) 2)

where the subscript R and I indicate the real and imaginary parts of the solution, respectively. To interpret the FFT,
the amplitude at each pixel is calculated. The amplitude spectrum contains no phase information but provides the total

amount of information at a given frequency. The Fourier amplitude is computed as follows:

2
|F(u,0)| = <FR<u, v)* + F(u, u>2>> 3)
The dynamic range of the amplitude spectrum is often mapped using logarithmic transformation as
Fy,(u,0) = In(|F(u,v)]) “

The Fourier amplitude spectrum can quantify the structural pattern in the image. To quantify the angles present in the
sample, the azimuthal distribution of the radial average of the Fourier amplitude spectrum has been estimated (equation

5). This radial average can generate 1D amplitude intensity plots from which the fiber angles can be found.

F'max

> Fpun)

r=r

Imean (9) =

min

&)

Where r,,;, and r,,,, correspond to the minimum and maximum radii considered for estimating the azimuthal

distribution of the radial average of the Fourier amplitude and » corresponds to the number of pixels between two
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radii. This eliminates the spectral artifacts at both low and high frequencies. The azimuthal distribution of intensity

relates to the fiber orientations in the thermal image.

2.3.1. Filtering and Inverse 2D Fourier Transform

In order to filter the 2D-FFT data and recover the angle-specific thermal sequence using inverse 2D-FFT, a band-
pass filter was employed. This type of filter permits frequencies within a particular range to pass through while reducing
the strength of frequencies outside that range. The range of frequencies that should be allowed to pass through the filter
will vary based on the frequency distribution of the pattern in both the azimuthal and radial directions. To achieve
this, a 2D band-pass filter was used, which combines a low-pass filter and a high-pass filter in the radial direction.
The parameters used for the radial filter, such as the angle range, radial frequency range, and bandwidth, were fixed by
overlaying the filter over the amplitude image generated for a specific experiment. This filter was employed throughout
the sequence of thermal images for a particular angle to analyze the moment in which a specific pattern appeared in
the sequence. After the band-pass filter was applied to the 2D-FFT data, the filtered data was transformed back into

the spatial domain by utilizing inverse 2D-FFT. The Inverse Discrete Fourier Transform (IDFT) is defined as:

‘ B

-1 N-1
fx,y) = F(u,wexp[—jzn ux o ] (6)
D) (37 + %)

)

<

2.4. Experimental Setup

Experiments were carried out with a 1 kW induction heating unit attached to a single-turn circular coil with a
diameter of 100 mm (Figure 5). For 500 ms, an alternating current at a frequency of 220 kHz was delivered into the
coil, producing significant heat in the sample. A medium wave infrared (MWIR) camera with a frame rate of 200 Hz
at full frame (320 x 256 array of pixels) was used to measure the surface temperature distribution. The samples were
inspected using transmission mode. The samples are electromagnetically thin at the frequency used, which allows one
to place the coil in a transmission arrangement. The distance between the coil and the sample was fixed at 3 mm. The

results obtained are discussed in the next section.

3. Results and Discussion

The thermography experiment generates three-dimensional surface temperature data, with space in the first two
dimensions and time in the third. All active pairs of carbon fibers available in the CFRP laminates are heated simul-
taneously during the induction heating. Each time frame captures the surface temperature evolution due to the heat
transfer from multiple layers. This creates unique temperature patterns on the laminate surface owing to the layer ori-

entation. A sample case is demonstrated for CFRP-4L-3P laminate (Figure 6), in which three active pairs which are
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Figure 5: Schematic of experimental setup showing an infrared camera on the top, and the induction coil on the bottom
of the specimen

Induction coil —

[90/45], [45/ —45], and [—45/0] exist. Each active pair generates heating at specific patterns. Since the current study
has been conducted on the samples that show non-circular heating patterns owing to the orientation of fibers, heating
patterns shown in figure 4 are expected. This behavior can be seen in the sequence of thermal images in Figure 6a
to Figure 6d obtained at increasing time steps after begin of heating. The initial signs of the first active pair (AP-1:
[90/45] ) can be seen at t = 0.035s as two vertical heating zones (Figure 6a) later joined by two inclined (45°) heating
zones at t = 0.065s (Figure 6b). Similarly, a rhombus-shaped heating pattern is obtained (Figure 6¢—d) which belongs
to second active pair (AP-2: [45/ —45]) at t = 0.115s and ¢ = 0.19s respectively. The predicted heating patterns of
the above-mentioned cases are shown in figure 6. The remaining heating patterns due to the third active pair (AP-3)

cannot be distinguished from the thermal images.

APAJAP-2) AP-1[AP-2 AP-1[AP-2 APA[AP-2)
15" layer 1" layer 1" layer 1" layer
2" layer| 2" layer| 2" layer| 2" layer|

Obtained patterns Predicted patterns

28
5
1<
x (mm) z (mm) 0
(a) (b) (d)

Figure 6: Evolution of surface temperature patterns for the sample: CFRP-4L-3P along with the predicted heating patterns
(a) top layer of first active pair is visible at t = 0.035s (b) bottom layer of first active pair is visible at ¢ = 0.065s (c) top
layer of the second active pair is visible at = 0.115s, and (d) bottom layer of the second active pair is visible at = 0.19s.

The temperature Vs. time graph of four different locations (P1 to P4) on the CFRP-4L.-3P sample is shown in figure

7. The graph contains induction heating and cooling phases. The points P1 and P2 were selected from the approximate
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locations of the heating pattern caused by [90/45] active pair, and P3 and P4 were selected from the approximate
locations of heating patterns caused by [45/ — 45] active pair. P1 and P3 points represent the fiber regions, while P2
and P4 points represent the junctions in active pairs. The junction heating is higher than the fiber heating for both active
pairs. The topmost active pair in CFRP-4L-3P is [90/45]. Hence, the temperature response of P1 and P2 points differs
from that of P3 and P4 points. The former shows a trend of decreasing temperature after induction heating, while the
latter shows an opposite trend. This is attributed to the contribution of heating from the active pairs present in the
sample. During the heating phase, the induced heat patterns provide valuable information about the inner structure of
the specimen, including the fiber orientations. As the lateral heat diffusion is minimal during this phase, the heating
patterns directly reflect the geometrical characteristics related to the fiber orientations and stacking sequence. Thus

the heating phase data is used for the identification of fiber orientation and stacking sequence.

—[90%745°]
! —[45°/-45°]
Heating phase ! [-45°/0°)

% ~Coil
0 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)

Figure 7: Sample: CFRP-4L-3P, Timing graph of four points (P1 to P4) selected on a sample thermal image. P1 and P2
points represent [90/45] active pair and P3 and P4 points represent [+45] active pair

3.1. Identification of fiber orientations

The geometrical features in the spatial domain of the thermal image is used to identify the fiber orientations in
a laminate with the help of two-dimensional Fourier transformation as discussed in section 2.3. The properties of
the discrete Fourier transform (DFT) of an image are the periodicity and complex conjugate symmetry. The spectrum
repeats itself endlessly in both directions with periods of the width (M) and height (V) of the image. That is, F(u, v) =
F(u+kM,v+IN)where k,l = [—o0,...,—1,0,1,...00]. The M XN array of Fourier coefficients F(u, v) computed from
M x N image with the 2D-DFT is a single period from this infinite sequence. Complex conjugate symmetry means that
| F(u, v)| = | F(—u, —)|, so that there exist negative frequencies which are mirror images of the corresponding positive
frequencies in the amplitude spectrum. The interpretation of the spectra is made easier by centering the results of DFT
such that frequency increases in any direction away from the origin. The Fourier theory treats an input image as if it

were part of a periodically repeated array of identical images extending in both directions infinitely. Any discontinuity
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in the periodic image results in strong vertical and horizontal components in the amplitude spectrum. This poses a
serious risk in our case since the identification of fiber orientation is based on the components present in the amplitude
spectrum. This risk is mitigated by windowing the image prior to DFT in such a way as to gradually reduce the pixel
values to zero at the edges of the image. This ensures a smooth transition between the images when they are treated
as periodically repeated arrays. A Hanning window function (W (r)) is defined for this purpose according to equation
7 where r is the distance of each image pixel (x, y) from the center (x, y.) of the image, r,,,, is the given maximum

distance.

0.5 - 0.5cos[zn(1 — —)], ifr<=r,,,
Wir)= fmax @)

0, otherwise

In the identification of fiber orientations demonstrated in a CFRP-4L-1P sample ( Figure 8), the input thermal
image (at t = 0.5s) reveals a square-shaped heating pattern (Figure 8a) similar to the prediction plots (Figure 4a).
In the shifted Fourier amplitude spectrum obtained from the windowed thermal image (Figure 8b), the geometrical
features in the spatial domain are clearly captured in the frequency domain image. To quantify the angles present in the
sample, the azimuthal distribution of the radial average of Fourier amplitude spectrum (/,,,,,,(6)) has been estimated.
The average amplitude of the Fourier spectrum was estimated between two radii to avoid lower and higher frequencies
after performing a polar transformation (Figure 8c). The azimuthal distribution of radial average of Fourier amplitude
spectrum produces a preferential weighted orientation distribution (Figure 8d). This graph corresponds to the angular
distribution of intensity and can provide information about the orientation of layers in the sample based on the peak
intensities. Since the direction of the corresponding frequency peak is perpendicular to the fiber direction, the real
fiber angles 6 ;;,, can be determined from the frequency angles 6,,, according to equation 8. The result obtained

after shifting is plotted in the polar graph for straightforward interpretation (Figure 8e).

efiber = efreq —-90 @)

The orientations of the fibers in the CFRP-4L- 1P configuration are visible in the thermal image. The frequency do-
main analysis yields no additional information. However, as the number of different active pairs increases, identifying
fiber orientations from thermal images becomes difficult. The complexity of geometrical features present in thermal
images of CFRP-4L-2P, CFRP-4L-3P, and CFRP-4L-4P is shown in the top row of figure 9.

The analysis conducted on CFRP-4L-1P is repeated for CFRP-4L-2P, CFRP-4L-3P, and CFRP-4L-5P. The fre-
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Figure 9: Thermograms at ¢t = 0.5s (top row), 2D FFT amplitude spectrum: F,,(u,v) (middle row) and fiber orientation:
0 tpr Plots (bottom row) for (a) CFRP-4L-1P, (b) CFRP-4L-2P, (c) CFRP-4L-3P, and (d) CFRP-4L-5P

quency domain images and the polar plots showing the fiber orientations are shown in the second and the third rows

of figure 9, with the identified fiber orientations shown in Table 2.
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Table 2
Fiber orientations in the CFRP laminates identified from 2D-FFT analysis

Fiber orientations Obtained
Sample Label . . . .

present in the samples fiber orientations

CFRP-4L-1P 0, 90 1, 89
CFRP-4L-2P 0, 30, 90 6, 30, 88
CFRP-4L-3P 90, 45, —45, 0 90, 44, —48, 2
CFRP-6L-5P —60, 90, 45, —45, 90, 0 —60, 88, 50, —47, 88, 0

3.2. Characterisation of stacking sequence

The inverse 2D-FFT method is employed to analyze the order of occurrence of each layer in the sample. Specific
band pass filters across the radial Fourier amplitude for individual angles are used to recreate the orientation patterns
corresponding to each layer. The process flow of the algorithm used for the layer order estimation and internal structure

decomposition using inverse 2D-FFT analysis is shown in figure 10. Each step is illustrated using the sample CFRP-

4L.-3P.
ilter designe: nverse sequence ccurance order of heating pattern
Filter designed | 2D FFT O der of heati tt
Ofitter = 180° Ofiver = 90| - Ofiper = 90°
ClE P
— P @
| S ) _
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Figure 10: Process flow of the proposed algorithm for the layer order estimation and internal layer decomposition (demon-
strated for sample CFRP-4L-3P). (a) Fiber orientations (6,,,,) identified from 2D-FFT analysis (b) Filters designed
(6 fi11er) for each fiber orientation (c) 2D-FFT sequence (d) Inverse 2D-FFT sequence obtained for each filter (6,,,) ()
Temperature-Time profiles of reference points obtained from each inverse 2D-FFT sequence highlighting the order of
appearance (f) The sum of five thermal images from the threshold crossing frame from each inverse 2D-FFT sequence.

Firstly, all the dominant angles obtained from the layer orientation analysis are used for the filter design. The angles
for the filter selection 6 s, can be determined from the fiber angles 6 ;;,, using the equation 9. In the case of sample

CFRP-4L-3P, the angles are [90/45/ — 45/0], and the designed filters undergo a low pass and high pass stop mask to
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suppress the noise features (Figure 10b).

efilter =90+ Gfiber (9)

Next, the designed bandpass filters are multiplied with the Fourier amplitude sequence for each angle. Each multi-
plication will generate a sequence of filtered data. In the next step, an inverse 2D-FFT operation is performed on
these individual sequences to generate a new sequence that represents the thermal distribution corresponding to the
individual layers (Figure 10d). During the induction heating process, all the active pairs available in the laminate are
heated. As a result of heat diffusion, thermal patterns appear on the measurement surface over time, depending on
the layer orientation and depth. By analyzing the time-dependent inverse 2D-FFT data, the order of occurrence for
each layer can be deduced. From each of the inverse 2D-FFT sequences, the temperature-time profiles are plotted
at the corresponding localized pattern region averaged over nine pixels and plotted together to identify the time shift
due to the heat diffusion. For sample CFRP-4L-3P, three active heating pairs are present. It can be observed from
the temperature profiles of these filtered data sequences (Figure 10e) that the temperature rise due to the 90° layer
angle occurs first, and the temperature rise in subsequent layers occurs with a temporal shift. To elucidate the order
of appearance, we used the temperature increase above a predetermined threshold value. The threshold value is cal-
culated as twice the NETD (Noise Equivalent Temperature Difference) of the infrared camera utilized in the study.
The heating pattern obtained suggests that the shift in temperature rise resulting from heat diffusion from the internal
layers can be effectively imaged using the inverse 2D-FFT approach. The order of appearance has been numbered and
highlighted in the ascending order at which each orientation appeared on the sample surface (See Figure 10e). The
sum of 5 thermal images from the threshold crossing frame from each sequence is selected and represented in Figure
10f. The temperature patterns owing to the respective fiber orientations can be seen in these images.

For each sample, the filtering and inverse 2D-FFT analysis is performed on the Fourier amplitude image sequence
to determine the order of pattern occurrence. Similar findings can be observed in Figure 11a, b, ¢, and d for samples
CFRP-4L-1P, CFRP-4L-2P, CFRP-4L-3P, and CFRP-6L-5P, respectively. The time at which the threshold crossing
occurs is delayed with an increase in the number of layers.

The inverse 2D-FFT analysis decomposed the individual heating patterns corresponding to the internal layers and
separated the temperature rise (Figure 12a), whereas this separation is not observed in the raw thermogram ((Figure
12b). The threshold crossing locations are zoomed and highlighted as an inset in figure 12b. Hence, the raw ther-
mogram contains insufficient information to deduce the layer stacking sequence. This highlights the capability of the
proposed approach to determine the order of pattern occurrence.

An attempt has been made to identify the stacking sequence of the samples using the information obtained from
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Figure 12: Temperature-time profile comparison between inverse Fourier analysis-based approach and raw thermogram for
CFRP-4L-3P case

2D-FFT and inverse 2D-FFT analysis. The former gives information about the fiber orientations present in the samples,
and the latter provides the order of pattern occurrence. Notably, this approach could capture information from both
sides of the specimen, enhancing the results’ accuracy and robustness. Furthermore, stacking sequences were identified
by leveraging established guidelines for the fabrication of CFRP panels. Layer combinations that satisfy both orders
of pattern occurrence impose strong constraints on the possible solutions of stacking sequence than those that satisfy
only one order of pattern occurrence. The proposed approach, when interpreted along with the guidelines for CFRP
fabrication, results in unique solutions for its stacking sequence. For example, in the CFRP-4L-1P case, both front
and back inspections resulted in the order of occurrence of [0/90]. The knowledge of cross-play laminate architecture
enables us to identify the stacking sequence as [0/90/90/0]. This method can also differentiate between symmetric
([0/90];, [90/0],) and non-symmetric cross-ply laminates ([(0/90),]). Similarly, when inspected from the front and
back, the CFRP-4L-2P case results in [0/30] and [90/30] orders or occurrences. This results in the [0/30/30/90]
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stacking sequence. The CFRP-4L-3P case results in [90/45/ — 45/0] from a single-sided inspection since it contains
the maximum possible active pairs in a four-layer sample. The CFRP-6L-5P case results in [-60/90/45/ — 45/0] and
[90/0/ — 45/45/ — 60] orders of occurrences when inspected from the front and back, respectively. This results in
[-60/90/45/ — 45/90/0] stacking sequence. One important observation from the CFRP-6L-5P case is that, when
the laminate was inspected from any of the sides, we could obtain information from the sixth layer. As a result, the
proposed method has demonstrated that it is capable of identifying the fiber orientations and stacking sequences up
to six layers on one side of the laminate’s geometric midplane. Usually, a quasi-isotropic laminate contains an equal
number of identical layers at k orientations such that the angles between the layers are 180 * (i /k) wherei =0, 1, ..k—1
and k >= 3 (For example, [0/ +60],, [0/ +45/90],). Based on the samples demonstrated in this study, quasi-isotropic
laminates having orientations k <= 6, which results in 12 layers, can be completely characterized using the proposed

approach. The stacking sequence of the laminates identified using inverse 2D-FFT analysis is given in table 3.

Table 3
Stacking sequence of the laminates identified from inverse 2D-FFT analysis
Sample Design Order of appearance Obtained
Label Layup Front side Back side stacking sequence
inspection inspection
CFRP-4L-1P [0/90/90/0] [0/90] [90/0] [0/90/90/0]
CFRP-4L-2P [0/30/30/90] [0/30/90] [90/30/0] [0/30/30/90]
CFRP-4L-3P [90/ +45/0] [90/ £ 45/0] [0/ F45/90] [90/ +45/0]
CFRP-6L-5P [-60/90/ + 45/90/0] [-60/90/ +45/0] [0/90/ 45/ - 60] [-60/90/ +45/90/0]

4. Summary and Conclusion

In CFRP laminates, a minimum of two layers of unidirectional fabric aligned in different directions (active pair)
is required to observe heating due to the induction process. A laminate contains multiple layers that result in multiple
active pairs. A circular induction coil was used to ensure that all the available active pairs in the laminate participated
in the induction heating process. The CFRP laminates produce distinctive heating patterns governed by the fiber ori-
entations and the degree of electrical contact between various layers. This non-conventional heating behavior has been
extensively studied in this paper to identify the fiber orientations and characterize the stacking order within the mate-
rial. The methodology used for this study is based on the two-dimensional Fast Fourier transformation (2D-FFT) of
thermal images, with the heating patterns obtained with thermography. The proposed method has been demonstrated
in, but is not limited to, laminates with high junction resistance between adjacent fiber layers. Four different layup con-
figurations were considered in the experiment, [0/90/90/0], [0/30/30/90], [90/ +£45/0], and [-60/90/ +45/90/0]

that provides one, two, three and five different active pairs. The key conclusions from this work are:

e The surface heating patterns of CFRP samples obtained through the induction heating process contain pertinent
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information on the orientations of the fibers in the laminate. A circular induction coil can excite all the available

active pairs of fiber layers in a composite which results in particular spatial surface heating patterns.

e As the number of active pairs increases, identifying fiber orientations from the time domain thermograms be-

comes difficult. A two-dimensional Fast Fourier transform-based image processing tool is thus proposed here to
extract the spatial features of heating patterns and, consequently, the fiber orientations. The proposed approach

has been successfully demonstrated to identify fiber orientations.

e The inverse Fourier transform is employed to analyze the occurrence of each layer in the sample. The thermal

image sequence was reconstructed using inverse Fourier transformation after applying angle-specific band pass
filters. The reconstructed thermal image sequence contains exclusive information on temperature evolution
according to the angle specified by the bandpass filters. The temporal shift observed in the reconstructed thermal

image sequence provides the order of pattern occurrence in the sample.

e The maximum error obtained in identifying the fiber orientations compared to the design orientations using the

proposed approach is 6°.

e The proposed approach can be implemented on both sides of a quasi-isotropic laminate having orientations

k <= 6 (12 layers) to identify the fiber orientations and the stacking sequence.

An added advantage that this approach offers is that it can be extended to identify internal defects in CFRP lami-
nates, such as fiber misalignment, fiber breakages, or waviness. We believe that model-assisted reconstruction involv-

ing heat diffusion and associated time delays can provide valuable insights into depth estimation as well.
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