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Low energy impact damage in composite materials may be more concerning than it
appears visually, often requiring a detailed examination for accurate assessment to ensure safe
and sustainable operation. Non-destructive testing (NDT) methods provide such inspection
techniques, and in this paper, NDT-based fusion is explored for enhanced identification of defect
size and location compared to indepdently using individual NDT methods separately. Three
Carbon Fiber Reinforced Polymer (CFRP) specimens are examined, each with an impact damage
of a given energy level, using pulsed thermography (PT) and phased array (PA) ultrasonic
methods. Following the extraction of binary defect shapes from source images, a decision-level
fusion approach is performed. The results indicate that combining ultrasonic and infrared
thermography (IRT) inspections for CFRP composite materials is promising to achieve enhanced
and improved detection traceability.

I. Nomenclature

𝐶𝐹𝑅𝑃 = Carbon Fibre Reinforced Polimers
𝐼𝑅𝑇 = Infrared Thermography
𝐾𝐽 = Kilojoules
𝑀𝑅𝑂 = Maintenance Repair Operations
𝑁𝐷𝑇 = Non-destructive Testing
𝑈𝑇 = Ultrasonic Testing
𝑃𝐴 = Phased Array
𝑃𝐶𝐴 = Principle Component Analysis
𝑃𝑇 = Pulsed Thermography
𝑆𝑁𝑅 = Signal-to Noise Ratio

II. Introduction
Composite structures form a popular material utilised in many fields, from space applications to civil engineering,

due to their lightweight per unit material and improved axial robustness properties [1]. The aviation industry looks
at composite materials favourably as they provide structural strength yet with lighter weight. Regardless of the
structures and materials used, a safe and sustainable operation is of paramount importance, which necessitates efficient
Maintenance, Repair, Operations (MRO). Referring to aviation, air vehicles and their components need to be checked
at certain times or under a cyclic period to assess functionality. Detailed maintenance stage may take considerable
time, which may have serious consequences such as vehicles being grounded for longer periods and hence also having a
negative impact on operations. Non-destructive testing (NDT) enables efficient and timely inspections (maintaining the
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standard with reduced maintenance costs) [2, 3]; hence they can play an important role in industries like the aviation
industry.

There is a variety of NDT methods [4], and among these, ultrasonic testing (UT) techniques are commonly used in
aircraft structures inspection [5]. In particular, the Ultrasonic phased array, due to its multiple ultrasonic element nature,
can provide efficient scans even statically (depending on the requirements of the inspection). These ultrasonic elements
emit waves into the material that are reflected back to the probe. A non-defective material would be seen by an intact
reflected signal, while in the case of defects, the signal is scattered and subject to attenuation levels. Ultrasonic PA can
be used to inspect large areas efficiently given its phased-array setup, however, it suffers from providing appropriate
near-surface detection due to the blind zone effect, which hinders defect detection due to the aftershocks near the probe
[6].

Another NDT method is infrared thermography (IRT), which is a condition monitoring technique that, from a
measurement of the radiant heat pattern emitted by a material, is able to determine regions or points of increased or
reduced heat emission that can indicate the presence of an imperfection in the investigated material and seems appealing
in terms of accuracy and spatial precision provided [7]. Different to UT, IRT suffers from inspecting thick structures
(deeper sub-surface defects); because it uses infrared technology, it cannot penetrate in extended depths (only a few
millimetres) [8].

Individual NDT approaches tend to offer distinct information about material conditions, albeit merging information
of diverse NDT methods may yield greater insights. Data fusion is well-known for combining (fusing) data from various
sensors (sources), in the context of NDT inspection data information from different inspection technologies. Several
works in NDT fusion have already appeared in the literature that focus on various material types such as concrete
[9], metallic [10], or composite [11] structures. Although not without challenges in its application, data fusion can
potentially be used to enhance defect detection and characterization through advanced fusion operations. In this study
an improved solution for localizing and sizing low-energy impact defects, by combining infrared thermography (IRT)
and ultrasonic phased array (UT PA) inspection methods, is proposed.

III. Material and Methods

A. Sample description
A set of CFRP composite laminates formed by 18 plies, 3.8 mm thickness and 100x150 mm size have been used

(representing composite material in aerospace structures). The coupons were made from UD pre-preg IMS-977-2
material with [45/−45/90/0/90/0/90/−45/45]2𝑠 layup commonly found in aviation composites. Samples have been
impacted under ASTM standards with three different energy levels (8J, 12J and 20J) to compare the visibility of
different-sized defects. Figure 1 shows an example of composite coupons from both sides to observe thickness and
dimensions. Both surfaces seem sound and smooth, meaning there is no visible damage on the surfaces.

(a) Composite coupons with 3.8mm thickness (b) Back side of 12 J defected sample

Fig. 1 Image of composite samples that exhibit no surface defect
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B. Pulsed thermography inspection
The thermal inspection was performed by pulsed thermography, and samples were subjected to two 6.2 kJ output

energy heat sources, Xenon arc flashes, for a duration of 2 ms, from a 50 cm distance and 45◦ angles to the surface
of the samples. Thermal images have been recorded by X6900 FLIR infrared camera, from 100 cm distance and 90◦
angles to the sample surface, with an InSb-CCD Matrix Sensor and image resolution of 640 × 512 pixels. Thermal data
has included an image sequence with more than a thousand images during the cooling period. The acquisition setup has
been arranged to get images from the entire surface to ease the registration step. Figure 2 shows the thermograms in
various orders after heating. As can be seen in the thermograms, the defect shape is altering according to cooling time.
Early images have defect clues that seem more solid and sharp; however, later images look blurred and shady. The basis
behind this imaging method is having discontinuities caused by the defect, which makes the heat transmission slower
over the voids generated by the defect rather than the sound area. Thus, the thermal difference is able to display the
defective regions. Although it has a wide range of application possibilities thanks to rapid and contactless nature, pulsed
thermograpy is strongly affected by reflections from the environment, emissivity variations and nonuniform heating
[12, 13].

(a) First image after flash heating (b) Twenty-fifth image of sequence

(c) Fourtieth image of sequence (d) Seventy-fifth image of sequence

Fig. 2 Raw thermograms in different orders to indicate the defect at various stages of cooling period

C. Phased array ultrasonic inspection
Ultrasonic inspection of these composite samples was performed by Sonatest Veo+ equipment and a 10 MHz phased

array probe, including 64 element transducer with an appropriate wedge for ultrasonic wave transfer to the sample. The
higher frequency probe provides better axial resolution through the thickness with the lower Signal-to-Noise ratio (SNR)
due to the blind zone effect of the surface than the lower frequency probe [14]. The probe was moved on the surface of
the sample, using sprayed water as a coupling mechanism, and an encoder followed the probe to measure the scanning
distance. The PA ultrasonic data includes A-scan, cross-sectional form B-scan images and top-view C-scan images with
depth information. Figure 3 presents these concepts for an 8 Joule-impacted sample to investigate ultrasonic signals that
is originated from defect-free (non-defective) and defective regions. It should be noted that the PA scanning covered the
full area (dimension) of the coupon (sample) to make it easier to align different source images.
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(a) Representative C-scan (b) Crass-sectional B-scan

(c) A-scan signal form from a defect free frame (d) A-scan from a defected frame

Fig. 3 A snapshot of raw defect detection on PA ultrasonic equipment for 8J impacted composite coupons

D. Pre-processing and fusion of images
An important step for efficient data fusion application is that of pre-processing. It will ensure that input data is fit

for the fusion structure and utilisation of the fusion algorithm, as well as eliminate any noise or inconsistencies that
may be present. As an example, in remote sensing data fusion applications the data pre-processing normally involves
image registration, normalization, and filtering to ensure that the images are aligned and with consistent characteristics.
Pre-processing may also involve feature extraction to reduce the dimensionality of the data and to identify the most
relevant features for fusion. Inappropriate data pre-procesing tends to impact fusion outcomes, leading to inaccurate or
unreliable results [15, 16].

To initiate the defect identification process, it is necessary to obtain images that differentiate between non-defective
(sound) and defective regions. This is done using raw data from both imaging methods, i.e. from PA ultrasonic testing
and from PT. As PAUT and PT data exhibit distinct characteristics, they must be processed separately to obtain images
that provide meaningful information on defects and sound regions.

In the thermography inspection, a sequence of 1000 images is captured, depicting the cooling period of the material
surface. The primary challenge is identifying the most representative image that can accurately display defects. To
achieve this, an adaptive thresholding technique is employed, which adjusts the threshold level based on the sound
regions present in each individual image of the sequence. Applying this technique enables easier determination of the
size of any detected defects by analyzing the line profiles [17].

From the PA viewpoint, the obtained data comprises several signals for each frame of, per mm, dimension throughout
the sample sizes. As it can be seen from the previous Figure, i.e. the A-scan signals snapshot, defect echoes need
to be extracted by eliminating other echoes. This provides a location-based defect identification by applying smart
thresholding method. Thresholding is carried out by trimming the peaks over the threshold, and finally, the amplitude
values of defect signals were derived associated with their depth information. After thresholding operations and
obtaining the binary defect images, the source images require an alignment process to provide accurate combination
outcomes. Spatial referencing is a process used in image registration to align multiple images spatially in order to
compare or merge these. This process involves identifying corresponding points or features in different images and then
transforming the images to align them based on those points. Spatial referencing can be accomplished using a variety
of techniques, including manual methods, feature-based methods, and intensity-based methods. In manual methods,
corresponding points are identified manually by a user, whereas feature-based methods use automated algorithms to
identify common features such as edges or corners. Intensity-based methods use the similarity of image intensity values
to align images. Here, images have been aligned manually using the entire surface imaging and defect edges. Figure 4
schematizes the overall structure, including pre-processing, registration and fusion stages.
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Fig. 4 Flow diagram of the proposed decision-level fusion approach

NDT fusion is a challenging subject given the dissimilar data acquisition environment of uni-modal inspections;
there is some work on combining NDT techniques by fusion rules such as generic maximum, minimum or average
merging by pixel-wise, principle component analysis (PCA) and wavelets, as well as AI-based approaches [10, 18–21].
In this study, we use the maximum combination rule, given in equations (1), as a simple yet effective synergistic
approach to retrieve defect edges.

�̃� = max
⋃
𝑖

𝐹𝑖 (1)

Here, �̃� and 𝐹𝑖 indicate the fused dataset and individual sources, respectively.

IV. Results and Discussion
Individual inspection images and binary forms extracted have been given in this section. Binarization of images is a

widely used technique in image processing that involves converting grayscale or color images into binary images, which
consist of only black and white pixels. This technique is useful in a variety of applications such as optical character
recognition, image segmentation, and object detection. However, the choice of threshold value can have a significant
impact on the accuracy and reliability of the binarization process. If the threshold value is set too low, the resulting
binary image may include noise or other unwanted artefacts, whereas if it is set too high, important features or details
may be lost. Therefore, choosing an appropriate threshold value is critical to achieving good results in binarization.
Here, the adaptive threshold approach has been used to obtain precise detection results for defect detection.

Figure 5 shows PT inspection images in grey form with different levels of representativeness and their binarized
states for 8J impacted specimen. As mentioned before, a significant step is to find the most representative image from
the sequence of thousands of images. Here, the highest score of representation belongs to the image in the 31st row
(Figure 5a). It should be stated that this image is not coming just after flash heating rather than the 10th image, which
has evident pieces of defect clues but missing. Considering the three images in Figure 5b,5a and 5c, it can be noted
claimed that the degree of representation first increased after the heating and then decreased with the increase in cooling.
The 125th image looks almost indistinguishably cloudy. This is also evident in binary images. While the 31st image has
an apparent defect shape which is better than 10th, the 125th image has highly poor defect clues.
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(a) Representative IRT image (31st) (b) Random weak representation of IRT
(10th)

(c) Random weaker representation of IRT
(125th)

(d) Representative IRT image binary form (e) Weak representation binary form (f) Weaker representation binary form

Fig. 5 The best representative IRT image and two randomly selected images during cooling period and their
binary forms

Figure 6 presents the depth information for three levels of impact damage, i.e. black color indicates regions close to
the surface and white color indicates features deeper from surface. It should be emphasized here that damaged areas
are seen not only in the area close to the surface but also deeper in the composite closer to back wall. It is noted that
the defect sizes are increasing with the higher level of impact energy. Binary images of PA inspection emphasize the
gradual increment in the defect size. Small distortion of the shape in binary images may require further investigation in
selecting threshold values for related images.

(a) 8J impact PA depth information (b) 12J impact PA depth information (c) 20J impact PA depth information

(d) 8J impact PA binary image (e) 12J impact PA binary image (f) 20J impact PA binary image

Fig. 6 Depth information of the samples extracted from PA inspection and binary forms after thresholding

Additionally, PA ultrasonic inspection is able to provide defect information layer by layer. Simply, Figure 7 has given
defect marks for the first layer, second layer and up to middle layer of the composite structure. Images seem that the
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defect on the first layer is beginning outward from the inside; however, more concentrated at the edges in other layers.

(a) Defect shape for the first layer (b) Defect shape between the first and second
layer

(c) Defect shape till midlayer

Fig. 7 Defect shapes for different depths, at first, second and up to middle layers

The fused image showcases the combined information and the resulting shape, and to improve the visualisation of
the damage the images are binarized (see Figure 8). Fused images for all levels of impact energies have shown a more
circular (round) and continuous form, unlike the sources. Inspection outputs obtained by both methods, although having
minor morphological differences, provide consistent results that are mostly in agreement. The fused result combines
information from both inspection approaches. It is clearly shown that the fusion approach can offer more efficient defect
detection by combining the advantages of both inspection methods. This enhanced sizing of defect mechanisms can
enable improved repair operations such as removing and patching [22].

(a) 8J impact PA binary image (b) 8J impact IRT binary image (c) 8J impact fused image

(d) 12J impact PA binary image (e) 12J impact IRT binary image (f) 12J impact fused image

(g) 20J impact PA binary image (h) 20J impact IRT binary image (i) 20J impact fused image

Fig. 8 Processed source images and fused images for growing impact level using maximum rule
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Table 1 Total defect sizes according to the impact levels and inspection results

Impact
Level

Defect Region / 𝑐𝑚2

PA IRT FUSED
8J 3.60 2.05 3.67
12J 5.14 4.11 5.52
20J 8.52 6.24 9.19

Table 1 presents the calculated defect size. For all three cases, PA inspection outputs a larger defect area compared
to IRT (PT). The fused images provide a more informative output by covering the wider area of the possible defect.

V. Conclusion and Further Steps
This study presented work on the effectiveness of fusing infrared thermography (IRT), specifically pulsed thermog-

raphy (PT), and phased array ultrasonic testing (PA UT) inspection methods for the localization and characterization
of impact defects in CFRP structures. By leveraging the strengths of both inspection techniques, the proposed fusion
approach offers a more comprehensive and insightful evaluation of the defects. These findings can enable a better
informed maintenance for the structural integrity of aircraft and hence contribute to improved Maintenance, Repair and
Overhaul (MRO) activity.

Future research will explore and evaluate different fusion rules and structures against ground truth obtained from
other inspection modalities. Work is also investigating the fusion of various types and energy levels of defects. The
authors anticipate that these findings will stimulate further research interest in exploring NDT fusion strategies and
support the development of more effective techniques for enhanced MRO.
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