Jiri Stodola DA
Petr Stodola

https://doi.0org/10.21278/TOF.454022820
ISSN 1333-1124
eISSN 1849-1391

ANALYSIS AND MODEL OF CORROSION WEAR OF SELECTED
MATERIALS USED IN SPECIAL VEHICLES

Summary

The paper deals with the evaluation and modelling of corrosion wear of two standard
materials used in the construction of special vehicles. The experimental research on corrosion
wear involved the testing of two steels, EN 10131 and EN C22R, in a salt spray at 35 and 50 °C
for 24, 48, 120 and 144 hours. The model of the process of corrosion degradation of the tested
materials uses the results of weight loss of the samples as a function of temperature and
exposure time. The diagnostic macroscopic evaluation of corroded surfaces of the tested
materials, using graphic (analogue) information of surfaces and its conversion into the digital
form, is a completely new technology. The samples were photographed using a CCD camera,
then pre-processed, segmented, and masks were created for the logic of deciding what corrosion
is and what it is not. The final filtered image was created in binary values where logic 1 refers
to a corroded and logic 0 to a non-corroded sample. The MATLAB software environment and
the Image Processing Toolbox were used to process the results of the surface evaluation.

Key words: metal corrosion, salt spray corrosion tests, analysis, digital evaluation of
material surfaces, evaluation and modelling of corrosion wear

1. Introduction

Although wear processes are inevitable during the life cycle of technical objects, they are
also undesirable because they lead to massive degradation of materials, which often ends in a
failure or even an accident. Specific requirements are placed on special vehicles over a
relatively long and diverse life cycle. The vehicles are operated under extreme conditions
(weather, terrain, time, operational conditions, maintenance, storage, different degree of load,
etc.) for a relatively long time during which full use alternates with only partial or even no use.
Corrosion is one of the most important mechanisms of wear. In fact, annual losses caused by
corrosion have been estimated to be of about 5% of GDP in developed countries. Corrosion is
the spontaneous, gradual destruction of metals or non-metallic organic and inorganic materials
(e.g. plastics) due to a chemical or electrochemical reaction with the environment. It can occur
when gases, liquids, soils or various chemicals come into contact with the material. This
disruption can manifest itself differently; from a change in appearance to complete degradation
and disintegration of the whole. The main corrosion factors are atmospheric oxygen, hydroxide
group (OH) or anions formed from acids, e.g. CO3*", CI", NO2", SO4*", etc. Hydrogen ions of
acids are replaced by metal ions to form salts.
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The research into corrosion and corrosion wear is very complex, it has an interdisciplinary
character and covers a wide area from basic research through special applications to the
practical implementation of anti-corrosion measures for specific machines and equipment. The
intensity of research corresponds to the results achieved at individual workplaces and these
results are published. The authors draw attention to important contributions on the issue of
material corrosion published from 2016 to 2020 [1 - 6].

Corrosion means the destruction of metals, but also non-metals, organic and even
inorganic materials due to their chemical, electrochemical, or microbial and biological reactions
with the ambient environment. Corrosion of ferrous metals can be classified according to the
participation of oxygen in the ongoing process as aerobic (with oxygen) and anaerobic (without
oxygen) [7 - 10]. Corrosion occurs in the atmosphere, gases, water and other liquids, soils and
in various chemicals that are in contact with the corroding element.

The most used materials in special vehicles are metals or more precisely iron metals;
therefore, they were used in the experiment described below [11]. The so-called corrosion
process factors have a fundamental influence on the corrosion process. They are divided into
external (ambient environment, pollution, temperature, humidity, pressure, exposure time, etc.)
and internal factors (type and structure of material, chemical composition, production
technology, processing, etc.).

The article deals with the selected results obtained from the experimental research
focused on the evaluation and modelling of corrosion degradation processes of two selected
materials used in special vehicles. The current development of information technology (IT)
enables the practical application of IT in various areas, such as condition analysis and prediction
of corrosion degradation of materials, etc. [12 - 13]. The aim of the research was to find,
analyse, evaluate and process the course of corrosion wear with the help of IT, to evaluate the
whole degradation process and to model the corrosion wear. Furthermore, the aim was to
observe the increase in corrosion wear using the information obtained by digital recording of
the sample surface and to determine the weight loss and the dependence of the corrosion rate
on the exposure time. Finally, a model of the corrosion wear mechanism was created.

2. Different types of corrosion

Almost all materials that are in contact with the ambient environment are subject to
corrosion degradation, namely by chemical, physical or biological mechanisms. Most metals
and alloys are thermodynamically unstable and can spontaneously transition to the oxidized
state. Table 1 shows the mathematical relations used in the paper, and Table 2 shows a summary
of the used symbols. The thermodynamic stability of metals and alloys is determined by the
change in Gibbs energy AG, equation (1). Gibbs energy (thermodynamic change or chemical
potential) represents the energy that 1 mole of a compound receives or transfers to the
environment during its formation at constant values of temperature and pressure [14 - 16]. The
magnitude of this energy allows spontaneous corrosion; the following applies: AG = 0 — the
system is in equilibrium; AG > 0 — the process does not take place spontaneously; AG < 0 —
the process takes place spontaneously. At the same time it applies that the system tries to go to
equilibrium on its own and these transitions are accompanied by the formation of corrosion
products, for example in the case of metals. Corrosion generally manifests itself in many ways,
e.g. as uniform material loss, Fig. 1, selective or non-uniform material loss, formation of
corrosion pits, crevices, spots, blisters, pitting, Fig. 2, pits, cracks, fissures, fractures,
intercrystalline or transcrystalline corrosion, hydrogen, biological, vibrational, fatigue, erosion
corrosion, etc.
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Fig. 1 Example of uniform corrosion

J. Stodola, P. Stodola

Fig. 2 Corrosion wear of combustion engine cylinder liner

Table 1 Summary of used equations

]i:l?lﬁ:)lg:l Equation Unit Description
(D) AG = AH—-T-AS [J] Gibbs energy
2) H=U+p-V [J] Enthalpy change
3) S= _kz PilnP; J-K™'1, | Entropy change

lAm .
4) K= T [g-m~2] | Corrosion loss
vz
K
®)] U= > [mm] Corrosion loss
: [g-m~2-
(6) vy = K t365 yro1] Corrosion rate
7 v = v ':’65 }[IT_T] Corrosion rate
U-365 Volume of
— 3
(8) V= ) [mm*] material loss
v [g- r_nl—Z .
) - Svz h {rrnm]’ Corrosion rate
k — T T 1
yr—]
Linear
(10) Y =box+ do -] regression
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Equation

number Equation Unit Description
n Z X; aq Z Vi Linear
(1T) . (bo) = [—] regression
Z Xi z x; Z XiYi matrix notation
= cn - x2 . _ Quadratic
(12) Y= co x*+by-x+ag -] regression

" zxi lez\ a, / Eyi \ Quadratic

(13) (2 x; z x? Exf -(b()) == Exl-yi [-] regression
2.

X s . o ) matrix notation
X Z X 2 X Z Xi' Vi
%Z?zl XitYi— Xy Pearson
(14) Ty TT T T -] correlation
JC o -2) (L oz, -52) coeflicient
2 2 _ Coefficient of
(15) r? = (1y)” - 100 (=] determination
Table 2 Summary of used symbols
Symbol Name and unit
AH enthalpy change (energy stored in the system) [J]
T thermodynamic temperature [K]
AS entropy change (uncertainties of the system) [J - K™1]
p pressure [Pa]
/4 volume [m?]

K,U | corrosion loss of surface weight [g* m™2] or [mm]

Am | weight difference before and after the test [g]

Svz area of the sample where corrosion takes place [m?]

p material density [kg - m3]

Ve corrosion rate [g-m~2 - yr~1] or [mm - yr—1]
4 volume of material loss [mm?3]

t exposure time of the test sample [days]

T exposure time of the test sample [h]

=
<3

number of hours per year [8760 to 8784]

2.1 Chemical corrosion

Chemical corrosion takes place in non-conductive media (non-electrolytes, gases). It is
caused by thermodynamic instability associated with the transition of the metal to a more stable
state. The spontaneous process takes place if the difference between free enthalpies (energies)
is negative and energy is released. Chemical corrosion also takes place in oxidizing or reducing
environments. Metal oxidation is a process taking place at the phase interfaces of the metal-
oxide-oxygen system and in the emerging oxide layer. The whole process begins with the
surface absorption of the oxidizing component, in which an ionic bond is formed between the
oxygen and the surface metal atoms [17 - 18]. The metal gives two electrons to the oxygen
atom, and the resulting bond is different from the bond of oxygen with the metal in the oxide.
Oxygen absorption activity also depends on the spatial parameters of the material surface
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(edges, protrusions, radii, etc.). Absorption is affected by non-specific forces with low binding
energy (Van der Vals), which is a reversible process, and by chemisorption, where chemically
absorbed O: particles are strongly bound on the surface by a bond similar to a chemical bond,
which is an irreversible process. The nucleus and electrons are bound by attractive electric
forces, while nucleons in the nucleus are bound by nuclear forces. For each system, we can talk
about the so-called binding energy. This energy is equal to the work that must be done to
decompose (e.g. corrode) the system into individual parts. The loss of the (rest) mass of an
unstable system corresponding to the binding energy is called weight loss. Adsorption processes
involve the accumulation of gases and dissolved absorbate on the surface of the adsorbent by
the action of interfacial attractive forces. The result is the creation of a liquid or gaseous film
on a solid surface. A distinction can be made between physical processes arising from Van der
Waals attractive forces and processes that induce chemical bonds. Both of these mechanisms
work in interaction with each other. The corrosion process ends with the formation of a layer
of oxides, or other chemical reaction products. Chemical corrosion is influenced by various
factors, the most important of which is temperature (heating regime, temperature changes and
their fluctuations, temperature endurance, thermal shocks, etc.). It massively affects oxidation
kinetics, oxidized layers properties, chemical reaction rate and diffusion rate. Another factor is
the mechanical properties of the oxidation layers, in which tensile or compressive stress is
created, which causes the destruction of these layers [19]. The kinetics of oxidation is also
affected by the chemical composition of the gas. SOz and other gaseous sulphur compounds,
hydroxyl group OH, NOz, water vapour, COz, etc. are very aggressive.

2.2 Electrochemical corrosion

Electrochemical corrosion begins with the formation of local electrical cells and the
thermodynamic instability of the metal in a given environment. The formation of electric cells is
associated with different electrochemical potentials when two different metals interact with each
other. The corroding metal loses its metallic character by an anodic reaction (oxidation process
in which a positive charge of metal is transferred to the electrolyte) and becomes a cation
(positively charged ion - atom or molecule) [11], [16] which dissolves in the solution, or becomes
an insoluble compound. The anodic reaction (dissolution) is closely connected with the cathodic
reaction by the exchange of an electric charge (negative charge of metal is transferred to the
electrolyte), which is a reduction process. The rate of corrosion is then proportional to the
magnitude of the current flow through the corrosion cell between the anode and the cathode. The
anodic process is connected with the release of electrons, e.g. Fe — Fe?* + 2e~. In order for
this reaction to take place, the action at the cathode must be associated with the reduction of a
depolarizer which absorbs the electrons released by the oxidation phenomenon. If the
depolarization reaction did not occur, the anodic dissolution reaction could not take place either.
During electrochemical corrosion on the metal surface, reductions in oxygen dissolved in water
0, + 4e + 2H,0 - 40H~ or hydrogen cations, e.g. 2H" + 2e~ — H,, take place. A potential
difference (electromotive voltage of a galvanic cell) is created between the metal surface
immersed in the electrolyte and mass particles, and charges are exchanged. Metal atoms are
released from the metal bond and leave one or more electrons in the metal and pass into the
solution in the form of cations. On the other hand, the electrolyte cations take up the required
number of electrons on the metal surface, and are reduced and incorporated into the crystal lattice
of the metal. Both of these phenomena are reversible. However, irreversible processes dominate
in corrosion processes, which make it possible to assess the corrosion resistance of metals on the
basis of electrochemical potentials. Higher potential means less susceptibility of metals to
corrosion (precious metals) and vice versa. A thin layer of corrosion products on the surface
changes the potential of the metal and provides it with some protection; a phenomenon called
passivity occurs. Electrochemical corrosion is affected by internal and external factors. Internal

TRANSACTIONS OF FAMENA XLV-4 (2021) 17



J. Stodola, P. Stodola Analysis and Model of Corrosion Wear of
Selected Materials Used in Special Vehicles

factors include the location of the respective metal in the periodic table of elements, metal surface
condition, load and stress, metal structure, etc. [19 - 20]. External factors include the potential of
hydrogen pH, salt concentration in the solution, corrosion inhibitor or stimulator content,
temperature, pressure, ultrasound, radioactive radiation, etc.

Note:

Various components of the electrolyte can function as depolarizers, but in aqueous media they are most often
hydrogen ions (hydrogen depolarization) or dissolved oxygen (oxygen depolarization). The value of the electrode
potential is therefore crucial for the course of the electrode reaction, i.e. the corrosion of the given metal. There
is a well-defined equilibrium potential for the equilibrium between the electrode and the solution. If the value of
the potential of the electrode surface is equal to the equilibrium potential, then this reaction cannot take place
externally as a reduction or oxidation. This is a state of dynamic equilibrium, where the rate of reduction and
oxidation reactions are the same. The electrode reaction can only take place if the potential of the electrode surface
is different from the equilibrium potential.

3. Materials and methods

Two construction materials were used to carry out the investigation into corrosion wear.
The first tested material was EN 10131 non-alloy structural steel suitable for welding, used in
the manufacture of parts for special vehicles and automobiles, which must withstand static and
low dynamic stress. The second tested material was structural stainless steel EN C22R with the
prescribed content of C, P, S, Si and Mn, which is used for the production of more stressed
machine parts and internal combustion engine components. The samples had dimensions 100 x
50 x 2 [mm] and an area of 0.005 m?. The chemical composition of both tested steels is given
in Table 3. The presence of these elements was verified by the optical emission spectral analysis
(CCD ICP spectrometer ACTIVA-M), and the results are shown in Table 3 [21].

Corrosion resistance of the two selected steels was verified by a standard test in a
chamber (Liebisch S400MTR) with a salt spray. The test specimens were placed in a chamber
where the temperature, the defined amount and size of saline solution droplets and the
concentration of this solution were determined. After starting up the chamber, the saline
solution starts acting on the test specimens at precise intervals and with the exact number of
inputs. According to standard [10], [25] a corrosion test was performed in the corrosion
chamber in a salt spray of a sodium chloride neutral solution of density 1,930 kg - m3, pH in
the range 6.7 - 7.2 and temperatures of 35 °C and 50 °C. Ten specimens of EN C22R steel —
Vickers hardness 155 HV10, size 100 x 50 mm (area 0.005 m?), thickness 2 mm, roughness
Ra=1,3 um, and ten specimens of EN 10131 steel — Vickers hardness 138 HV10 — were used
for the test 21 - 22[14], [15].

Table 3 Chemical composition of tested steels in %

Steel grade C Si P S Mn Cr Mo Ni
EN C22R | 0.226 | 0.379 | 0.020 | 0.040 | 0.450 | 0.210 | 0.057 | 0.102
EN 10131 | 0.200 | 0.007 | 0.017 | 0.016 | 0.686 | 0.005 | 0.009 | 0.003

Note:

The choice of materials for testing was based on the tasks of the ASSISTANCE and VAROPS projects (DZRO FVT)
related to very significant degradation of these materials during long-term storage. The partial goal was to obtain
information on whether these materials are suitable for long-term storage or not or whether the massive
degradation was caused by storage conditions or inappropriate corrosion protection.

Three basic criteria were chosen to evaluate the corrosion test, namely the percentage of
corrosion on the sample surface (accuracy 5%), weight loss and macroscopic evaluation of the
sample surface. The percentage of corrosion was evaluated by digital recording of the sample
surface and subsequent software evaluation, as briefly described below in the section on image
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processing [9]. The corrosion rate was calculated from the weight loss by accurate weighing
before and after the test. We consider the weight loss to be the main parameter of corrosion
degradation of the material. The time dependence of the corrosion rate was solved as a function
of the increase in the ratio of the corroded sample surface to its weight and exposure time. We
calculate the weight corrosion loss according to equations (4) and (5). The corrosion rate and
material loss are determined from the weight losses according to equations (6) to (9). An
example of corrosion losses and corrosion rate depending on exposure times and temperatures
of 30 and 50 °C for the tested steel EN C22R is given in Table 4 [20] and for the tested steel
EN 10131 in Table 5 [20]. An example of the sample surface after the corrosion test is shown
in Fig. 3 [20 - 21], and that of the sample surface after cleaning is shown in Fig. 4 [23]. The
average percentage of corrosion attack depending on the exposure time of steel EN C22R is
given in Table 6 [20] and that of steel EN 10131 is given in Table 7 [22 - 23]. Examples of the
dependence of weight losses K on time and temperature are shown in Fig. 5 and the dependence
of weight losses U on time and temperature are shown in Fig. 6 [23]. An example of the
dependence of the corrosion rate on time and temperature is shown in Fig. 7 [23].

Table 4 Corrosion rates and losses of tested steel EN C22R

Exposure time t [h] 24 48 120 144
Corrosion loss K [g* m™2] 113 184 380 481
Corrosion loss U [mm)] 0,015 | 0,024 | 0.048 | 0.0623
Corrosion loss [%] 2,40 | 390 | 8.14 | 10.40
Corrosion rate v, [g-m~2 - yr~1] | 41245 | 33059 | 28043 | 29522
Corrosion rate v, [mm - yr=1] 526 | 431 3.53 3.81
Corrosion loss K [g* m™2] 60.0 127 287 311
Corrosion loss U [mm)] 0.008 | 0.016 | 0.036 | 0.040
Corrosion loss [%] 249 | 395 | 822 | 1045
Corrosion rate v, [g-m~2 - yr~1] | 21900 | 23251 | 20951 | 18908
Corrosion rate v, [mm - yr—1] 2779 | 297 | 2.67 | 241

Table 5 Corrosion rates and losses of tested steel EN 10131

Exposure time t [h] 24 48 120 144
Corrosion loss K [g- m™2] 98.3 174 364 473
Corrosion loss U [mm)] 0,01 0,03 0,05 0,06
Corrosion loss [%] 0,65 1.16 | 243 | 3.15

Corrosion rate v, [g-m~2 - yr~1] | 35846 | 31681 | 31612 | 28730
Corrosion rate v, [mm - yr™1] 4.57 | 4.03 | 340 | 3.70

Corrosion loss K [g- m™2] 51.9 | 110 | 241 | 278
Corrosion loss U [mm] 0.001 | 0.01 0.03 | 0.036
Corrosion loss [%] 034 | 0.77 | 1.61 1.86

Corrosion rate v, [g-m~2 - yr~1] | 18907 | 20077 | 17564 | 16936
Corrosion rate v, [mm - yr—1] 2.41 297 | 2.61 2.41

Note:
In Tables 3 and 4, lines 2 to 6 apply to the temperature of 50 °C and lines 7 to 11 to the temperature of 35 °C.
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Table 6 Surface corrosion of EN C22R at temperatures of 35 and 50 °C expressed as percentage

No. | Time [min] | % of corros. at 35°C | No. | Time [min] | % of corros. at 50°C
1 0 1.09 1 0 1.18
2 30 6.07 2 30 30.57
3 60 16.43 3 60 45.14
4 90 27.10 4 90 54.97
5 120 33.07 5 120 66.31
6 150 42.88 6 150 69.80
7 180 51.71 7 180 79.85
8 210 62.58 8 210 80.44
9 240 68.85 9 240 85.55
10 270 70.90 10 270 89.33
11 300 74.75 11 300 89.81
12 330 77.17 12 330 91.81

Table 7 Surface corrosion of EN 10131 at temperatures of 35 and 50 °C expressed as percentage

No. | Time [min] | % of corros. at 35°C | No. | Time [min] | % of corros. at 50°C
1 0 0.74 1 0 1.68
2 30 5.26 2 30 46.65
3 60 35.96 3 60 64.78
4 90 52.89 4 90 80.62
5 120 60.53 5 120 82.96
6 150 65.33 6 150 95.14
7 180 71.69 7 180 87.85
8 210 76.12 8 210 87.85
9 240 77.45 9 240 90.64
10 270 79.48 10 270 92.94
11 300 81.60 11 300 93.57
12 330 84.20 12 330 95.60

Fig. 3 Example of sample surface after corrosion test
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Fig. 4 Example of sample surface after corrosion test and cleaning [14], [21]
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Fig. 5 Example of dependence of corrosion loss K on time t and temperature 14], [21]
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Fig. 6 Example of dependence of corrosion loss U on time t and temperature [14], [21]
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Fig. 7 Example of dependence of corrosion rate on time and temperature [14], [21]
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4. Image processing

In order to capture the course of the increase in corrosion wear of the samples of the selected
metallic materials, the samples were continuously photographed during the experiment with a
frequency of one image every 30 minutes. Furthermore, the conversion of graphic (analogue)
information from photographs into a digital form was performed [14], [20]. Subsequently, the
digital image of the photos was processed with the Image Processing Toolbox in the MATLAB
environment. The image was stored in a two-dimensional matrix, where each value of the matrix
represented a certain point of the image (pixel). In the primary colour image, this point of the
image consists of three numbers forming the RGB colour model (red, green, blue). One hundred
per cent of the value is white light, and 0% of the value is black. All known colours were
expressed by a certain combination of RGB numbers, where each component is in the range
0 — 255, so the camcorder or the camera recorded approximately 16,8 million colours, or exactly
2563. In order to recognize the required objects (corrosion features) in the image, it was necessary
to find a characteristic attribute that allows to distinguish this object from the background.
Furthermore, the individual points of the image were examined to decide whether they do or do
not belong to the required object (in our case, the manifestation of surface corrosion). This
operation is called image segmentation and the result is a so-called indexed image. Each point of
the image (pixel) belonging to an object is assigned a positive value and all other points are zero.
The exact classification of the objects was affected by the relative ambiguity of the images, noise
and insignificant objects on the surface of the samples. In practice, there is no universal procedure
for image segmentation, so the goal was to simulate a complex task, namely, the recognizing
function of the human eye and brain. Furthermore, brightness corrections of images (histogram,
increase and decrease in brightness, gamma correction, equalization - adjustment of contrast of
the histogram) and spatial transformations of the image including resizing, focusing, etc. were
performed. Such image processing is beyond the scope of this text. The segmentation based on
the principle of edges (Sobel filter) was tested, which is suitable for automatic evaluation of
surfaces (blistering, paint defects, porosity, etc.). In general, the evaluation of corrosion attack
included four operations, namely a standard microscope image, filter segmentation, highlighting
important information, and calculating areas using logical operators. An example of evaluating
the surface porosity of a test sample is shown in Fig. 8.

e v il
=
:

Fig. 8 Evaluation of surface porosity of tested sample: a) microscope image; b) Sobel filter segmentation;
¢) highlighting important information; d) calculated areas using logical operations
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Adaptive thresholding (the first derivative of the Gaussian function) was a usable method
of segmentation. The images of corrosion of the samples surface were in the form of dots, which
were enlarged and joined into larger areas, while their colour also changed. To create the
selection logic, i.e. to recognize what is corrosion and what is not, a so-called comparison mask
was created, from which the values of the image points (pixels) were selected. Furthermore,
spectra of steel samples with corrosion and steel samples without corrosion were created, and
histograms of RGB components were generated for this image information (Fig. 9). The
boundaries of the comparison mask were determined from the sample spectrum and a filter was
created using logical operators and conditions, which allowed the filtering of individual
components according to the selected mask and the final image was created only in binary units,
where logical 1 refers to corroded steel and logical 0 to corrosion-free steel [11], [20]. After
segmentation, the percentage of surface corrosion was calculated.

1m T T T T T

Il

16000 } .............. ......... Green

14[[[] ............. ........ l .............. .............. ............ -
— { .............. _____________ !

10000 .......... .............. ............. 1

Normalized frequency p(ry)

i : ] e i ]
0 50 100 150 200 250

Brightness level 74

Fig. 9 Histogram of steel masks with corrosion of RGB colour model
Note:

The histogram of the digital image with L levels < 0, L — 1 > is a discrete function h(ry) = ny, where 1y, is the
kth brightness level and ny, is the number of points of the image with brightness ry,and p(ry) is the probability
density of the brightness level occurrence 1y,.

5. Discussion

After the corrosion test, the surface of the test specimens was evaluated visually and then
digitally. Already after about 30 minutes of exposing the sample in the chamber, local areas of
corrosion attack of uneven pitting began to appear. With an increased exposure, surface and
deep corrosion increased. The surface was generally covered with corrosion after 120 hours at
a temperature of 50 °C and after 144 hours at a temperature of 35 °C; during the test, the colour,
roughness and penetration of corrosion into the sample material changed. EN C22R, which
contains higher amounts of chromium, molybdenum and nickel, showed increased corrosion
resistance.
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For the purpose of the analysis of the corroded area of the samples, the samples were
removed from the corrosion chamber every 30 minutes, and the surface image was digitally
recorded and processed according to the described methodology. The recording of the corrosion
attack in percentage was performed by 240 and 288 measurements of the sample and the
subsequent averaging of the values. Linear regression of equations (10) and (11) was used to
evaluate the weight loss of the materials. The statistical dependence between the corrosion loss
and the exposure time was determined by Pearson's correlation coefficient 7, equation (14),
which had, for example, for steel ENC22R the value of 0.989, which represents a strong
dependence, and it also allowed to interpolate the regression line. Next, the coefficient of
determination 72, equation (15), was calculated, which represented the proportionality of
common variance, which can be interpreted as information by how much % a change in one
variable affects the other variable. The value of the coefficient of determination was 99.59%.
The statistical estimate of the linear regression equation was in the form of y = 1.867x +
13.394. In this linear regression equation, a,= 13.394 is a constant expressing the expected
level of the dependent variable at zero value of the independent variable, and the regression
coefficient by, = 1.867 refers to the number of units of measure the dependent variable changes
when the independent variable changes by one unit of measure [23]. Regression coefficient
by, > 0, and thus it is a direct dependence. Furthermore, quadratic regression analysis was used
for the dependence of corrosion percentage of the sample on the exposure time, equations (12),
(13). It was necessary to determine three coefficients for the quadratic analysis. Cramer's rule
was used as a solution, individual determinants of the third degree were calculated using
Strauss's rule. Variable x represented the exposure time, y the percentage of the corroded
surface area, and n the number of measurements. The statistical estimate of the quadratic
regression equation was in the form y = —3.5355 - 107 7x2 + 0.011+13.199772. Graphically,
the trends of the dependence of the sample surface corrosion in % on the exposure time were
interpolated linearly, or by second order polynomial. Regression functions and correlation
coefficients for both steels were also calculated. Using the algorithm in the MATLAB program
and the regression and correlation analysis, mathematical models of regression dependencies
were built, which allow predicting the extent of surface corrosion or weight loss of the material
[24]. The given data give more information about the corrosion degradation of a specific
material under given conditions (temperature, environment).

6. Conclusion

In the paper, the authors present one selected method of testing the corrosion resistance
of two materials used in special vehicles. Current advanced technologies enable the use of
modern diagnostic tools for obtaining information to evaluate the actual technical condition of
a technical object during its use. Using technical knowledge and IT, it is possible to process a
large amount of data and thus more precisely define individual types of dependencies without
relatively laborious manual calculations. The authors believe that the main benefit of the IT
used will be the creation of databases (big data) containing the results of corrosion tests for
individual engineering materials. The results of testing the dependence of temperatures,
corrosion rates and losses can be used, for example, to predict the future state. With the
implementation of each new measurement, the databases expand and other measurements are
more accurate. The relationships defined in this way can be compared with databases and used
to predict the future state. When implementing each new measurement, the information libraries
are expanded and subsequent measurements are more accurate. The corrosion process is
affected by a relatively large number of internal and external factors, so it is necessary to
experimentally test the used materials and the conditions in which they operate. The paper
evaluates the corrosion test in a salt spray, where the variables were bath temperature and
exposure time. The standard corrosion test was improved when new IT options were used as
they significantly expand the possibilities of diagnostics and enable prediction of the future
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condition. Thanks to these modern methods it is possible to define various dependencies
relatively precisely and to create databases of metallic materials that can be used for making
predictions. In this particular case, it is necessary to state that the results obtained in this
investigation are not universally valid for all types of corrosion attack and other types of steel,
and that the tested materials showed uniform chemical corrosion. The investigation confirmed
that the corrosion loss of the material increases with an increase in temperature. In general, it
can be stated that the article presents partial new findings in the field of:

e the description of corrosion with respect to the speed of the process and factors that
influence corrosion attack using digital technologies,

e the design of an image analysis procedure for corrosion detection and evaluation of the
percentage of corrosion on sample surfaces,

e the development of a user software for calculations of weight losses and corrosion rates
according to international standards [7 - 8], [10] and [25].

The results show that it is necessary to perform further tests with different materials and other
variables, so that particular materials, exposure times and the specific corrosive environment
are fully described, the results verified and then commonly used in practice. The article presents
proven methodological procedures universally applicable to other tests and materials.
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