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ARTICLE INFO ABSTRACT
Keywords: A novel characterization technique based on image analysis is presented, intended to complement state-of-the-art
Round Robin reflectometer measurements. The technique is developed by experts from different laboratories (OPAC, AGC,

Concentrating solar power
Corrosion

Reflector qualification
Image analysis

CEA and LNEG), which subsequently conduct two Round Robin experiments on corroded solar reflectors for
validation. Regarding the inter-comparability, it is found that parameters like the corrosion spot density or the
penetration maximum on coated edges exhibit an average coefficient of variation of 62.6 % and 54.9 %. Better
agreement is found for parameters like the total corroded area and the maximum edge corrosion penetration,
with coefficients of variation of 14.3 % and 13.4 %, respectively.

The developed methodology is further applied during a 68-month lasting outdoor exposure campaign of two
types of solar reflectors at two representative sites, one exhibiting corrosivity class C2 and the other C3. On the
commercial coating RL1, a total corroded area of 59 mm? and 426 mm? is measured after the outdoor exposure
on the C2 and the C3 site, respectively, while on the novel low-lead coated reflector RL3 corresponding values
are 280 mm? and 1308 mm?. This shows the superior quality of the coating RL1 in terms of corrosion resistance.
Furthermore, the analysis highlights the importance of proper edge sealing for corrosion protection, since
corrosion penetration is increased by a factor between 1.3 and 4.0 if the edges are unprotected. The reflectance
decrease after the outdoor exposure is regarded as negligible (0.000 - 0.005), thus not permitting any of the
conclusions that are made from the novel image analysis technique.
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1. Introduction and motivation

Concentrated Solar Thermal (CST) technology is used to harness
solar energy for electricity and heat generation. Central to the success of
CST systems are solar reflectors, which concentrate sunlight onto a
receiver to produce high-temperature heat. The investment cost of solar
reflectors represents around 6.4 % of the initial investment of a typical
Concentrated Solar Power (CSP) plant [1]. It is of crucial importance for
the plant owners that the optical performance of the reflectors remains
at a high level throughout their service lifetime, aimed at 25 years and
more [2]. Usually, silvered-glass reflectors are employed for CST tech-
nologies due to their excellent optical performance and high durability.
They have proven their resistance to environmental effects in many
long-term exposure projects [3] and reflectors from the 805 are still
partially in operation in the SEGS power plant. However, the omni-
present urge to lower production costs forces manufacturers to produce
more economic materials. Also, new restrictions (low-lead- or lead-free
paint compositions [4]) from governments or supranational organiza-
tions limit the production of well-proven material compositions, on the
other hand this gives also rise to novel approaches like Njoku et al. who
use expired drugs as corrosion inhibitors [5]. Hence, the market always
offers new reflector compositions which still have to be tested regarding
their environmental resistance and durability. Furthermore, new CST
plants are increasingly projected at sites where harsh environmental
conditions are present, like in desert areas or in close proximity to the
sea. The later ones are utilized for water desalination applications,
called CSP 4 MED (multi-effect distillation) and need to be located near
to the coast [6,7]. These locations represent higher durability demands
for the utilized plant components.

The durability is threatened by various meteorological and geolog-
ical factors which can potentially lead to performance losses, e.g. hu-
midity, thermal gradients and cyclic day-night temperature changes,
irradiation, corrosive atmospheres, mechanical wear etc. To simulate
outdoor effects on reflector surfaces, accelerated aging tests are applied
under laboratory conditions with the aim to provoke similar failure
mechanisms in considerably shorter times [8]. Corrosion has been
identified as one of the main degradation mechanisms which might
affect the durability and the optical behavior of solar mirrors [9].
Additionally, some places such as the Atacama Desert reported corrosive
environments at night provoked by a sea fog, called “Camanchaca”,
which penetrates into the desert during some periods of the year [10].
Also, there are some CST plants already built near the sea where
corrosion issues could appear in the future. For instance, Noor Energy 1
PSC (Dubai) is situated around 50 km from the sea in air-line distance. In
all these situations, reflectors will be subjected to harsh corrosive
environment, and it is vital to study their durability in order to predict
the proper performance of the CST system and anticipate corrective
measures during the installation, operation and maintenance. The ISO
standard 9223:2012 [11] was established to determine the corrosivity
classification of a certain outdoor site. The standard stipulates the out-
door exposure of four standardized metal coupons which are analyzed in
the laboratory after one year focusing on their weight loss. This analysis
is performed following a specific treatment to remove oxidized com-
ponents on the different coupons. It is oftentimes used and representa-
tive results can be seen in literature [12-14]. A recently published work
presents the varying intensity of corrosion effects emerging on
silvered-glass solar reflectors exposed at different outdoor sites repre-
senting those corrosivity site classes [15]. Reflectance is the most
important optical parameter for evaluating reflector efficiency in solar
energy applications, and it is a major criterion for assessing their
degradation [16]. The best standardized technique for calculating
near-normal solar-weighted hemispherical reflectance, psy uses spec-
trophotometric measurements with an integrating sphere to determine
the hemispherical reflectance at each different wavelength, A in the
range of 320 nm to 2500 nm, over the whole solar spectrum. Another
important parameter to qualify solar reflectors is the near-normal

monochromatic specular reflectance p;,, which describes the fraction
of the reflected beam that reaches the receiver aperture under a repre-
sentative acceptance half-angle ¢. For more details on optical charac-
terization methods on solar reflectors see e.g. the Solar Paces Guideline
[17], Fernandez-Garcia et al. [18] or Sansom et al. [19]. However, both
measurement techniques exhibit the disadvantage of accounting only
for a very limited spatial area. The measurement spot usually only spans
a few square centimeters on samples that are typically 10 cm x 10 cm.
Since corrosion represents a local phenomenon that easily surpasses
these dimensions, its properties like actual size and growth rate cannot
be qualified by traditional reflectance measurements, which hence lack
the possibility of an early detection and quantification of this common
degradation phenomenon. Therefore, an image analysis technique has
been used in a recent study by Buendia-Martinez et al. [15]. Their group
established a lifetime prediction of novel coating compositions for solar
reflectors. It was facilitated by comparing the outdoor achieved data
with accelerated aging experiments through the assessment of their
image analysis algorithm. However, the results of the image analysis
were limited to the single parameter of total corroded area. No
distinction between central and edge corrosion was made, and also no
more details about the corrosion spot characteristics were determined.
Given the significance of their findings for the development of novel
coating compositions, a more comprehensive and extensive application
of their analysis methodology is of interest which shall be done in the
here presented work. A study undertaken by Khayatazad et al. [20] also
uses image analysis to detect corrosion on steel structures. They were
able to efficiently find corroded areas in digital images of large industrial
assets. Hence, their accuracy demands were different than in the here
presented work. They optimized their methodology also for faster pro-
cessing time, and pixel dimensions are in the range of centimeters, while
in the here presented work, time was not a constraint and pixel di-
mensions were in the micrometer range. Another group around Forkan
et al. [21] offers a similar approach to the corrosion detection issue. Both
works justify the methodology to be applied for the current case of solar
reflectors as well.

Similar image based approaches were also used in the field of solar
energy to forecast the power output of solar energy applications [22]
and furthermore on soiling effects on solar reflectors. In the work of
Smestad et al. [23], the participating authors answered the crucial
questions about the intrinsic accuracies and comparabilities of the
applied methodologies for soiling detection via image analysis. From the
results of eleven participants they deduced that the coefficient of vari-
ation of parameters like the fractional area coverage of sand particles
was 35 %, the value for the mean particle size was 15 % and the value for
the number of particles could be over 80 %. Two main conclusions were
then formulated. First, due to a lack of a standard methodology and a
suitable reference image, the image analysis is subject to significant
uncertainty. The results of micrograph-based soiling characterization
can vary depending on the operator, even if the same image and the
same processing software are employed. Furthermore, a particular
image analysis procedure might give a reasonable variability for one
micrograph, but may give a larger variability for another. The required
procedure may need to be modified. The second conclusion, however, is
that it was found that some parameters are less variable than others, and
therefore more robust to image analysis. This opens the possibility to the
discovery of other parameters that would be useful for comparing results
across various laboratories and studies. Those two conclusions moti-
vated the current work for a commonly accepted and standardized
methodology and for the joint search for robust and reasonable pa-
rameters of comparison.

In another work on the soiling topic, Micheli et al. [24] analyzes the
robustness of various thresholding methodologies integrated in the
software ImageJ. They could find significant differences in the resulting
parameters after analyzing 13,200 micrographs. The method with the
lowest coefficient of variation was also one of the methods that were
most often selected as best by the eleven human operators. Their work
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points out that additional studies are needed to evaluate the accuracy of
the various image analysis methods and to further contribute to iden-
tifying best practices for soiling estimation via this methodology.

The mentioned works have shown to deliver reasonable results, but
for the methodology to be applied at a broader scale, the determination
of its intrinsic accuracies and the comparability between different in-
stitutes has yet to be checked on.

This paper presents a novel algorithmic approach for the analysis of
images taken from solar reflectors, enabling the precise detection of
corroded areas and the quantitative assessment of corrosion progression
over time. Results are obtained from four groups of experts on the same
reflector samples and are compared among each other in the form of a
Round Robin to assess the uncertainties of the presented approach. It
should be highlighted that this work does not aim to identify the accu-
racies of the various methods, but rather to raise awareness on the po-
tential dissimilarities that can be generated by different operators
performing an analysis of the same samples.

2. Methodology

The here presented work is divided into three sections: first, an initial
Round Robin test is conducted among four participants: The OPAC
laboratory (joint collaboration between the German Deutsches Zentrum
fiir Luft- und Raumfahrt (DLR) and the Spanish Centro de Inves-
tigaciones Energéticas, Medioambientales y Tecnoldgicas (CIEMAT)),
AGC Glass Europe (AGC), Commissariat & I’Energie Atomique et aux
Energies Alternatives (CEA) and Laboratério Nacional de Energia e
Geologia (LNEG). Therefore, three different corroded samples were sent
around, and each participant had the task of determining the corroded
area quantitatively via image analysis. Every participant built their own
setup and evaluated their acquired images independently. Afterwards
the results were compared.

Based on the experience gained in the first Round Robin, parameter
definitions were clarified, and analysis methods were optimized among
the participants. These improvements are presented in detail in the
second section of the paper. Also, a second Round Robin was performed
with a new batch of five corroded samples that was sent around between
the participants to benchmark their optimized analysis method.

In the third section, the developed technique was applied to images
taken of reflector samples from long time outdoor exposure experiments
during the H2020 Raiselife project in different sites of the world, which
have been classified regarding their corrosion severeness [15].

2.1. Materials and reagents

The samples that are analyzed in this project are silvered float-glass
reflectors with high technical performance to be used in concentrating
solar technologies. The sample size is 10 cm x 10 cm and samples exhibit
a thickness between 1 mm and 4 mm. The edges of the samples are either
original (grinded/coated) edges or unprotected (cut) edges. The tech-
nique is aimed to evaluate changes in the silver layer and consequently
all other alterations of the sample shall be avoided i.e. damages of the
glass surface cannot be present. The sample needs to be a square and
cannot have any cavities on its edges or chipping of the glass on the
corners, this would lead to an incorrect overestimation of corrosion.
Also, the sample has to be cleaned before the image is taken. Com-
pressed dry air (free of particles and oil) shall be applied. In case of
remaining dust or soil, demineralized water, a mild detergent, and a soft
tissue can be employed. Abrasive or dissolvent agents that may change
the properties of the sample shall never be employed by total immersion.
Acetone might be used to ensure that any type of dust or fingerprints are
totally removed. The acetone must be strictly applied on the glass sur-
face with a soft tissue, avoiding contact with the backside of the sample
and the edges.

Samples shown in this work emanate from outdoor exposure or
accelerated laboratory aging tests [25-27]. Details on the

exposure/accelerated testing are not part of this work, please refer to the
respective literature. This work shall focus on the image-based analysis
technique and describe the methodology which is used to derive quan-
titative corrosion parameters for the IEC standard PT62862-3-6 dealing
with the durability of silvered glass reflectors, which is to be published
soon.

2.2. Round Robin testing of corrosion detection

In order to get a first idea on possible difficulties regarding the
comparability of the results from different laboratories and setups, a
Round Robin was performed on three corroded samples coming from
artificial aging experiments at OPAC. For this first Round Robin, there
was only a limited amount of instruction given to the participants in
order not to bias the understanding of this phenomenon and how it
should be treated. Since there is no standard developed so far and
resulting parameters are to a certain extent operator dependent, a wide
range of interpretations is welcome at this stage. For the second Round
Robin however, the definitions were more precise, and the lessons learnt
from the first Round Robin were implemented in order to have more
consistency between the participants and especially a more reasonable
evaluation from a physical point of view. For the reproducibility of the
results, the image acquisition process is of crucial importance. Stable
conditions are required to ensure that the quality and the key elements
that shall be extracted from the image are not altered or disturbed by any
environmental effects during the image acquisition. Typical conditions
that shall remain constant during the acquisition of various images for
different samples are the illumination, the perspective, camera settings
like ISO or shutter speed and the distance between the sample and the
camera. The different setups which were built for the image acquisition
at the four institutes are explained in the following subsections.

2.2.1. Setup at OPAC

The photo box which is displayed in Fig. 1 is based on an earlier
prototype developed in the OPAC laboratory by Sutter et al. [28]. It
contains the following elements: The single lens reflex camera D850
from the company Nikon (Tokio/Japan), exhibiting a resolution of 45.7
megapixels, equipped with a Micro Nikkor objective with a focal length
of 105 mm and an aperture of 1:2.8, also from the company Nikon. The
images were taken with the settings that are displayed in Table 1. It shall
be stated, that these values result in reasonable images for the here
presented setup and do not represent absolute values for other setup
conditions. However, the following guidelines shall be followed when
camera settings have to be selected for a setup:

e No overexposure of pixel shall occur in the reflective parts of the
sample. Hence, illumination and shutter speed have to be adapted
accordingly. After converting the image to greyscale, no pixel should
have a value of brightness of 255.

e No compression or conversion of the raw image data shall be applied
by the camera or the image taking software.

e The distance between the camera and the sample is selected in such a
way that the sample area covers as much of the image as possible to
increase the resolution in pixels of the sample area.

The sample is always placed in the exact same position and orien-
tation towards the camera. Therefore, a special sample holder was
constructed. It includes a vacuum pump which ensures the perfectly
upright position of the sample. Furthermore, the sample holder allows
the photographing of the sample with a certain, always constant back-
ground of green color. This is necessary for an accurate object detection
mechanism which distinguishes between background and actual sample.
As it is displayed in Fig. 1 on the right side, the surface normal of the
sample is slightly rotated away from the vector between sample and
camera. Hence, an image of the white screen is taken instead of a reflex
of the camera itself. The box also contains a LED light source to provide
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60cm

Fig. 1. Left: photo box setup exhibiting the following components: 1) Nikon D850, 2) reflector sample, 3) LED light source and 4) lid to close the box. Right:

illustration of the image taking process seen from the top.

Table 1
Camera Settings for the D850 during the image acquisition.
Parameter 1SO Shutter Speed Image Format Compression
Value 250 1/2s TIFF Uncompressed RAW

homogeneous and stable illumination conditions once the lid is closed
for the image acquisition process. Note that the LED is not directed to-
wards the sample but to the white screen which reflects the light in a
diffuse way. The LED is powered by an LED driver providing a stable and
reproducible intensity.

2.2.2. Setup at AGC

Pictures and an illustration of the photo box built by AGC are given in
Fig. 2. Every material inside the box except for the white reflected ma-
terial and the green background behind the reflector sample (not shown
on the picture of Fig. 2) are black colored. There is also a black sliding lid
that closes the upper side of the box and the box itself is located in a

— |

black room.

The reflex camera is EOS 100D from the company Canon (Tokio/
Japan), exhibiting a resolution of 18 megapixels, equipped with an EFS
objective with a focal length of 45 mm, also from the company Canon.
The images were taken with the settings that are displayed in Table 2.

The camera takes a picture of the reflector sample that is reflecting
the image of the white material located in front of it. Both the camera
and the sample are tilted from the vertical plane so that the camera does
not capture a reflection of itself. The reflector is illuminated with two
LED sources located above and below it. The drawback is that the sample
is not uniformly illuminated because of the shadows of the sample
holder and of the thickness of the sample itself. A way to optimize this

Table 2
Camera Settings for the EOS 100D during the image acquisition.
Parameter 1SO Shutter Speed Image Format Compression
Value 100 1/4s JPG Uncompressed RAW

Fig. 2. Top: photo box setup exhibiting the following components: 1) Canon EOS 100D, 2) reflector sample, 3) LED light sources 4) lid to close the box and 5) white

reflecting material. Bottom: illustration of the image taking process.
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setup is to illuminate the white reflected material through one light
source. A green background is placed behind the sample, which was
found to be more adapted than a black background in order to differ-
entiate the sample from its background.

2.2.3. Setup at CEA
The absence of reflection is required to ensure a good quality of the
image acquisition. So, CEA decided to place the reflector on different
colored papers which makes it easy to delineate the edges of the mirror
in a photo bench which is in a dark room. This is necessary for an ac-
curate object detection to distinguish the background and the sample.

A large white sheet (minimum A3 format) is placed horizontally
above the mirror at 60 cm distance. The smartphone can be fixed on a
support or as in the photo with a minimum angle to see the reflection of
the mirror in the white paper but also to avoid being in the angle of
reflection. Two lamps, placed on either side of the white paper illumi-
nate the mirror.

The perspective conditions remained constant during the acquisition
of the different images for different samples between the sample and the
camera. To fulfill all these requirements, a smartphone mounting
bracket is suitable.

Fig. 3

The scope is to perform simple photography without sophisticated
camera nor box only a simple smartphone. The following guidelines
shall be followed:

e No reflective parts of the sample should be photographed (the entire
mirror must reflect on the white paper).

o Sufficiently large and homogeneous illuminations from different
orientations are needed to avoid lateral shadows. The lamps are
directed towards the sample from a large white paper.

The distance between the camera and the sample is selected in such a
way that the sample area covers as much of the image as possible to
increase the resolution in pixels of the sample area.

2.2.4. Setup at LNEG

In the apparatus built at LNEG, a Panasonic Lumix DMC-G7 camera
with a resolution of 16 megapixels equipped with the Lumix G Macro 30
mm f/2.8 lens and the corresponding camera support were used. The
photographs were taken under the following conditions:

Parameter Aperture Shutter Speed Image Format Compression
Value 3.2 1/125 JPEG Compressed JPEG
3 White paper

2 Back paper + mirror

Fig. 3. Image taking setup exhibiting the following components: 1) smart-
phone, 2) mirrors on a black paper, 3) white paper and 4) two lamps.

A strip of LED tape placed on the ceiling of the box where the setup is
mounted ensures a homogeneous distribution of light through the white
diffusers placed on both the back wall and the door of the box. The
samples are attached to the holder with adhesive paste. The front of the
holder - the one facing the camera - is colored green, a feature that
improves the detection of sample boundaries. To ensure that the sample
is properly placed in the holder, the latter is taken off every time a
different sample is to be photographed and then put back on with the
sample. Since the position and the direction of the holder are predefined
on the metallic guides where it is placed, only minor adjustments of the
direction of the sample holder are required in order to get the best photo.

Considering that the samples to be photographed are solar reflectors,
it was necessary to direct them slightly towards the white diffuser, so
that the reflection of the white could be captured and not that of the
camera reflection.

Fig. 4

2.2.5. Image treatment - OPAC

The following section describes the workflow of the DECORI
(Detection of Corrosion via Image Processing) algorithm, developed by
OPAC from the raw images to the final extraction of the parameters of
interest. The code is written MATLAB. Each subsection gives an exem-
plified illustration of the particular image treatment process.

Step 1: sample detection

The image in its initial form can be seen in Fig. 5a). It is taken of a
sample in its as-received state i.e. without any defects and corrosion
spots. This sample will be used as a reference sample with respect to the
aged samples. As a first step, the extraction of the relevant area of the
image is required. Therefore, a conversion of the color space from RGB
to HSV is performed and all the pixels of green color are segmented. All
the other pixels are displayed in black color in Fig. 5b) to illustrate the
process. From there on, the largest non-green tetragon is classified as the
complete sample area. The respective corner points and edges of this
tetragon are marked in red in the initial image as it can be seen in
Fig. 5¢).

Step 2: transformation

The four corner points from step 1 are used to perform a geometric
transformation of the initial image to a quadratic image of the side
length of 10 cm. For the application in the algorithm this absolute length
has to be converted into a pixel length by a conversion factor which
depends on the geometry of the setup. In the here presented setup
configuration the conversion was 10 cm equal 4770 pixels. This also
represents the final resolution of the evaluated sample which is 20 pm
per pixel.

Due to the camera perspective and the slight horizontal tilting of the
sample, certain artefacts can be seen on the edges of the sample. This is
especially the case, if grinded edges are present on the sample. This
results in a grey area on the right side of the reflector as it is indicated by
the arrow in Fig. 6b). It is important to identify such artefacts on the
reference sample since they will reappear on the aged samples as well,
and shall not be detected as corroded areas there.

Step 3: thresholding

The first two steps are carried out on the reference sample and the
aged sample, which is to be subjected to subsequent analysis (see
Fig. 7a)). Then, both resulting RGB images are converted to grayscale in
order to obtain the scalar value of pixel intensity I between 0 and 255 for
every pixel. Afterwards a pixel by pixel division is carried out to obtain
the brightness ratio between the aged - and the reference grayscale
image. The resulting representation of this ratio Iogeq / Iref can be seen in
Fig. 7b). Where the value is close to 1, aged - and reference image exhibit
the same brightness and hence no corrosion is present at these pixels. For
pixels with values smaller than 1 however, the brightness of the aged
sample is lower than for the reference. Areas which are displayed in blue
color can be understood as completely corroded and the corresponding
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5.4

Fig. 4. Left: photo box setup from LNEG. Right: schema of the image capturing setup as seen from the top and exhibiting the following components: 1) Sample
holder, 2) Panasonic Lumix DMC-G7, 3) Light diffuser, 4) LED light source and 5) Lid to close the box.

b)

Ll w"w |
m‘:m!'"" :

Fig. 5. Illustration of step 1, the accurate sample detection: a) initial image taken with the setup in the OPAC laboratory, b) segmentation of the green parts of the

image and c) cropping of the inner area of the green background.

a)

b)

Fig. 6. Illustration of step 2: geometric transformation from tetragon to square: a) image of sample in sample holder with the four corner points marked, b) sample
area transformed to perfect square of 10 cm length (red frame here only for illustration to separated image from paper/screen background). Arrow indicates artefact

from sample tilting.

pixels do not contribute to the reflection of sunlight in a significant way
anymore.

At this point, it is important to note that a direct evaluation of the
grayscale image of the aged sample without the reference image would
not lead to the same meaningful results. The acquired results would
always be highly depending on the illumination conditions and camera
settings, they could hardly be reproduced in another setup/laboratory
and present artefacts could not be separated from corrosion. Therefore,
it is of major importance to work with brightness ratios based on the
intact brightness for every pixel. The ratio Inged / Iref is also displayed in a
histogram in Fig. 7c). A reasonable threshold value to differentiate be-
tween an intact/reflective pixel and a corroded one is certainly lying in
the range of 0.85 and 0.95, which is marked by the orange area in the
histogram. A comparison between the resulting corroded area after the

application of a threshold of 0.93 and images taken by an optical mi-
croscope of the same corrosion spots can be seen in Fig. 7d)-f). Because
of the reasonable agreement in geometrical features and size, the value
of 0.93 was used from now on as threshold.

Step 4: object postprocessing

The application of the thresholding rule constructs a binary image
with black corroded objects and white reflective pixels. Several opera-
tions are then performed on the binary image which are explained in
short.

connection of close objects: Corrosion on the edges of the sample is
often observed to occur via the following process. First a thin line of
corrosion forms starting from one point of the edge, penetrating into the
sample and then connecting back to the edge at another point, thus
encircling a certain area of the sample. The enclosed area still exhibits a
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Fig. 7. a) raw image of aged sample, b) representation of pixel brightness ratio laged / Iref and c) histogram representation of I geq / Irer. The orange area between
0.85 and 0.95 marks the reasonable threshold values, from which on a pixel is identified as corroded or intact. d)-f) comparison between microscope images and

results from image analysis with a threshold of 0.93.

high reflectivity at first, but very soon is corroding as well and hence this
area shall be considered as corroded in the evaluation process. Examples
of this phenomenon are seen in Fig. 8b) indicated by the arrows. To
convert those enclosed white areas to black areas and also connect spots
which are close to the edge corrosion area the command imclose is used.
It performs a morphological closing on the binary image, using a disk of
20 pixels diameter as structuring element. The morphological close
operation is a dilation followed by an erosion, using the same structuring
element for both operations. After this operation, one connected and
void-free edge corrosion area is achieved as it can be seen in Fig. 8c).

Since this operation acts on the complete sample, it also merges single
black objects in the inner area which are close to each other and should
be treated as one large corrosion spot instead of many small ones which
are in close proximity.

defect size segmentation: Regarding the size of the inner corrosion
defects the following two conventions are adopted: The minimum
equivalent defect diameter is 200 um for an object to be detected as a
corrosion spot. The imclose command from the earlier step merged
many of those small objects already with larger objects in their vicinity.
Now, remaining black objects are segmented if they exhibit less pixels

Fig. 8. Illustration of postprocessing step imclose: a) raw image of aged sample, b) corresponding binary image after the application of steps 1-3 with arrows and
zoomboxes marking the critical areas that are treated in this step and c) resulting binary image with connected objects.
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