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D-Sight, hidden corrosion, aircraft Hidden corrosion, not detected timely, may significantly affect the

structures, non-destructive testing. durability and integrity of aircraft structures; therefore,
improvement of non-destructive testing (NDT) techniques is of

Type: Research Article high importance for reliable and safe aircraft operation. One of

the commonly used NDT techniques for the detection of such a
type of corrosion is the D-Sight technique, which gained wide
appreciation in the aerospace sector due to its ability to perform
low-cost and fast inspections of wide areas. One of the drawbacks
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of the method is its qualitative character, which makes it difficult
to quantify corroded spots and track corrosion growth during

3 Open Access operation. The following study aims to present recent advances in
# Peer Reviewed the enhancement of this technique by using advanced image
@@ CC BY processing, numerical simulations, and validation studies using

reference methods (classical metrology, and digital image
correlation) to make this method suitable for quantification of
areas affected by hidden corrosion and monitoring its growth
between periodic NDT inspections. The studies are performed on
test specimens that simulate hidden corrosion and verified on
results of D-Sight inspections of the Polish Air Force military
aircraft. The results demonstrated good performance in
identification and quantification hidden corrosion spots on D-
Sight images. The approach can be used for supporting aircraft
inspectors in analysis of inspection results of aircraft under
operation that require periodic non-destructive testing.

1. Introduction

Aircraft structures are subject to aging processes, which is evidenced by the appearance and
propagation of various types of damage, in particular, corrosion. The appearance of corrosion
in aircraft structures remains a major problem with the highest maintenance cost, which is
placed at the level of $20 billion annual expense for the US Department of Defense only (Sajedi
2019; Benavides 2009). This implicated advanced studies in the development of appropriate
materials and coatings that are prone to corrosion and numerous environmental factors that
may influence its acceleration of development. Regardless of this, metallic aircraft structures
require periodic inspections to evaluate their condition, to detect possible damage and timely
react on the structural weakening. According to the widely accepted damage tolerance design
and maintenance philosophy, such inspections are the key factor in ensuring structural
integrity and safety in aviation. For this purpose, periodic inspections are performed using
non-destructive testing (NDT) techniques (Nechval et al. 2011, Grandt Jr. 2011).

From the variety of available NDT techniques, only a part of them are approved for inspections
of aircraft structures by appropriate national and international authorities, since they
represent valid and repeatable inspection results (FAA 1998). They include numerous
advanced techniques, which require special equipment and certified personnel and provide a
possibility of detecting and identifying damage to the undersurface (Wronkowicz-Katunin
2018). An overview of the NDT technigques most often used for the inspection of aircraft
structures with an analysis of their suitability for detecting specific types of damage can be
found (Towsyfyan et al. 2020).

Numerous types of corrosion affect aircraft structures, depending on the materials used for
their production and the conditions of their operation. These types include general attack,
pitting, galvanic, crevice, erosion, corrosion fatigue, stress corrosion cracking, hydrogen
embrittlement, and many others (Mills et al. 2009; Czaban 2018; Katunin 2019). However, one
of the corrosion types, namely pillowing or hidden corrosion, is not well described in the
literature, and, compared to overall research on corrosion in aircraft structures, not much
information is available on this type of corrosion as well as methods of its evaluation. Hidden
corrosion usually appears in elements and components of the aircraft fuselage, mainly in lap
joints (Bellinger et al. 2007), but also in other airframe structures (Forsyth and Lepine 2002),
such as multilayer skins. This type of corrosion is manifested by local bulging of the material
around the rivets that connect the metal sheets. The occurrence of this type of corrosion is
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typical for aluminum alloys used for elements of aircraft fuselage, in particular, due to seal
damage in lap joints. The mentioned bulging is the result of the expansion of corrosion
products in the joint, leading to local deformations, but they are so tiny that they are not
visible on the surface by the naked eye (Agarwala and Ahmad 2000). Naturally, these
deformations cause structural weakening and their appearance in the vicinity of the rivets
further increases the seriousness of the probability of structural failure (Czaban 2018).
Therefore, it is important to detect and identify hidden corrosion spots in a timely manner and
to apply preventive measures to ensure structural safety.

In the inspection of aircraft structures for corrosion detection numerous NDT techniques are
used. They include ultrasonic testing, eddy current testing, infrared thermography,
radiography, X-ray computed tomography, etc. (Kant et al. 2019; Ciezak and Rdzanek 2020).
Many of the mentioned techniques are not applicable or are not sensitive enough to detect
hidden corrosion. For example, eddy current testing is biased by significant uncertainty, since
thinning of a metal sheet caused by hidden corrosion is on the level of manufacturing
tolerances of this metal sheet, and the evaluation of the presence of corrosion based on the
thickness of a metal sheet is not effective (Komorowski et al. 1997). This problem can be
overcome by using the optical NDT technique called double pass retroreflection or simply D-
Sight. This technique was developed by Diffracto Ltd. in 1983 in Canada and was further
implemented in the Canada IAR NRC (Institute for Aerospace Research, National Research
Council) for the inspection of aircraft structures with a dedication to hidden corrosion and
barely visible impact damage detection (Hegeniers 1993).

The D-Sight technique is based on illumination of an inspected surface with a light source at a
specific oblique angle. The light is further backpropagated from the special retroreflective
screen in the testing system made as a grid of small spherical glass elements (Hegeniers 1993).
The response is recorded by a camera as a digital grayscale image. Until the inspected
structure is flat, the distribution of light intensity remains uniform (Hegeniers 1993). However,
when deformations are present on the inspected surface, it is manifested by local
disturbances of light intensity, which, in turn, resulting in changes of brightness contrast in the
resulting D-Sight image (Hegeniers 1993). This technique found application primarily in the
inspection of aircraft structures (Bellinger et al. 2007; Forsyth and Lepine 2002; Komorowski
et al. 1997; Reynolds et al. 1993; Bellinger et al. 2001) but also in the automotive industry
(Hegeniers 1993), and several others.

Despite the great performance of the D-Sight technique, its main deficiencies are sensitivity
to measurement conditions, such as angle of observation and illumination, as the well as
qualitative character of the results of inspection. The solution to the first mentioned problem
was proposed in previous studies of the authors (Katunin et al. 2022; Katunin and Dragan
2022), while the second problem, although studied by numerous authors, remains open. The
studies of the discoverers of the technique were focused mainly on the application of the finite
element (FE) model for the quantification of corrosion (Bellinger et al. 2007; Komorowski et
al. 1997; Bellinger et al. 2001; Komorowski et al. 1996), and demonstrated relatively good
performance of this approach. Nevertheless, its practical application is limited due to the
necessity of developing an FE model. The quantitative evaluation remains the desired
capability of D-Sight technique, which will be applicable in practice by direct analysis of
acquired D-Sight images from the inspection system. The first results demonstrate capabilities
of the quantitative evaluation of corrosion spatial extent directly from the processing of D-
Sight images (Katunin et al. 2023).
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In the current study, an approach based on image processing to retrieve quantitative
diagnostic information directly from D-Sight images was investigated and the results were
validated using reference methods. The following paper demonstrates the concept of the
developed quantification approach with the case study performed on D-Sight images from
military aircraft, summarize recent results on validation of the developed approach and draw
further directions and possibilities of development of the approach towards quantification of
hidden corrosion directly from D-Sight images.

2. The Concept of Quantification of Hidden Corrosion Extent

Inspections performed using the D-Sight technique are based on the acquisition of grayscale
D-Sight images of an inspected surface, making it possible to evaluate the severity of hidden
corrosion based on the color intensity observed in the resulting D-Sight images. Usually, such
an evaluation is performed manually and subjectively based on observed differences in local
brightness contrast, mainly in the surrounding of rivets on the inspected aircraft structure. In
some cases, the D-Sight index D proposed by Heida and Bruinsma (Heida and Bruinsma 1998)
is used for evaluation of corrosion severity and its evolution (Leski et al. 2006):

Imax - Imin

D =100-
Imax + Imin

(1)
where [ .xand I, represent maximal and minimal image brightness values in the analyzed
area. However, this measure also has subjective character. In the case of routine inspections,
when the number of acquired images is great, such evaluation is difficult and non-repeatable,
which makes it impossible to accurately evaluate and track corrosion severity over the years
of operation of an inspected structure. Due to this, the D-Sight technique is used mainly as a
preliminary inspection tool.

To overcome this shortcoming, the processing algorithm for D-Sight images was developed
and proposed by Katunin et al. (Katunin et al. 2022). The algorithm consists of three major
steps: initial processing, segmentation, and post-processing with evaluation. The concept of a
processing algorithm for a sequence of historical D-Sight images is presented on the flowchart
in Figure 1.

The above-presented approach makes it possible to determine the exact dimensions of spatial
extent of hidden corrosion or other type of damage detectable with the D-Sight technique
knowing the reference dimensions (e.g., spatial dimensions of a tested structure, specific
distances between characteristic construction elements, like joints). This extends the
capabilities of the technique and makes it possible to perform spatial identification of hidden
corrosion using raw results of D-Sight inspections only.
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Figure 1: The flowchart of processing D-Sight images for a quantification of hidden
corrosion extent (Katunin et al. 2022)

3. Case Study

To demonstrate the capabilities of the proposed approach, the case study is presented in this
section using the real inspection data of the fuselage plating of military aircrafts of the Polish
Armed Forces.

3.1. Tested Structure and Inspection

The inspection was performed on the skin of a military aircraft made of aluminum alloy with
riveted joints using the D-Sight technique. The presence of hidden corrosion is manifested by
the local changes in the brightness contrast observable around the rivets (see Figure 2(a)). The
inspection was carried out using the DAIS (D-Sight Aircraft Inspection System) 250C
commercial scanning system manufactured by Diffracto Ltd., Windsor, ON, USA. The field of
view of this system is 580 x 131 mm, and the resolution of the resulting D-Sight 8-bit image is
640 x 480 pixels. The scanning process using DAIS is presented in Figure 2(b).

(a) ()
Figure 2: (a) the exemplary D-Sight image with hidden corrosion spots, and (b) the
process of D-Sight inspection of an aircraft
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3.2. Processing of the D-Sight Image

The D-Sight image presented in Figure 2(a) was subjected to processing according to the
algorithm presented in Figure 1, which was implemented in MATLAB environment. Initially,
the image was aligned to prepare it for definition of the reference points for the next
processing steps. At this step, the alignment was performed in such a way that the selected
edge was made parallel to one of the edges of the processed D-Sight image. The alignment
was implemented by using Canny method for edge detection and then the Hough transform
to find the lines in principal directions of the image. Further, the orthonormalization algorithm
was applied to turn the image into a planar projection, which is necessary for evaluating
corrosion spots at the post-processing step. The orthonormalization was performed by the
definition of a quadrangle on the specific points of the D-Sight image and determination of
the projective transformation matrix. Finally, illumination equalization was applied to improve
the visibility of corrosion spots and prepare the image for segmentation. This procedure was
implemented by using a transformation which is using cumulative histograms and intensities
of particular histogram components. The results of these operations are presented in Figure
3.

In the next step, the D-Sight image after initial processing was subjected to segmentation using
the specially developed segmentation algorithm within the Rebmix R package (Nagode et al.
2022) based on the univariate three-parameter Gumbel finite mixture model and the Bayes
decision theory. This approach made it possible to extract clusters with appropriate visibility
of rivets with hidden corrosion from the initially processed D-Sight image. The obtained
probability density function and the Bayesian information criterion variability is presented in
Figure 4. The acquired clusters were then merged based on the entropy rule, which made it
possible to select appropriate clusters containing useful information for further analysis.

Figure 3: The D-Sight image after initial processing
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Figure 4: (a) probability density function and (b) Bayesian information criterion for
the segmented D-Sight image

From the clusters obtained after segmentation, the first one was selected as the most suitable
to represent hidden corrosion in the analyzed image. This cluster is presented in Figure 5. It
can be observed that the corrosion spots are properly captured during segmentation.

The resulting image was used for the last step of post-processing and evaluation. At this step,
the rivet to be analyzed is manually selected from the segmented D-Sight image (see Figure
6(a)), and after selection of the region of interest (ROI), the center of the given rivet within
this region and its radius are determined (see Figure 6(b)). Knowing the size of the rivet, it is
possible to assess the extent of the corrosion or present it in a dimensionless way. In the
analyzed case, the area of the hidden corrosion extent is 95% with respect to the area of the
selected rivet.

Figure 5: The selected cluster representing the hidden corrosion in the D-Sight
image
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(b)
Figure 6: (a) the processed D-Sight image with ROI, and (b) the result of evaluation
of hidden corrosion extent around the rivet

This example demonstrates the performance of hidden corrosion evaluation and can be
automated to evaluate corrosion in multiple locations, as well as track corrosion progression
by analysis of D-Sight images from periodic NDT inspections (Katunin et al. 2022).

4. Recent Progress in Damage Quantification using D-Sight Technique

Although the processing algorithm makes possible the quantitative evaluation of hidden
corrosion, it is necessary to validate the results of the D-Sight technique itself to ensure the
accuracy of determination of the corrosion extent. For this purpose, several numerical and
experimental investigations were planned.

4.1. Numerical Simulations

The modeling approach to assess the severity of corrosion based on numerical simulation of
the deformations resulting from the pillowing effect was described by Komorowski et al.
(Komorowski et al. 1997; Bellinger and Komorowski 1997). This approach was adapted by the
authors to perform such an evaluation. The simulation was performed in ANSYS 2022 R1
commercial software. The prepared model was defined in the form of a sheet with the
thickness of 1.14 mm made of aluminum 2024 T3 alloy. The model contained nine holes at
which fixed boundary conditions were defined. These holes simulate riveted joints in the
simulated sheet. Then a test pressure loading of 1 MPa was applied to one of the surfaces of
the simulated sheet and the geometrical model was meshed with hexagonal elements (see
Figure 7(a)). In the next step, static structural analysis was performed for the defined
parameters (see exemplary results in Figure 8) and the resulting model with deformed sheet
was exported to computer-aided design (CAD) model. Based on this model, the evaluation of
the volume under the deformed sheet was performed in the Autodesk Fusion 360 commercial
software. By positioning the symmetry planes of the deformed model and the model without
deformation, it was possible to evaluate the volume under the deformed sheet (see Figure
7(b)). Based on these calculations, it was possible to determine deformations for the
predefined corrosion severities (Zak 2022).

The analyzes were performed for various thickness values of sheets, namely 1.14 mm,
2.06 mm, and 3.66 mm, for which the test pressure was empirically determined. After
rounding, the following values were applied: 1 MPa, 7 MPa, and 50 MPa, respectively.
Moreover, three severities of corrosion were considered, that is, 5%, 10%, and 15%. The
results of the calculations for the mentioned cases are presented in Table 1.
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(a) (b)
Figure 7: (a) the view of the meshed FE model of a sheet, and (b) the process of
determination of the theoretical volume of corrosion products during appearance
of the pillowing effect
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Figure 8: The exemplary results of numerical simulations for the analyzed sheet: (a)
total deformation, (b) equivalent stress
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Thickness of sheet | Corrosion severity (%) | Max. displacement Max. stress (MPa)
(mm) (mm)
5 0.352 1059
1.14 10 0.705 2118
15 1.057 3177
5 0.604 4561
2.06 10 1.207 9122
15 1.811 13684
5 0.996 11547
3.66 10 1.992 23093
15 2.988 34640

Table 1: The results of numerical simulations for determination hidden corrosion
severity

From the obtained results, one can observe that the relationships between thickness and
maximal displacement have linear character. This approach can be successfully used for the
evaluation of the severity of the corrosion and its further correlation with the area of
deformation, making it possible to develop the numerical tool for an evaluation of corrosion
severity and prediction of its progression and resulting influence on a structural integrity.

4.2. Experimental Validation

In parallel to the numerical simulations, validation studies focusing on the assessment of
accuracy of the D-Sight technique in the estimation of the geometrical properties of the
deformations resulting from the pillowing effect. During these studies, two approaches were
used: the classical metrology approach and the digital image correlation (DIC) technique.

The studies were carried out on sheets with artificially introduced dents of various depths in
the range of 20-750 um, which simulate the pillowing effect that appears during hidden
corrosion. These dents were introduced with a CNC machine equipped with a special head
designed for this purpose and equipped with the measurement system, providing the
possibility to control the pushing force and the resulting deformation depth. The process of
introducing artificial dents is presented in Figure 9(a). The specimens were then scanned using
the DAIS 250C system to obtain D-Sight images for predefined deformations. The scanning
process is presented in Figure 9(b).

The performed metrology approach assumed validation of the deformation height of the
introduced deformation, which was performed using the coordinate measurement machine
(see Figure 10). As a result of the performed preliminary measurements the accuracy of
introducing deformation using the proposed approach is high, in general, however, some
inaccuracies were observed for low values of deformation heights, especially for heights
below 100 um.

-

(a) (b)
Figure 9: (a) the process of specimens preparation for validation tests, and
(b) acquisition of D-Sight images
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Figure 10: The process of méasuring deformation heights using the coordinate
measurement machine

The validation studies performed using DIC focused on evaluation of height and extent of
introduced deformations. The exemplary results of the evaluation of measured deformations
are presented in Figure 11.
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(b)
Figure 11: (a) the exemplary results of conditioning DIC measurements,
(b) processing and evaluation of the DIC results

The evaluation was performed using the DIC system and dedicated software for this system,
and further, the measurements were then exported to CATIA V5 commercial software in the
form of points cloud, where it was transformed to the CAD models. Measurements were
performed based on definition of a reference plane, from which the height and extent of a
given deformation were measured. The preliminary measurements of the deformation height
were in agreement with the measurement results obtained from the coordinate
measurement machine. Moreover, they also demonstrated good agreement with the results
obtained from processing of D-Sight images, which confirms the accuracy of quantification of
hidden corrosion using the proposed approach.

4.3. Advancements in Quantification

The processing algorithm demonstrated in Section 3.2 was enhanced to automate the process
of identification and quantification the corrosion spots. With the same pre-processing
operations, the D-Sight images were subjected to further processing. For quantification, the
pre-processed D-Sight images were converted in L*a*b* color space to reach the perceptual
color uniformity, which was necessary for the calculation of AE* local metric used for filtering
the colors (Figure 12(a)). Next, the thresholding using Otsu’s method was applied for a
quantization of the achieved result (Figure 12(b)). After morphological operations that
allowed to remove from the resulting image features attributed to rivets and edges of the
image (Figure 12(c)), the mask with corrosion spots was created and superimposed on the
pre-processed D-Sight image (Figure 12(d)).
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Figure 12: The steps of automated quantification of hidden corrosion spots on a D-Sight
image: determination of the AE* local metric (a), quantization using Otsu’s method (b),
application of morphological operations (c), visualizing the mask of quantified hidden
corrosion on the pre-processed D-Sight image (d) (Katunin et al. 2023)

The presented processing algorithm was validated on D-Sight images captured during the
inspection of Mil family military helicopters demonstrating good performance in automated
quantification of the hidden corrosion spots (Katunin et al. 2023).

5. Conclusions and Further Research Directions

The following study presents the initially verified concept of enhancement of the D-Sight NDT
technique. This enhancement focuses on making the quantitative analysis possible using this
technique, which has significant implications in practical applications, primarily, in supporting
NDT inspectors and data scientists working with inspection results in evaluation of hidden
corrosion in aircraft structures. Research on improving the D-Sight technique is currently
ongoing, and the following paper presents recent advances towards quantification of hidden
corrosion in aircraft structures.

The performed preliminary studies show the possibility to enhance the D-Sight NDT technique
and make it quantitative, i.e., using the proposed algorithms of processing raw D-Sight images
and with support of numerical modeling, it is possible to determine dimensions of the
corrosion spot, both planar and in the direction of the thickness of a tested structure. The
evaluation results using the proposed approach were initially validated using reference
methods, and a comparative study revealed a good coincidence, which additionally confirms
the sufficient sensitivity of the D-Sight technique in the detection and quantification of even
hidden corrosion spots, when deformation height is below 100 um.

The promising initial results make it possible to draw further research directions:
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e The developed processing algorithm is planned to be improved by developing more
effective methods of evaluation of the corrosion extent to make it possible to compare
whole D-Sight images by finding common points in the sequence of historical data. It
is also planned to perform further automation of the processing algorithm, primarily
in terms of segmentation and estimation of true dimensions of the corrosion spots.

e The initial validation studies using reference techniques need to be repeated in a
systematic research to evaluate the accuracy of the D-Sight technique in the
estimation of dimensions of hidden corrosion spots with statistical analysis to justify
the validity of acquired results using the developed processing algorithm.
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