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Evaluation of pitting corrosion
by dynamic speckle pattern
analysis

Omid Pedram®’, Ramin Jamali%’, Vahid Abbasian*, Vahideh Farzam Rad?*,
Arash Darafsheh*, Ramin Khamedi*, Esmaeil Poursaeidi' & Ali-Reza Moradi?®

There is an increasing interest in non-destructive and real-time high-resolution approaches for
corrosion studies in metals. In this paper, we propose the dynamic speckle pattern method as a
low-cost, easy-to-implement, and quasi in-situ optical technique for the quantitative evaluation of
pitting corrosion. This type of corrosion occurs in a specific area of a metallic structure and causes
holes formation leading to structural failure. A Custom 450 stainless steel sample, placed in 3.5 wt%
NaCl solution and applied to a 350 mVscg potential to initiate the corrosion, is used as the sample.
The speckle patterns formed by the scattering of a He-Ne laser light is changed over time due to any
corrosion in the sample. The analysis of the time-integrate speckle pattern suggests that the growth
rate of pitting decreases with time.

The chloride ion (Cl™) adsorption process may change the ion conductivity of passive films; as a result, some
metals are prone to pit formation. Due to hydrolysis inside the pit, chloride ions moved into the pit to achieve
electrical neutrality, are adsorbed on the pit surface, leading to pitting propagation'. Once a corrosive environ-
ment is combined with a stressconcentrating environment, stress corrosion cracking (SCC) may occur. Charac-
terization of the progression of the damage is essential for increasing safety and minimizing the economic cost
of the system”. Experimental methods, such as eddy current, electrochemical measurements?, optical micros-
copy, scanning electron microscopy (SEM), x-ray diffraction®%, atomic force microscopy (AFM)’, and digital
holography® can provide useful information about pitting corrosion. When a coherent light illuminates a rough
sample, a dynamic speckle pattern forms such that any movement in either the exterior surface or interior
structure of the sample under study can change that over time. The statistical analysis of such speckle patterns
provides important information about the dynamic sample*™°.

There is an increasing interest in using dynamic speckle pattern method in life and material sciences!!**. To
several applications, the method has been used for blood flow monitoring'!, polymer surface characterization'*'3,
seed!® and fruit analysis'’, parasite activity evaluation'®, bone scaffold analysis'®, examination of the paints
drying®, detecting imperfections of the subsurface in multilayer composites®'. The technique has also shown
promising results in corrosion studies, such as applying electronic speckle pattern interferometry (ESPI) and digi-
tal speckle correlation (DSC), for the detection of corrosion, pitting, and crevice corrosion**?. Fricke-Begemann
et al.** examined the micro-topography changes of a metal surface during a corrosion process using decorrelation
of scattered speckle fields. Moreover, surface corrosion processes of an iron (Fe) immersed in sulfuric acid was
studied utilizing digital speckle pattern interferometry (DSPI) by Andrés et al.>.

In this paper, we introduce utilization of dynamic speckle pattern approach for quantitative assessment of
pitting corrosion in a metallic sample. In order to prove the capability and efficacy of the proposed method,
dynamic speckle patterns analysis is performed for the real-time monitoring of pitting corrosion in a Custom
450 stainless steel sample. The significant feature of this work is introducing a simple quasi in-situ approach for
quantitative evaluation of corrosion, which may not be achieved by conventional microscopy systems.
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Materials and methods

Sample preparation. A piece of Custom 450 stainless steel was harvested from a frame-type gas turbine
installed in a seaside power plant, specifically, from the hub part of a failed blade which was in the first stage
of the compressor blade. A wire electrical discharge machine was used to cut the sample into a desired dimen-
sion (0.5x74x5 mm?). The mechanical and corrosion properties of the sample material have been described
elsewhere*?*?’. The sample was mechanically abraded by a series of wet silicon carbide sandpapers with grit sizes
of #100, #220, #400, #600, #800, #1000, #2000, and #3000. Then, it was polished with a 2.5 um alumina solution
to achieve a mirror-like smoothness before it was cleaned by alcohol.

Electrochemical test. The NaCl electrolyte (3.5 wt%) was prepared from reagents of analytical grade and
twice-distilled water. Potentiostatic and potentiodynamic electrochemical tests were carried out to obtain the
pitting corrosion, as well as its time and potential, according to ASTM G5%%%. All electrochemical measure-
ments were performed using an OrigaFlex multi-channel system at room temperature (25 & 1 °C) under non-
deaerated condition. Tests were conducted using a three-electrode electrochemical cell with a saturated calomel
electrode (SCE) as a reference, platinum as an auxiliary electrode, and a Custom 450 stainless steel strip with an
area of 4 mm? as the working electrode. All applied potentials were measured versus Vscg. At least five experi-
ments were carried out for each typical test.

Experimental procedure. Figure 1a schematically shows the experimental arrangement used for record-
ing dynamic speckle patterns. A He-Ne laser beam (632.8 nm, 5 mW) was passed through a spatial filter (SF),
removing unwanted spatial frequencies in the Fourier space through a pinhole located in the lens’ focal plane.
The resultant diverging laser beam was then collimated using a lens, L1, (100 mm focal length, + 10.0 D). The
beam passed through a dichroic mirror (DM) and then focused onto the sample by a microscope objective
(MO) (5%, NA = 0.14, 34.0 mm working distance). The backscattered light as speckle patterns was collected by
the MO and reflected toward a digital camera by the DM. The light passed through a beam splitter (BS) module
and guided by lens, L3, (50 mm focal length, + 20.0 D) to the camera. A digital CMOS camera (EOS 1200D,
Canon, TTL-CT-SIR, 18.7 megapixels) was used for recording images at 1280x720 resolution with an exposure
time of 0.20 ms at 50 fpm. The speckle setup was integrated with a conventional microscope through integrating
a white light source using the beam splitter. The white light was collimated by lens, L,, (115 mm focal length,
+ 8.7 D) and directed to the sample by BS, DM, and MO. The reflected beam from the sample was collected by
the MO and followed the same imaging path toward the camera in order to obtain micrographs of the sample.
A shutter was placed after each light source to control when the light from each source should reach the sample.
During the recording speckle pattern data, the shutter Sh, was closed to stop the white light reaching the sample.
Similarly, the shutter Sh; was closed during recording of micrographs. A wire-cut electrical discharge machine
was utilized to prepare the test samples shown in Fig. 1b. Custom 450 is sensitive to pitting corrosion in 3.5 wt%
NaCl solution at the potential of 350 mVscg, as already described®. The experiments were designed for the real-
time monitoring of pitting corrosion at the maximum bending region. To this end, a potential of 350 mVgcg
was applied to the sample for 30 min (Fig. 1c). The monitoring was performed by recording the scattered laser
light from the sample under corrosion, i.e. the speckle patterns. The dynamic speckle patterns associated with
the pitting propagation were analyzed at time intervals of 10, 20, and 30 min after the process was started. The
evaluation of the pitting corrosion was performed by numerical processing of the recorded speckle patterns.

In order to prevent corrosion of the part connected to the working electrode and ensure proper placement
of device connections in the circuit, the part must be kept out of the solution during testing. This means that
the sample cannot be positioned horizontally in the solution under the microscope, as the electrode-connected
part would be submerged. To maintain the part out of the solution, the sample must be viewed vertically within
the solution during the testing process. To achieve this, a digital camera was connected to a horizontally placed
microscope on the table, allowing the container chamber to be positioned vertically and the surface to be
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Figure 1. (a) Experimental arrangement used for dynamic speckle pattern and bright filed microscopy; SE,
spatial filter; L; & Ly, lens; L3, collecting lens; DM, dichroic mirror; BS, beam splitter and Sh, shutter. (b) Two
point bending sample. (¢) Sample schematic under electrochemical test.
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magnified and filmed. As a result, the surface can be examined in real-time at the point of maximum bending
when the potential is applied and the corrosion process begins. The container used in the experiment is specifi-
cally designed using 3 mm thick plexiglass to ensure the sample was placed in a completely vertical position,
with proximity to the observed corrosion site. In order to prevent any interference caused by the thickness of the
plexiglass, a 0.1 mm lamella was used in place of the cut section. The electrode placement was installed on the lid
of the container, and all sides and surfaces of the lamella were insulated using chloroform solution and aquarium
glue to prevent solution leakage or movement. To obtain a clear image of the sample surface, the container was
carefully re-adjusted rather than relying on microscope settings.

Dynamic speckle patterns become more pronounced when an illuminated surface includes any kind of
activity. Based on the origins and characteristics of dynamic speckles the knowledge about the inner dynamics
of the phenomena may be increased. The more inner dynamics of the samples are known, a better insight can
be obtained in controlled experiments and simulations to assess how these dynamics show up in the speckle
evolution. The advantage of the presented methodology over the common polymer characterization techniques
includes possibility of dynamic and live acquisition of information about the samples. It is a nondestructive and
non-contact method and provides spatio-temporal information integration. In addition, this technique is free of
phototoxic effects on the sample since a very low laser power is used to illuminate the samples. In the dynamic
speckle method, data can be extracted and analyzed instantly within the frame rate limit of the speckle captur-
ing device. It means that the evolution of the sample can be obtained at any moment. The He-Ne laser possesses
sufficient coherency and stability. The laser is switched on at least half an hour before the experiment to ensure
intensity stability, which is of high importance in the present method. The laser is kept on during the experiments
and by using a laser shutter Sh;, without touching the elements of the setup, the beam is blocked. When required,
the laser shutter Sh; is removed and the data is acquired. The uniformity of the beam is checked by replacing the
sample by a mirror and collecting the reflected light by the camera for about a minute.

Numerical processing

The sample activity, specifically in dynamic materials, can be expressed by various metrics. The main goal of the
present work was to characterize the pitting corrosion activity as a function of time. The spatial and temporal
coherence of the laser illumination makes it possible to preserve the stability of the speckle pattern for static
scatterers. Hence, the observable activity in the dynamic laser speckle can be associated to internal character-
istics, such as scaffold activity, growth and cell division, lipid phase separation, movement of cytoplasmic and
biochemical reactions, and water-related activities'***->. The activities of the pitting corrosion can be attributed
to the changes in the surface roughness. The numerical processing of recorded speckle patterns includes statistical
parameters which are described in this section.

Activity-related measurements were performed while the pitting corrosion was initiated by applying a poten-
tial of 350 mVscg to the sample. We label the aforementioned structural alternations as pitting corrosion activi-
ties. Recorded images were analyzed by converting the recorded movie to an image sequence. Numerical analysis
was performed on such consecutive images to investigate the corrosion'*>%. The time history speckle pattern
(THSP) as a two-dimensional matrix presents M points set evolution through time in sequential speckle patterns
are termed image data pack points. In the THSP matrix, the rows represent points set in a speckle pattern, and
the columns represent the time. From the initial speckle pattern, the set of random M points was selected such
that the first column of the THSP was reconstructed. The other THSP matrix columns were constructed by the
equivalent points in consecutive patterns. In order to have the sample activity level as the graphical sign, the
THSP was provided such that more line variation of the THSP presents the high activity of the sample under
examination. As shown in Fig. 2b-d for 10, 20, and 30 min from starting the experiment. The THSP shows over
time that the sample activity was increased and this cloudiness of the THSP occurs by increasing the corrosion
pitting.

The THSP concept is basically used for numerical calculations such as co-occurrence matrix (COM), and
inertia moment (IM) to name a few. Additionally, more parameters are possibly being investigated like motion
history image (MHI), and roughness parameters (skewness, kurtosis, etc.) without the need for THSP*3>37-%,
The co-occurrence matrix (COM) can be considered as the intermediary matrix which is graphical and is used
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Figure 2. Two intermediate pits, the growth of pits on the surface at the maximum bending region at the
potential of 350 mVgcg (a) before the start of test starting, (b) after 10 min, (c) after 20 min, (d) after 30 min.
The white scale bar corresponds to 700 pLm.
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for the assessment of the consecutive pixels” dispersion in a THSP of M points which surveys N samples. COM
illustrates a histogram related to intensities evolutions:

COMGyj) = > > and THSP(m,n + 1) = j, (1)

M N-1 { 1, if THSP(m,n) =i
m=1n=1 L0, otherwise.

In order to decrease the influence of the inhomogeneities in the images, a normalization was done in a manner
that the total sum in every COM line was equal to 1. The number of points (M) and the number of images (N) in
arow of the data pack were used to perform sample analysis. Figure 4a—c shows the COMs which are the results
of samples set in different pitting corrosion states for t = 10, 20, and 30 min. Demonstration of i and j (intensity
levels) is by comparison level and reference level, respectively. Moreover, structure deformation happens when
points spread are observed along the origin diagonal. Lower points and less spread around original diagonal
pitting corrosion represent low deformation, such as not being any pitting in starting experiments. Considering
IM indicating numerical activity and the statistical outcome is done by Eq. (1):

COM(i, j)
IM = ZZZ COMG.m |—J|2 )

Figure 5 demonstrates the resulted IM of the samples at different times. As illustrated, in the pitting corrosion
cases the IM value is moderately increased as the growth pitting is progressing. The IM increase values because
of pitting corrosion evolution through times is clearly appreciable. The inertia moments name is deduced from
the point view of mechanical resembling. Moreover, there are more parameters relating to the sample activity
for characterizing motions in images in a row through time, such as the motion history image (MHI). The MHI
is illustrative of the static image in that the intensity of pixels is related to the recent image’s consecutive motion
and basically contains the information for characterizing the object’s motion while being active**~**. This image
looks to include the essential information to determine how a surface object has evolved during the activity. This
parameter is an indicator for the activity of a pixel, which has absolute intensity jump higher to U. This method
generates the last image by means of the each pixel (i,j) following in the MHI. The comparison indicator for
sequential images changes of objects is done by the below equation:

Zy = I — Iy, (3)

where I_; and I indicates the grayscale images in the instants k — 1and k. However, the image which is resulted
from the subtracted images, presented by Eq. (4) is applied:

[ 1if1ZeGo)) > U,
Telhi) = {0 if1Z(ij)] < U, 4)

where U is the threshold factor and Ty (i, j) is the threshold image at each moment k. Eventually, the MHI method
is the threshold images weighting by a constant presenting the NTIMES at the k instant, as given in Eq. (5):

NTIMES—2
MHI =255 Y Tiih, (5)
1=0
The h; value is given by:
NTIMES — 1
hy = T, (6)
and,
M = NTIMES(NTIMES + 1)/2. 7)

Where the h; value as the weighting parameter is based on the data images and M is equivalent with summation
of NTIMES first natural numbers so that the summation of all k; is ever one. Figure 6a—c shows an image of pit-
ting corrosion in different durations of 10, 20, 30 min, where its movement will clear understanding the MHI in
relation with alternations in the image all over space.

Besides, parameters related to roughness like various moments of the intensities deviated from the mean
values, in all patterns are possible to be calculated via the speckle intensity patterns through statistical process-
ing. The expression of average intensities variations to mean value data is as (Rp1), where the standard deviation
description of the distribution is the intensities root mean square (Rpy)::

Q
Rp = ZZU@ D — I ), 8)
Q
p=1 g=1
1 g ok
Rp =[P—ZZ 1o, — Ip.)]| 9)
Q
p=1g=1
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Where Q and P indicates the vertical and horizontal speckle pattern dimensions, p and g include the numbers
of pixel counter and I as the intensity of whole the speckle patterns. The usefulness of such metrics could be
providing a common estimation of distribution roughness. Equivalent, skewness Rp3, and kurtosis Rp4, can be
considered another usual roughness parameters applicable for evaluating the samples structures:

1 L 3

Rpy =————— I(p,q) — (I(p, )]

p3 PQR%;;[(M) {I(p,9))] (10)
1 PR 4

Rpy =———— 1(p,q) — (I(p, )"

ps PQRR;;[W) 1. )] (11)

According to the Rp3, the description being calculated as the third moment of the deviation away from the mean
value is the measurement of the symmetries degree relating to the distribution of the intensities. Positive skew-
ness demonstrates a distribution including more peaks but negative skewness shows more valleys such as low
intensities**~*6. Kurtosis Rpy is the parameter measuring the sharpness of distribution throughout the pattern.
We used skewness as the represented roughness analysis of the speckle pattern. Derivation of several parameters
is possible to have more information considering the samples through their statistical analysis. Significantly, the
parameters calculation of roughness related to the intensity distribution all over the speckle pattern is equivalent
to the sample surface roughness. The sets of aforementioned parameters are different as are related to the height
increase and decrease. The previous set is concerned with the intensity changes throughout the surface of the
sample. Equivalent trends for the two different sets of parameters in various types of samples have been already
examined and reported. Consequently, Skewness and kurtosis demonstrate evolutions in the pitting corrosion
phenomenon through time. It is clearly shown that it increases in time because of pitting corrosion growth. As
exemplary for roughness changes through time we have plotted the 2D map of skewness changes for 10, 20, and
30 min.

Results and discussion

Figure 2a-d show the formation and growth of two intermediate pits at the maximum bending region of the
sample at the beginning of the experiment when the 350 mVcg potential was applied, after 10 min, 20 min,
and 30 min, respectively. The sample was not cleaned during the experiment. Thanks to the real-time pitting
monitoring, we were able to observe that corrosion products precipitated at the bottom of the container once
they came out from the pits. Due to the gravity, the vertical positioning of the sample allowed corrosion products
to flow more easily out of the pits compared to horizontal positioning of the sample. The metal loss from pitting
corrosion is less than that from uniform corrosion; nevertheless, because this type of corrosion occurs over a
smaller area, it extends to a greater depth. Corrosion products conceal pits and generally cause devices to fail by
perforation, or initiate stress corrosion cracks*”#.

Comparison of Fig. 2c and d in the last 10 min of the test shows formation of new pits instead of propaga-
tion of previous pits in our sample. The activities of pitting corrosion which are revealed by various parameters
through the speckle patterns analysis can be attributed to the interactions between the sample and the 3.5 wt%
NaCl solution at potential of 350 mV scr that cause structural changes through times. These effects can be exam-
ined in both microscopic and submicroscopic scales. Remarkably, the pitting corrosion rate of the sample under
study can be examined by roughness parameters. However, the dynamic speckle pattern methodology reveals the
cumulative affects including the activities and the frequently fluctuations of the investigated sample altogether.

Figure 3a-c demonstrate the THSP matrices for a sample experiencing the pitting corrosion at 10, 20, and 30
min after the experiment began, respectively. THSPs were constructed by putting the intensity of 800 random
pixels over all of 500 speckle patterns recorded at 50 frame rate per minute. The intensity fluctuations of the
points stem from the sample surface activity. The distinct bright horizontal lines and the appearance of discon-
tinued lines in the THSPs over time indicate an increase in the activity of the sample. In cases of extremely high
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Figure 3. The time history speckle pattern (THSP), formed by tracking 800 random points all over the
collection of 500 speckle patterns of the sample (image datapack points). The results at (a) t = 10 min, (b)
t = 20 min, (c) t = 30 min after the experiment starts, are shown.
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Figure 4. (a—c) The 3D plot of COM images of the associated time history speckle patterns (THSP) in Fig. 3 at
every 10 min after the experiment started. Reference level and comparison level show intensity levels of i and j
in Eq. (1), respectively.
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Figure 5. Average inertia moment over the samples’ THSPs as a function of time.

activity, the THSP pattern becomes a usual speckle pattern such that the bright lines are not recognizable similar
to a random light field.

In order to better evaluate the changes in activities, the samples’ COM matrices at the aforesaid time intervals
were calculated. Fig. 4a—c shows the 3D plot of COM matrix of the THSPs of the sample (depicted in Fig. 3a—c),
at every 10 min interval after the experiment began. Level of reference and comparison demonstrate i and j
intensity levels in Eq. (1), individually. In Fig. 4 two points can be distinguishable: first the spreading points more
around the COM main diagonal are observable and the matrix is similar to cloud by passing time, and second the
points number including high values of COM grows in longer times. In accordance to the description of COM
and THSP, further activities are in relation with higher frequent and more deviations from the diagonal in time
unit. Accordingly, the distributions around its original diagonal is in relation to of the homogeneous samples
while the appearing of nonzero elements far from the diagonal shows extremely fluctuations being in the sample.

In order to make possible a more quantitative assessing the COM spread values away the principal diagonal
such as indicating the activity of the sample, we proceed for computing the IM values of various samples through
time. Figure 5 demonstrates the IM value averaged the 10 samples at every 10 min. The description of IM is as
summation on the squared row distance respect to the THSP original diagonal. Therefore, it is considered as the
quantitative representation of the cloudiness, for example data spreading COM distribution amount away from
original diagonal. In Fig. 5, increasing IM values and the activity of the samples is as result of pitting corrosion
while time passing through the experiment. Accordingly, error bars are the average of ten IM values for the 10
samples. The IM increase could have attribution to the activity while corrosion pitting.

For a separate assessment of the pitting corrosion process the MHI is also considered as speckle parameter for
examination of the pitting evolution and sample activities. The MHI parameter is used for image sequences which
are recorded at 10, 20, and 30 min by the camera. Figure 6a—c represent analysis related to MHI. Figure 6a—c
are indicating the areas activity in pseudo color images resulted from the MHI technique. During 30 min of the
sample evolution, there is an effective possibility detectable by following the activity 2D maps. The high change
that happened in the activity represented more dots density, it is while less activity is associated with a smaller
dots density in the last processed image of MHI. The background is presented in blue as expected. It shows that,
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Figure 6. (a-c) 2D Map of activities obtained by the motion history image (MHI) on a collection of images of a
sample every ten minutes after the experiment starts.

as time passes the number and size of the pit are growing and include the higher activity. According to Fig. 6a—c,
the evolution of pitting corrosion growth during 30 min can be processed with MHI. So, it is possible to illustrate
the temporal growth evolution of pitting corrosion in real-time qualitatively.

It is clear that the surface of pitting is changing over the time, which makes the surface less uniform and
causes a increase in the roughness of the sample. In this study we proceed for calculating the sample roughness
by the graphical skewness parameter for the speckle pattern. As shown in Fig. 7 we plotted a 2D map of the
graphical skewness matrix for exemplary to show the roughness changes and increases through the time very
ten minutes as colour bars shows. We examined the roughness of the sample by calculating the kurtosis and
skewness parameters of the speckle pattern of the pitting corrosion. These parameters give general information
concerning the structural changes of the surface of the sample. For structures similar to what we have investigated
here, the information related to the roughness is important. Figure 8 shows the skewness variations and kurtosis

Figure 7. (a—c) Temporal speckle skewness matrix every ten minutes after the experiment starts.
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Figure 8. Average skewness and kurtosis of 500 speckle patterns of the sample’s surface as a function of time.
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parameters. Every data point is acquired by averaging over the skewness of 500 speckle patterns (every 10 min),
related to each sample. The error bars are associated with taking the average over the fifty skewness and kurtosis
mean values, and of roughness mean values which are calculated by taking average over the 500 speckle patterns
recorded for each sample. These parameter changes demonstrate that the samples surfaces become rougher by
passing time as the pitting corrosion activities happen in the samples under study. In Fig. 8, the growth in the
roughness parameters values in the primary steps is more than the final steps.

It is noteworthy that the roughness parameters of the intensity distribution across the speckle field are calcu-
lated and assumed to resemble the roughness of the sample surface. However, toward a comprehensive descrip-
tion of the sample surface, considering different moments of deviations from the average values is required,
which are the introduced and reported parameters, i.e. skewness and kurtosis. For example, negative skewness
indicates a predominance of valleys, i.e. low intensities, while positive skewness indicates a peaky distribution. A
value of Rp3 = 0 indicates a surface with a symmetric intensity distribution, while Rp3 > 1 (Rp3 < 1) indicates the
presence of extreme peaks (valleys) on the pattern. Kurtosis (Rp4) is a parameter that measures the sharpness of
the distribution across the pattern. For a perfectly random distribution of intensities with a Gaussian probability
density function, Rps = 3. Kurtosis is related to the width of the intensity distribution. Rp,4 values smaller than 3
indicate broader distributions corresponding to speckle patterns described as gradually varying, free of extreme
peaks or valley features in the intensity distributions. Values greater than 3 indicate the presence of inordinately
high peaks or deep valleys. Moreover, as the pitting becomes more pronounced, these values will increase and
their number will grow. Since corrosion includes the valley, the absolute amount of it will increase over time, as
shown in Fig. 8 of the manuscript.

Moreover, we can assess the rate of corrosion growth based on the rates of skewness and kurtosis. The rough-
ness parameters of the intensity distribution throughout the speckle field have been calculated and assumed to
resemble the roughness of the sample surface. Although these parameters are inherently different (the former is
associated with intensity fluctuations and the latter with height fluctuations), it is the rough surface that produces
the speckle pattern when illuminated with a laser beam due to the scattering of light rays. Similar trends of the
two different parameters for various samples have already been studied and reported in references***. According
to the common definition of kurtosis as a degree of peakedness, the difference in distribution width with different
kurtosis values is demonstrated in references® ~>* and it is mathematically proven in*.

In order to subtract the applied electrical forces as well as the environment around the sample, we conducted
control experiments. The results of a typical control experiment are presented in Fig. 9. In Fig. 9, THSP (a-c),
3D and 2D plot COM (d-f), IM, and roughness parameter are plotted at t = 10, 20, and 30 min. Reference level
and comparison level show intensity levels of i and j in Eq. (1), respectively. Figure 9g shows the average inertia
moment over the THSPs associated with the sample in the control experiment as a function of time. As shown
in Fig. 9h we plotted the average kurtosis and skewness of 100 speckle patterns of the control experiment as a
function of time.

Our method of dynamic speckle pattern analysis for pitting corrosion is an online and real-time method in
the pitting corrosion growth evolution, including the high-resolution characteristic that is of utmost use for a
similar dynamic phenomenon. Most importantly, the experimental assessment as a control has been performed
which verifies our results.

Conclusion

In summary, we presented a novel low-cost method for real-time monitoring of pit initiation and growth in a
two-point bending specimen. The experiments were carried out on a Custom 450 stainless steel sample placed in
3.5 wt% NaCl solution. The evaluation of pitting corrosion, including its surface features, was performed based
on dynamic speckle pattern analysis. Dynamic growth measurement of pits was obtained through the examina-
tion of morphological and various statistical parameters of the surface. Changes in surface roughness showed
an increased corrosion-related surface activity. The results showed that the starting point and growth rate of the
pits gradually change over time so that new ones are formed each time.
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Figure 9. Time history speckle pattern (THSP), formed by tracking 200 random points throughout a collection
of 100 speckle patterns, of the sample at (a) t = 10 min, (b) t = 20 min, and (c) t = 30 min after the experiment
starts. (d-f) 3D plot and 2D map of COM matrix associated with the THSP matrices of controlling experiment
(a—c) every 10 min after the experiment starts. Reference level and comparison level show intensity levels
ofiandjin Eq. (1), respectively. (g) Average inetia moment over the THSPs associated with the sample in
controlling experiment as a function of time. (h) Average kurtosis and skewness of 100 speckle pattern of the
controlling experiment as a function of time.

Data availability
The datasets used or analysed during the current study available from the corresponding author on reasonable
request.

Received: 30 October 2022; Accepted: 20 May 2023
Published online: 26 May 2023

References

1. Wang, M., Li, X,, Du, N., Huang, Y. & Korsunsky, A. Direct evidence of initial pitting corrosion. Electrochem. Commun. 10,
1000-1004 (2008).

2. Horner, D., Connolly, B., Zhou, S., Crocker, L. & Turnbull, A. Novel images of the evolution of stress corrosion cracks from cor-
rosion pits. Corros. Sci. 53, 3466-3485 (2011).

3. Pedram, O., Mollapour, Y., Shayani-jam, H., Poursaeidi, E. & Khamedi, R. Pitting corrosion behavior of custom 450 stainless steel
using electrochemical characterization. Metals Mater. Int. 2020, 1-11 (2020).

4. Pedram, O. & Poursaeidi, E. An outrun competition of corrosion fatigue and stress corrosion cracking on crack initiation in a
compressor blade. Int. J. Eng. 27, 785-792 (2014).

Scientific Reports |

(2023) 13:8549 | https://doi.org/10.1038/s41598-023-35559-w nature portfolio



www.nature.com/scientificreports/

5. Pedram, O. & Poursaeidi, E. Total life estimation of a compressor blade with corrosion pitting, scc and fatigue cracking. J. Fail.
Anal. Prev. 18, 423-434 (2018).
6. Poursaeidi, E., Niaei, A. M., Arablu, M. & Salarvand, A. Experimental investigation on erosion performance and wear factors of
custom 450 steel as the first row blade material of an axial compressor. Int. J. Surf. Sci. Eng. 11, 85-99 (2017).
7. Pidaparti, R. M. & Patel, R. R. Correlation between corrosion pits and stresses in al alloys. Mater. Lett. 62, 4497-4499 (2008).
8. Li, L. et al. An investigation on general corrosion and pitting of iron with the in-line digital holography. Electrochim. Acta 53,
3109-3119 (2008).
9. Huntley, J. M., Kaufmann, G. H. & Kerr, D. Phase-shifted dynamic speckle pattern interferometry at 1 khz. Appl. Opt. 38, 6556-6563
(1999).
10. Rabal, H.]J. et al. Transient phenomena analysis using dynamic speckle patterns. Opt. Eng. 35, 57-63 (1996).
11. Rabal, H.]. & Braga, R. A. Jr. Dynamic Laser Speckle and Applications (CRC Press, 2008).
12. Rad, V. E, Ramirez-Miquet, E. E., Cabrera, H., Habibi, M. & Moradji, A.-R. Speckle pattern analysis of crumpled papers. Appl. Opt.
58, 6549-6554 (2019).
13. Jamali, R., Nazari, F,, Ghaffari, A., Velu, S. K. & Moradi, A.-R. Speckle tweezers for manipulation of high and low refractive index
micro-particles and nano-particle loaded vesicles. Nanophotonics 10, 2915-2928 (2021).
14. Dunn, A. K,, Bolay, H., Moskowitz, M. A. & Boas, D. A. Dynamic imaging of cerebral blood flow using laser speckle. J. Cerebral
Blood Flow Metabol. 21, 195-201 (2001).
15. Rizwan, M. et al. Surface characterizations of membranes and electrospun chitosan derivatives by optical speckle analysis. Surf.
Interface Anal. 52, 132-139 (2020).
16. Braga, R. A. et al. Assessment of seed viability by laser speckle techniques. Biosys. Eng. 86, 287-294 (2003).
17. Pajuelo, M. et al. Bio-speckle assessment of bruising in fruits. Opt. Lasers Eng. 40, 13-24 (2003).
18. Pomarico, J. et al. Speckle interferometry applied to pharmacodynamic studies: Evaluation of parasite motility. Eur. Biophys. J. 33,
694-699 (2004).
19. Rad, V. E, Panahi, M., Jamali, R., Darudi, A. & Moradi, A.-R. Non-invasive in situ monitoring of bone scaffold activity by speckle
pattern analysis. Biomed. Opt. Express 11, 6324-6336 (2020).
20. Amalvy, J. I, Lasquibar, C. A., Arizaga, R., Rabal, H. & Trivi, M. Application of dynamic speckle interferometry to the drying of
coatings. Prog. Org. Coat. 42, 89-99 (2001).
21. Nothdurft, R. & Yao, G. Imaging obscured subsurface inhomogeneity using laser speckle. Opt. Express 13, 10034-10039 (2005).
22. Jin, E. & Chiang, F. Espi and digital speckle correlation applied to inspection of crevice corrosion on aging aircraft. . Res. Nonde-
struct. Eval. 10, 63-73 (1998).
23. Du, N. & Chen, S. Pitting corrosion dynamics and mechanisms of 304 stainless steel in 3.5% nacl solution. Acta Metall. Sin. 48,
807-814 (2012).
24. Fricke-Begemann, T., Giilker, G., Hinsch, K. D. & Wolff, K. Corrosion monitoring with speckle correlation. Appl. Opt. 38, 5948—
5955 (1999).
25. Andrés, N., Lobera, J., Arroyo, M. P. & Angurel, L. A. Two-dimensional quantification of the corrosion process in metal surfaces
using digital speckle pattern interferometry. Appl. Opt. 50, 1323-1328 (2011).
26. Poursaiedi, E. & Salarvand, A. Effect of coating surface finishing on fatigue behavior of ¢450 steel capvd coated with (ti, cr) n. J.
Mater. Eng. Perform. 25, 3448-3455 (2016).
27. CARPENTER. Technical datasheet, custom 450 stainless. CARPENTER 1, 1-12 (2009).
28. ASTM. Standard practice for exposure of metals and alloys by alternate immersion in neutral 3.5% sodium chloride solution
(2013).
29. Hack, H. Development and use of astm standard g5. In Advances in Electrochemical Techniques for Corrosion Monitoring and
Laboratory Corrosion Measurements (ASTM International, 2019).
30. Collinson, J. M. et al. Clonal analysis of patterns of growth, stem cell activity, and cell movement during the development and
maintenance of the murine corneal epithelium. Develop. Dyn. 224, 432-440 (2002).
31. Panahi, M. et al. Detection of intralayer alignment in multi-component lipids by dynamic speckle pattern analysis. J. Biophoton.
2022, €202200034 (2022).
32. Vladimirov, A. et al. Applicaton of speckle dynamics for studies of cell metabolism. In Optical Methods for Inspection, Characteriza-
tion, and Imaging of Biomaterials I, vol. 9529 214-223 (SPIE, 2015).
33. Zdunek, A., Adamiak, A., Pieczywek, P. M. & Kurenda, A. The biospeckle method for the investigation of agricultural crops: A
review. Opt. Lasers Eng. 52, 276-285 (2014).
34. Cardoso, R. & Braga, R. Enhancement of the robustness on dynamic speckle laser numerical analysis. Opt. Lasers Eng. 63, 19-24
(2014).
35. Braga, R., Silva, W,, S.fadi, T. & Nobre, C. Time history speckle pattern under statistical view. Opt. Commun. 281, 2443-2448
(2008).
36. Zdunek, A., Adamiak, A., Pieczywek, P. M. & Kurenda, A. The biospeckle method for the investigation of agricultural crops: A
review. Opt. Lasers Eng. 52, 276-285. https://doi.org/10.1016/j.optlaseng.2013.06.017 (2014).
37. Ansari, M. Z., Ramirez-Miquet, E. E., Otero, L., Rodriguez, D. & Darias, J. G. Real time and online dynamic speckle assessment of
growing bacteria using the method of motion history image. J. Biomed. Opt. 21, 066006 (2016).
38. Braga, R, Rivera, F. & Moreira, J. A practical guide to biospeckle laser analysis: Theory and software. Lavras: Editora UFLA (2016).
39. Braga, R., Nobre, C., Costa, A., Sifadi, T. & Da Costa, F. Evaluation of activity through dynamic laser speckle using the absolute
value of the differences. Opt. Commun. 284, 646-650 (2011).
40. Ahad, M. A.R,, Tan, J. K., Kim, H. & Ishikawa, S. Motion history image: Its variants and applications. Mach. Vis. Appl. 23, 255-281
(2012).
41. Tsai, D.-M., Chiu, W.-Y. & Lee, M.-H. Optical flow-motion history image (of-mhi) for action recognition. SIViP 9, 1897-1906
(2015).
42. Godinho, R., Silva, M., Nozela, J. & Braga, R. Online biospeckle assessment without loss of definition and resolution by motion
history image. Opt. Lasers Eng. 50, 366-372 (2012).
43. Ansari, M. Z., Humeau-Heurtier, A., Offenhauser, N., Dreier, J. P. & Nirala, A. K. Visualization of perfusion changes with laser
speckle contrast imaging using the method of motion history image. Microvasc. Res. 107, 106-109 (2016).
44. Bruzzone, A., Costa, H., Lonardo, P. & Lucca, D. Advances in engineered surfaces for functional performance. CIRP Ann. 57,
750-769 (2008).
45. Al-Kindi, G. A. & Shirinzadeh, B. An evaluation of surface roughness parameters measurement using vision-based data. Int. J.
Mach. Tools Manuf. 47, 697-708 (2007).
46. Gadelmawla, E., Koura, M., Maksoud, T., Elewa, I. & Soliman, H. Roughness parameters. J. Mater. Process. Technol. 123, 133-145
(2002).
47. Burstein, G., Liu, C,, Souto, R. & Vines, S. Origins of pitting corrosion. Corros. Eng. Sci. Technol. 39, 25-30 (2004).
48. Younis, A., El-Sabbah, M. & Holze, R. The effect of chloride concentration and ph on pitting corrosion of aa7075 aluminum alloy
coated with phenyltrimethoxysilane. J. Solid State Electrochem. 16, 1033-1040 (2012).
49. Peregrina-Barreto, H. et al. Use of kurtosis for locating deep blood vessels in raw speckle imaging using a homogeneity representa-
tion. J. Biomed. Opt. 22, 066004-066004 (2017).
Scientific Reports | (2023) 13:8549 | https://doi.org/10.1038/s41598-023-35559-w nature portfolio


https://doi.org/10.1016/j.optlaseng.2013.06.017

www.nature.com/scientificreports/

50. Petrov, N. V,, Pavlov, P. V. & Malov, A. N. Numerical simulation of optical vortex propagation and reflection by the methods of
scalar diffraction theory. Quant. Electron. 43, 582 (2013).

51. Zhong, L. et al. Segmentation of individual trees from tls and mls data. IEEE J. Sel. Top. Appl. Earth Observ. Remote Sens. 10,
774-787 (2016).

52. Ahmad, O. Stochastic representation and analysis of rough surface topography by random fields and integral geometry-Application
to the UHMWPE cup involved in total hip arthroplasty. Ph.D. thesis, Saint-Etienne, EMSE (2013).

53. Ahmadian, P. Development of Soft Computing Algorithms for the Analysis and Prediction of Motor Task from EEG data. Ph.D. thesis,
Universita di Parma. Dipartimento di Ingegneria dell'Informazione (2014).

54. Zimmerman, R. H. ef al. Nightly biting cycles of malaria vectors in a heterogeneous transmission area of eastern amazonian brazil.
Malar. J. 12, 1-17 (2013).

55. Olsson, U. H,, Foss, T. & Troye, S. V. Does the adf fit function decrease when the kurtosis increases?. Br. J. Math. Stat. Psychol. 56,
289-303 (2003).

Author contributions
V.R. conceived and supervised the project. O.P, R.J., and V.R. carried out the experiments and analyzed and inter-
preted the data. All authors discussed the results and contributed to the writing and reviewing of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to V.ER.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:8549 | https://doi.org/10.1038/s41598-023-35559-w nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Evaluation of pitting corrosion by dynamic speckle pattern analysis
	Materials and methods
	Sample preparation. 
	Electrochemical test. 
	Experimental procedure. 

	Numerical processing
	Results and discussion
	Conclusion
	References


