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Abstract

Corrosion of high-chromium tool steels in marine environments is a major concern for
structural materials, as chloride-rich conditions accelerate material degradation and re-
duce service life. The corrosion process involves complex interactions among passive
film degradation, localized pitting, and surface defect evolution. This study investigates
the corrosion progression of X210Cr12 tool steel immersed in a 3.5 wt.% NaCl solution,
representing a marine-like chloride environment. Corrosion progression was monitored
by combining mass loss measurements, SEM/EDS characterization, quantitative image
analysis, and principal component analysis (PCA). The results reveal three distinct stages
of surface degradation: initial pit nucleation, pit propagation accompanied by formation
of new defects and growth of already existing ones, and pit coalescence with accelerated
mass loss after 90 days of exposure, which can be associated with pronounced chromium
depletion and degradation of the protective surface layer. The cumulative mass loss in-
creased from 0.024 g after 30 days to 0.153 g after 120 days, while the calculated corrosion
rate increased from 0.067 to 0.107 mm/year. Image analysis showed an increase in the
degraded surface area from 0.089% to 13.34% at 120 days. EDS measurements indicated
a pronounced decrease in surface chromium content accompanied by increasing oxygen
content in corroded regions. PCA identified the most informative morphological descrip-
tors, showing that size-related parameters dominated in the early stages of corrosion, while
shape-related descriptors became more important during advanced stages of degradation.
The proposed methodology provides a data-driven approach for monitoring corrosion
progression and identifying morphological parameters associated with different stages of
surface degradation under marine-like chloride conditions.

Keywords: X210Cr12 tool steel; marine-like chloride environment; pitting corrosion;
SEM/EDS; image analysis; PCA

1. Introduction

Corrosion refers to the gradual deterioration of a material due to chemical or electro-
chemical reactions with its environment, particularly in aggressive marine conditions where
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seawater acts as a complex electrolyte promoting pitting, crevice corrosion, and biofouling-
enhanced degradation. Seawater, containing 3.5-4% salts (primarily NaCl, ~86%) along
with Mg2+, Ca?*, and K* ions, forms strong alkalis, while SO42~ and HCO3~ produce weak
acids at pH ~8. Such an environment drives heterogeneous corrosion through chemical,
physical (flow/temperature), and biological mechanisms. Unlike simplified 3.5% NaCl
simulants, natural seawater contains dissolved O,/CO;, organic matter, and microbes,
amplifying variability, with Setchenow constants confirming close electrochemical simi-
larity yet reflecting real-world complexity [1-4]. Seawater is one of the most aggressive
fluids for steels commonly used in marine engineering. Extensive research has therefore
focused on their corrosion behavior, primarily through electrochemical investigations [2-7],
as well as monitoring corrosion-fatigue damage [8] and assessing internal defects in marine
structures [9]. Its complex composition, including salts, dissolved gases, suspended solids,
organic matter, and microorganisms [3,10-12], makes it challenging to isolate individual ef-
fects, so laboratory tests often employ simplified NaCl solutions for reproducibility [13-15].

X210Cr12 tool steel (1.45-1.70% C, 11.00-13.00% Cr, martensitic/ledeburitic) is widely
utilized in marine engineering applications due to its superior hardness (62-64 HRC post-
quenching/tempering), wear resistance against sediments and biofouling growth, minimal
distortion during heat treatment, and ease of machining using Electrical Discharge Machin-
ing (EDM) for complex geometries [16]. Key applications of X210Cr12 include shipbuilding
(propeller blades, stern tube bushings, anchor chain cutters, pipe fittings), subsea oil/gas
infrastructure (pipeline repair clamps, remotely operated vehicle ROV manipulator tools,
valve trims), offshore platforms (drilling dies, mud pump liners, caisson cutters), power
plant seawater cooling systems (impellers, strainers), and underwater hardware exposed
to tidal or alternate immersion conditions. The carbide-rich microstructure of this tool
steel (M;Cs, My3C¢ primary carbides embedded in a martensitic matrix) provides abrasion
resistance but makes it vulnerable to localized corrosion attack under prolonged exposure
to seawater [16-19].

Despite its advantages, X210Cr12 faces severe corrosion risks in marine environments:
chloride ions (C1™) attack and thus can break the chromium/iron oxide passive layers at the
carbide-matrix interfaces, initiating pitting (>10° pits/cm? after 120 days according to ISO
11130:2017 alternate immersion in 3.5% NaCl) [20]. This pitting can evolve into undercutting
and crevice corrosion, rapidly reducing its service life from years to months if untreated.
The heterogeneous microstructure enhances galvanic coupling, while physical factors
contribute to the erosion of protective films. Additionally, biofouling generates oxygen
concentration cells, further accelerating degradation. Studies on AISI D3/X210Cr12 steels
have shown that treatments such as deep cryogenic processing can significantly alter the
corrosion resistance, with DCT samples exhibiting pitting and accelerated degradation due
to microstructural changes [17-19]. Additionally, deep-sea analogs demonstrate accelerated
corrosion kinetics in high-strength steels under increased pressure.

Previous studies regarding the corrosion of X210Cr12 tool steel have primarily focused
on its electrochemical behavior in chloride environments. Uygur et al. [17] demonstrated,
using electrochemical impedance spectroscopy and polarization, that untreated samples
exhibit the highest corrosion resistance, whereas heat-treated and deep cryogenic treatment
(DCT) samples develop significant pitting due to carbide refinement and chromium deple-
tion. Similarly, Amini et al. [18] reported a 54% reduction in corrosion resistance following
DCT, attributed to Cr loss and the increased density of martensite/carbonitride boundaries,
which act as preferential corrosion sites. In contrast, Jovic¢evi¢-Klug et al. [19] observed a
55-65% improvement in the corrosion resistance of X210Cr12 in Adriatic seawater com-
pared to AISI 52100, which was attributed to the formation of corrosion products such as
akaganeite and magnetite. Coating strategies have also proven effective: vanadium carbide
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(VC) layers applied via thermo-reactive deposition significantly enhanced corrosion resis-
tance [21], titanium—tungsten nitride (Ti-W-N) coatings provided additional protection [22],
and hafnium carbonitride (HfCN) coatings reduced the corrosion rate by 98% in 3.5% NaCl
solutions [23].

However, critical gaps persist in the literature. Most studies report electrochemical
data, SEM/EDS images, and mass loss results in isolation, without statistically integrating
these datasets. Recent data-driven approaches have further demonstrated the potential of
combining corrosion-related measurements with statistical and computational methods
to improve corrosion prediction and support the interpretation of complex degradation
datasets [24-26]. Data-driven and machine-learning approaches have increasingly been ex-
plored for corrosion risk assessment and prediction, highlighting the potential of multivari-
ate analysis for extracting useful information from complex corrosion datasets [27,28]. Re-
cent studies have also demonstrated the potential of automated image-based and machine-
learning approaches for detecting and characterizing hidden corrosion damage, further
supporting the use of quantitative image analysis for corrosion assessment [29]. Moreover,
the role of carbide distribution versus matrix chromium content as the primary driver of
pitting corrosion remains unclear, and no studies have comprehensively tracked the evolu-
tion of pitting damage over time. Long-term exposure to chloride-containing environments
can progressively deteriorate the protective behavior of high-chromium steels and coatings,
promoting localized corrosion and surface degradation [20,27]. The corrosion behavior
of high-chromium steels is strongly dependent on the composition and physicochemical
characteristics of chloride-containing environments [30,31].

This work addresses these gaps by employing a novel approach that integrates
SEM/EDS analysis with quantitative image analysis and principal component analysis
(PCA) to investigate X210Cr12 steel after 120 days of immersion in 3.5% NaCl. This multi-
method approach provides a synergistic framework that combines chemical changes (such
as chromium loss), morphological parameters (pit depth, area, density, aspect ratios), and
statistical analysis to enhance the predictive accuracy of corrosion mechanisms.

The applied methodology offers a robust understanding of the corrosion process by
revealing the hierarchical importance of different microstructural variables, aligning more
closely with real-world failure mechanisms and contributing to a better understanding of
corrosion progression under marine-like chloride conditions.

2. Materials and Methods
2.1. Material and Sample Preparation

This study examined X210Cr12 (AISI D3) tool steel, which is commonly produced
by manufacturers worldwide and used in industries such as shipbuilding, oil and gas,
and power plants. This steel is known for its high hardness and excellent wear resis-
tance, although it exhibits limited toughness. Due to its high chromium content, X210Cr12
steel can form a protective Cr-passive film, providing a certain degree of corrosion resis-
tance in chloride-containing environments. This characteristic enhances its relevance for
applications in marine-like conditions, in addition to its high hardness and wear resistance.

The analyzed steel was high-carbon, high-chromium martensitic tool steel X210Cr12,
produced by conventional casting and supplied in the as-cast condition. After casting,
the material was shaped into beams and then hot-rolled. The beams were heated to
1024 °C, approximately two-thirds of iron’s melting temperature, before being processed
through four flat rollers. The hot-rolled bars, supplied by SIJ Metal Ravne d.o.o., had
dimensions of 30.8 x 3000 mm. For corrosion testing, cuboid sections with dimensions of
20 x 20 x 4 mm were cut from the steel bars and mechanically processed to obtain
suitable dimensions. Prior to corrosion testing, the samples were mechanically ground and
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polished to obtain a uniform surface finish. For each measurement period, before mass
loss determination and SEM analysis, the samples were ultrasonically cleaned in ethanol
for 10 min, rinsed with distilled water, and dried under a stream of warm air to remove
surface contamination. The chemical composition of the steel was determined through
quantitative chemical analysis. Optical emission spectrometry (OES) was used for the
elemental analysis of solid metallic samples, utilizing the Spectro MAXx-M LMMO04 optical
emission spectrometer. The results are shown in Table 1.

Table 1. Chemical composition of X210Cr12 tool steel (weight%).

Element
(Wt.%)

Cr Mo Mn Si Ni Cu Al S P
11.16 0.03 0.28 0.22 0.11 0.03 0.012 0.006 0.016

The chemical composition indicates a high carbon content (2.09 wt.%) and significant
chromium content (11.16 wt.%). Although chromium can promote the formation of a protec-
tive passive film and enhance corrosion resistance, the high carbon content can induce the
formation of chromium carbides, which are responsible for the exceptional wear resistance
and high hardness of this tool steel, but can locally reduce the chromium content in the
matrix. As a result, the effective corrosion resistance of the steel in chloride-containing
environments may be reduced, increasing its susceptibility to localized corrosion. Addi-
tionally, the steel contains only minor amounts of alloying elements such as molybdenum,
manganese, and silicon, along with trace levels of nickel, copper, and aluminum, which
limit further enhancement of corrosion resistance.

2.2. Corrosion Testing

Corrosion tests were performed by immersing samples in a 3.5 wt.% NaCl aqueous
solution at 20 °C, in accordance with the following standards [13-15]. These tests represent
a marine-like chloride environment to assess the material’s resistance to chloride-induced
corrosion, which is relevant for marine-like and offshore applications. The corrosion testing
procedures were based on standardized methodologies that provide consistent protocols
and emphasize key principles for evaluating corrosion in saline environments. Corrosion
monitoring was performed at intervals of 30, 60, 90, and 120 days of immersion in the
solution. Weight loss measurements were taken, since this approach is crucial for evaluating
corrosion in marine environments and quantifying material degradation under chloride
exposure. The mass of the samples was measured before and after each immersion period
using an analytical balance with an accuracy of +0.1 mg. This method provided a direct
assessment of material degradation, typically expressed as a corrosion rate (mm/year).
Three independent specimens were prepared and exposed to each immersion period (30, 60,
90, and 120 days). Mass loss measurements, corrosion rate calculations and image-analysis
results represent the mean values obtained from these three independent specimens. The
corresponding standard deviations are reported in the Supplementary Material (SM).

2.2.1. Mass Loss Measurements and Corrosion Rate Calculation

One of the criteria used to evaluate the results of the corrosion test, in which the
samples were immersed in a salt solution, is mass loss [32], determined by weighing
the sample before and after exposure to the corrosive marine-like environment. After
NaCl exposure, the samples were rinsed with distilled water and ethanol for five minutes
to remove loosely adherent salts and surface debris. The samples were then dried and
weighed. Chemical or electrolytic cleaning for complete removal of corrosion products
was intentionally not applied. The decision was made because the objective of the study
was to characterize surface changes and the formation and evolution of corrosion products
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during immersion by SEM. Therefore, the reported mass change represents the change in
specimen mass after removal of loosely adherent deposits, while the adherent corrosion
products were retained on the surface. The same cleaning and preparation procedure was
used for the SEM observations [14,33]. After cleaning and weighing, the cumulative weight
loss was calculated using Equation (1).

Mass loss (W) = Winitiat — Wnal 1)

where Wiyjrjq) and W, are the masses (in grams) of the sample before and after corrosion
experiments, respectively.

Another way to present material degradation is through the corrosion rate, which
indicates the penetration depth of corrosion per unit time. This parameter was calculated
from cumulative mass loss data, the exposed surface area of the sample (excluding any
unexposed areas), and the density of the steel, according to Equation (2).

K-W
CR= A-T-D

()

In this equation, CR is the corrosion rate in mm/year, K is a unit conversion constant
equal to 87.6, T is the exposure time in hours, A is the exposed surface area in cm?, W is
the mass loss in milligrams, and D is the steel density in g/ cm3 (7.7g/ cm? in this study).
The resulting value represents an average mass-loss-based corrosion rate over the exposed
surface and exposure period. It is used here as a comparative indicator of overall material
loss rather than as a measure of local pit penetration.

2.2.2. SEM/EDS Analysis

The surface morphology and elemental composition of the samples were analyzed
at the beginning of the test and throughout the testing period to detect any changes
that occurred. A field emission scanning electron microscope (FESEM, JEOL JSM 7001F,
JEOL Ltd., Tokyo, Japan) was used for this analysis, along with energy-dispersive X-
ray spectroscopy (EDS) using the OXFORD Xplore 15 instrument. The results of these
tests provided detailed information that enabled the identification and discussion of
corrosion mechanisms and the susceptibility of the steel to localized attack in chloride-
containing environments.

2.2.3. Image Analysis

In addition to assessing mass loss, the degradation of the sample’s surface was moni-
tored using SEM images and image analysis performed with the Image Pro Plus program.
Image analysis is a valuable tool for quantifying sample degradation and morphology
using various morphological parameters, which are described in detail in numerous stud-
ies [32,34,35]. The corrosion-induced damages on the sample’s surface were evaluated
through image analysis of SEM micrographs by Image-Pro Plus 6.0 (IPP) software package
(Media Cybernetics, 2006, Rockville, MD, USA). This software enables the quantification of
various descriptors, facilitating a morphological characterization of the resulting defects.
In this study, specific morphological descriptors were selected for analysis. Quantitative
analysis of the SEM images was performed for each exposure period; three SEM micro-
graphs were analyzed for each of three independent specimens. The micrographs were
acquired at the same magnification. Image segmentation was performed using the auto-
matic thresholding function of the software to distinguish the degraded/damaged regions
from the remaining surface. The same thresholding approach and image-acquisition condi-
tions were used for all analyzed images. The analyzed field of view was approximately
1,117,577 pm? (approximately 1215.774 x 919.231 um). The obtained measurements were
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averaged across the replicate images/specimens for each exposure period. The representa-
tive area for analysis, and it was calculated as Py = 1,117,577 pm? by measuring the area of
the photo using the measurement bar.

No additional image preprocessing (filtering, contrast enhancement, etc.) was ap-
plied beyond the automatic thresholding function of Image-Pro Plus 6.0, in order to
minimize operator-dependent variability. The same thresholding settings and analysis
protocol were applied consistently to all micrographs. The mean values obtained from
the nine micrographs (3 specimens x 3 images) per exposure period were used for the
reported results.

The selected morphological parameters were chosen based on their sensitivity to vari-
ous stages of pit evolution during corrosion. Parameters related to the size of defects, such
as Area, Diameters, gy imum/minimum/mean, a0 Radius g viyim/minimum, Were selected because they
quantitatively reflect the overall growth and expansion of corrosion defects, enabling the
monitoring of pit propagation over time. Parameters related to the shape of defects, includ-
ing Roundness, Radius Ratio, and Perimeter Ratios, were selected for their ability to effectively
highlight deviations from ideal circular geometry. Together, these parameters provided
insights into the morphology of corrosion defects across different stages, assessing both the
extent and the geometry of the pits. Additionally, the selection of specific parameters was
further guided by prior authors’ experience and studies [26,36-38], which demonstrated
their reliability and sensitivity in characterizing corrosion-related surface features.

e  Area: the measured surface enclosed by each detected feature, representing the two-
dimensional size of corrosion defects (um?).

e Diameter (max): the longest distance between two boundary points through the
centroid, representing the maximum linear extent of the feature.

e  Diameter (min): the shortest Feret distance across the object, measured perpendicular
to the maximum diameter, reflecting the narrowest extent of the feature.

e Diameter (mean): the average of the maximum and minimum Feret diameters
through the centroid, providing an overall measure of the characteristic size of each
corrosion feature.

e Radius (max): the greatest distance between the object’s centroid and its farthest
outline, representing the largest radial extent of the measured feature.

e Radius (min): the minimum distance between an object’s centroid and the nearest
outline point, reflecting the narrowest radial extent of the feature.

e Radius ratio: the relationship between Radius (max) and Radius (min), providing a
measure of roundness or symmetry of the corrosion feature.

e Roundness: quantifies how closely a feature approximates a circle, with values near
1 for circular pits and lower values for elongated or irregular defects, reflecting pit
evolution from nucleation to coalescence.

e  Perimeter (ratio): expresses the irregularity of a feature as the ratio of its measured
perimeter to that of a circle with equivalent area. Values near 1 indicate circular
features, while higher values suggest more irregular shapes.

e  Perimeter (ellipse): compares the measured perimeter to that of an ellipse fitted to the
object, indicating deviation from an ideal elliptical shape. A value of 1 indicates an
ideal elliptical shape, while higher values indicate greater deviation and irregularity
of the feature boundary.

In addition, the average area of a single defect, the number of defects, and the total
area of defects were measured in this study, as well as the level of degradation, which was
calculated using the total area of defects (P). The level of surface degradation is defined as
the ratio of the damaged surface area to the original surface area, Equation (3).
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Level of degradation = P/Py-100% 3)

where (P) presents the total damaged area (mm?) and (Py) is the original area of the sample
surface (mm?).

2.2.4. Principal Component Analysis (PCA)

Image analysis tools were used to quantitatively extract morphological parameters
from the corroded surfaces to assess their morphology and the evolution of corrosion fea-
tures. These features, obtained from high-resolution micrographs using image processing
software, served as numerical descriptors of surface degradation. The data collected in this
manner provided multiple datasets of selected descriptors (Area, Diameter qx, Diameter,;,,,
Diameter peqn, Radius,,qy, Radius,,;,, Radius Ratio, Roundness, Perimeterellipse, and Perimeter,;,),
whereas IPP allowed their direct export to Excel for further processing through multivariate
analysis. To reduce dimensionality and uncover patterns or groupings within the data, Prin-
cipal Component Analysis (PCA) was applied to the datasets of morphological variables.

PCA typically involves five key steps, each contributing to the transformation and
simplification of the dataset [39-41]. Below is a concise overview of these steps, highlighting
essential mathematical concepts such as standardization, covariance, eigenvectors, and
eigenvalues, without getting into the specifics of their calculations:

1.  Standardize the range of continuous initial variables;

2. Compute the covariance matrix to identify correlations;

3. Compute the eigenvectors and eigenvalues of the covariance matrix to identify the
principal components;

4.  Create a feature vector to decide which principal components to keep;

5. Recast the data along the principal component axes.

New variables, known as principal components, are created by constructing linear
combinations or blends of the original variables. These combinations are made so that the
majority of the information contained in the original variables is compressed or squeezed
into the first components, while ensuring that these new variables (principal components)
remain uncorrelated. For example, a dataset with 10 variables will yield 10 principal
components. However, PCA attempts to include as much information as possible in the
first principal component, then as much information as possible in the second, and so on,
until the result resembles the scree plot given in Figure 1, thus preserving the maximum
possible variance within the dataset.

Percentage of explained variances

S T Y S S S SR S e
Principal Components

a b

Figure 1. Description of principal components using scree plots (a) and graphical representation of
PCA in two-dimensional space (b) [41].

By removing components that contain little information and using the remaining
components as new variables, dimensionality can be minimized without losing significant
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information by organizing the data into primary components. It is crucial to understand
that because the primary components are created as linear combinations of the initial vari-
ables, they are less interpretable and have no true significance. Principal components, or the
lines that capture the majority of the data, are geometric representations of the directions
of the data that explain the greatest amount of variance. Here, variance and information
are related in that a line’s dispersion of data points increases with the variance it carries,
and a line’s information content increases with the dispersion along the line. To put it
simply, consider principal components as additional axes that offer the optimal perspec-
tive for observing and assessing the data, making the disparities between observations
more apparent.

Principal components are designed so that the first principal component explains the
greatest amount of variance in the dataset, since there are as many principal components
as there are variables in the data. For instance, if the scatter plot of the dataset looks
like the one below, the first principal component is the line passing through the origin
where the projection of the data points (red dots) is most dispersed, as indicated by the
purple line in Figure 1b. Mathematically, this corresponds to the line that maximizes
the variance, defined as the average of the squared distances between the origin and the
projected points. With the requirement that it be uncorrelated with (i.e., perpendicular to)
the first principal component and that it account for the next biggest variance, the second
principal component is computed similarly. Namely, the second principal component is
then calculated as the line orthogonal (uncorrelated) to the first that captures the next
largest variance. This process continues iteratively until all principal components, equal in
number to the original variables, are identified. Representation of this explanation is given
in Figure 1b.

PCA facilitated the identification of key parameters that contributed significantly to
the variance in surface morphology and enabled the differentiation of corrosion behavior
under various exposure conditions. The first few principal components captured the major-
ity of the dataset’s variance (80% or more), allowing for effective visualization of sample
clustering and trends in morphological evolution due to corrosion. PCA was performed on
the datasets of morphological parameter values for detected damages in all samples, mea-
sured over each corrosion period. Using this approach, four distinct datasets were created
for PCA, each representing a specific corrosion duration. The dimension of datasets varied
according to the number of isolated damages on the samples’ surface. The morphology pa-
rameters that were investigated were the same in all datasets. The dimension reduction was
performed in the two-dimensional PC1-PC2 space of the maximal variance to enable easy
visualization of the dataset’s structure (the elements with similar variance generate more or
less coherent groups), and emphasize the differences between different material structures.
The advantage of the chosen data dimension reduction method was the extraction of mor-
phological parameters, which were the most informative for the resulting PC1-PC2 image,
during the same process [38]. PCA was conducted using the Minitab Statistical Software
20 (Product version: Minitab® 20.4 (64-bit) © 2021 Minitab, LLC (State College, PA, USA).
All rights reserved). Before PCA, all morphological parameters were standardized using
z-score normalization (mean = 0, standard deviation = 1) to remove scale differences and
prevent variables with larger magnitudes from dominating the multivariate analysis.

3. Results and Discussion
3.1. Macrostructure and Microstructure Analysis

The macrostructure and microstructure of X210Cr12 tool steel were investigated over
0-120 days of exposure to a 3.5% NaCl solution using SEM imaging and EDS elemental
analysis. SEM examinations were conducted using a 10 um scale bar to monitor changes in
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surface morphology and microstructure over time, while EDS enabled detection of compo-
sitional trends. These observations provided insights into the progressive degradation of
the steel surface in a chloride-rich environment.

It should be noted that EDS provides only elemental information and cannot un-
ambiguously identify specific oxide or hydroxide phases or oxidation states. Therefore,
corrosion products are described throughout this section as iron- and chromium-containing
oxide or hydroxide species.

Changes in the elemental composition of X210Cr12 tool steel were evaluated before
(Table 1) and after exposure to a 3.5% NaCl solution (Figures 3-6) using EDS analysis. Due
to the semi-quantitative nature of EDS and its limited accuracy for minor and light elements,
particularly carbon, only Fe, Cr, Cl, and O were selected as key elements for a targeted
evaluation of localized corrosion effects. Therefore, elements present at low concentrations,
such as carbon, were excluded from analysis due to significant measurement inaccuracies
(for example, EDS may show approximately 3% instead of the actual 0.4%) [42].

In this analysis, all detectable elements in the EDS spectra were measured, including
those originating from the saline environment (Na, Cl, K, Mg, Ca, Sr, Br, F), which may
appear due to surface contamination, as well as trace amounts of alloying elements (Si, Mn,
Ni, V, Cu, S, Co, and Sn). These elements were detected at concentrations below 1% and
have been excluded from further analysis, as they are not expected to significantly influence
the alloy’s corrosion mechanisms or fundamental properties. This approach allows for a
targeted evaluation of localized corrosion effects by focusing on Fe, Cr, Cl, and O, while
minor trace elements are considered negligible in this context.

Figure 2 presents selected SEM image and elemental composition of the steel on day
zero. The results closely match the original composition (Table 1), with notably reduced
levels of impurities such as sulfur and phosphorus.

Spectrum 3 .SPGCtrum 4

Element Fe Cr

Spectrum 5 at.%

[ spectrum 2 | Spectrum1 94.14 4.95

> Spectrum 2 50.53 49.01
Spectrum3 53.83 45.01

Spectrum4 88.68 10.26

2 Spectrum5 51.14 48.48

*Trace elements balanced

10pm

—
Figure 2. SEM image and elemental composition (at marked spots) of X210Cr12 tool steel before
testing.

The EDS analysis of X210Cr12 reveals a heterogeneous microstructure typical of high-
chromium tool steels, consisting of an Fe-rich martensitic matrix with dispersed Cr-rich
carbides. Spectra 1 and 4 correspond to an Fe-rich martensitic matrix (~88 and 94 at.%,
respectively) with low chromium content (4.95 and 10.26 at.%). The presence of spectra with
nearly 1:1 Fe:Cr ratios (e.g., Spectra 2, 3, and 5) indicated the presence of primary Cr-rich
carbides, likely of type MyC;. Although carbon is not detectable due to the limitations
of EDS, the Fe/Cr atomic ratios support the identification of these phases. No oxygen or
chloride was detected, indicating a metallic, unoxidized surface. Overall, these results
confirm that X210Cr12 is a wear-resistant tool steel, characterized by a martensitic matrix
reinforced with hard chromium carbides, consistent with the expected microstructure based
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on its alloy composition and phase characteristics (see Supplementary Material S1 for a full
set of spectra and elemental compositions).

Figure 3 presents the SEM image and elemental compositions (at marked spots) of
X210Cr12 tool steel after 30 days of exposure to 3.5% NaCl solution. At first glance, cor-
rosion effects become clearly visible on the surface. Considering the original chemical
composition (Table 1) and the EDS elemental composition at the beginning (day zero)
shown in Figure 2, the Fe and Cr contents decrease after exposure, while the presence
of oxygen detected during EDS analyses (Figure 3) confirms the beginning of the oxida-
tion process. This behavior can be attributed to the chemical reaction between chlorine
ions and chromium, which disrupts the integrity of the protective surface layer. The re-
sulting instability creates conditions for a reaction between iron and oxygen, leading to
corrosion. EDS analyses also detected the presence of chlorine ions in areas where cor-
rosion has occurred (Spectra 6-10), facilitating localized attack and deeper propagation
into the material. A detailed full set of spectra and elemental compositions is provided in
Supplementary Material S2.

Element Fe Cr (o] Cl
at.%

Spectrum 6  48.83 43.85 6.41 Vi

Spectrum7  37.76 6.98 55.00 1.05
Spectrum 8  46.02 15.50 36.64 0.54
Spectrum 9 38.75 3344 2596 0.12
Spectrum 10 40.52 12.34 4450 0.70

*Trace elements balanced

A RSB GA L oh

Figure 3. SEM image and elemental compositions (at marked spots) of X210Cr12 tool steel after
30 days of corrosion.

The surface remains partially metallic in some areas, while others are covered by cor-
rosion products composed mainly of Fe/Cr-containing oxide/hydroxide species. Spectrum
6 exhibits a predominantly metallic surface, consistent with the original composition, sug-
gesting initial oxidation and minimal corrosion. Spectra 7 and 10 show high oxygen levels,
suggesting the presence of heavily oxidized areas and the formation of iron- and chromium-
containing oxide/hydroxide species. Spectrum 7 contains elevated Cl and reduced Cr
at the surface, suggesting chloride-induced localized corrosion and degradation of the
protective surface layer. In contrast, Spectrum 10, due to its notable chromium content and
minor chloride presence, indicates the development of an Fe-Cr-rich oxide/hydroxide layer.
Spectra 8 and 9 indicated a moderately corroded area, characterized by a mixture of metallic
and oxidized areas, while Spectrum 9 showed a relatively high content of Cr, possibly due
to the presence of localized Cr-rich oxide/hydroxide layers. Comparison of the elemental
composition before and after 30 days of exposure provides clear evidence of degradation.
The iron content decreases significantly due to dissolution, whereas oxygen and chlorine
appear after exposure, confirming the formation of oxide/hydroxide layers and chloride
ion penetration. The Cr content varies considerably, reflecting localized breakdown or
retention of the protective surface layer. These results confirm that X210Cr12 tool steel
undergoes heterogeneous corrosion in 3.5% NaCl solution, characterized by areas of severe
oxidation and chloride-induced localized attack.
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The elemental composition obtained from Spectra 11-16 (Figure 4; see Supplementary
Material S3 for the full set of spectra and elemental compositions) highlights the significant
surface heterogeneity of the X210Cr12 tool steel after 60 days of exposure to a 3.5% NaCl
solution, indicating progressive corrosion and oxide/hydroxide formation. The measured
oxygen contents increase more notably than those reported in Figure 3, suggesting more
advanced surface oxidation. Chromium contents are generally lower compared to Figure 3,
indicating the degradation or absence of the protective surface layer across most of the
sample surface. Additionally, localized Cl enrichment areas were observed in several
regions, suggesting the role of chloride ions in promoting more advanced oxidation and
continued breakdown of the protective surface layer.

Spectrum 11  44.52 41.71 13.42 /
Spectrum 12 42.24 41.02 16.25 /

Spectrum 13 3446 174 63.68 1.74
Spectrum 14 35.30 1.34 62.13 0.95

o, 14 : §  Spectrum15 43.68 299 5218 1.15

Spectrum 16 34.17 497 60.56 0.22

*Trace elements balanced

Figure 4. SEM image and elemental composition (at marked spots) of X210Cr12 tool steel after
60 days of corrosion.

Spectra 11 and 12 are characterized by high Fe content (~42—44 at.%) and Cr content
(~41 at.%), with moderate oxygen levels (~13-16 at.%), indicating that the analyzed surface
areas are only partially oxidized, likely consisting of a thin layer of mixed Fe- and Cr-
containing oxide/hydroxide species. Spectra 13 and 14 exhibit significantly higher oxygen
content (~62-64 at.%), accompanied by a strongly reduced content of Cr (~1.3-1.7 at.%)
and Fe (~34-35 at.%), reflecting pronounced surface degradation and formation of Fe-rich
oxide/hydroxide products. The presence of chlorine (up to 1.74 at.%) in these spectra
indicated localized areas of intense corrosion, likely due to chloride-induced pitting. The
composition of these areas suggests dominance of Fe-rich oxide/hydroxide layers, with only
minimal residual metallic content. Spectra 15 and 16 showed oxygen contents exceeding
50 at.%, Fe between 34 and 44 at.%, and low Cr (2.99 and 4.97 at.%), indicating more
advanced oxidation and partial degradation of the Cr-rich passive layer in some areas,
allowing deeper corrosion. The presence of Cl further confirms the active role of chloride
ions in promoting and continuing chloride-induced localized corrosion.

Figure 5 shows the SEM image and elemental compositions (at selected spots, Spectra
17-24) of X210Cr12 tool steel after 90 days of exposure to 3.5% NaCl. The microstructure
indicates progressive corrosion with significant pitting compared to earlier conditions.
High oxygen levels detected by EDS (~50-62 at.%), along with the near absence of surface
chromium (Cr), often below detection or <1 at.% in most spectra, indicated extensive corro-
sion across the steel surface, consistent with the formation of iron-rich oxide/hydroxide
species as the primary corrosion products. Iron (Fe) is present in varying amounts, from ~11
to ~49 at.%, suggesting highly heterogeneous corrosion across the surface. All individual
spectra and detailed elemental analyses are provided in Supplementary Material S4.
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Spectrum 17 11.21 / 61.87 /
Spectrum 18 13.39 0.07 59.50 /
Spectrum 19  49.52 i/ 50.00 /
Spectrum 20  49.36 / 50.00 /
Spectrum 21 4481 0.59 50.37 0.35
Spectrum 22 4434 0.72 50.44 0.32
Spectrum 23 49.33 / 50.00 /
Spectrum 24 49.00 0.07 50.02 /

*Trace elements balanced

Figure 5. SEM image and elemental composition (at marked spots) of X210Cr12 tool steel after
90 days of corrosion.

Spectra 17 and 18 indicated severe corrosion areas due to very low Fe (~11 at.%)
and high O (~60 at.%), suggesting localized pitting and deposition. However, Spectra 17
and 18 also revealed elevated concentrations of sulfur (S), manganese (Mn), and copper
(Cu). This suggests the presence of corrosion products possibly associated with residual
inclusions or locally deposited species on the oxidized surface. Spectra 19-24 represented
more stable areas, showing Fe/O ratios near 1:1 (~49 at.% each), typical of thick iron-rich
oxide/hydroxide layers. Spectra 19, 20, 23, and 24 showed higher Fe content (~49 at.%) and
moderate oxygen, suggesting the formation of a relatively stable oxide layer. Spectra 21
and 22 exhibited moderate Fe and O levels, along with CI, while Cr was nearly absent in all
spectra, confirming extensive selective leaching from the surface.

Figure 6 shows the SEM image and elemental composition (at marked spots) of
X210Cr12 tool steel after 120 days of exposure. The EDS analysis (Spectra 25-32) reveals
pronounced surface heterogeneity, significant oxidation and corrosion development, with
pitting corrosion becoming predominant. EDS analyses given in Figure 6 showed the
dominant presence of Fe and O. Cr values ranged between 0.06 and 0.53 at.%, just over the
detection limit, demonstrating significant chromium depletion after prolonged exposure.
A detailed full set of spectra and elemental compositions is provided in Supplementary

Material S5.
oy e 9 _

Spectrum 25 95.84 0.09 3.80 /

§ 0
¢
3
\ 8 \
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~ ST PN 4
24 ¥

Spectrum27 9593 0.06 3.05 /

Spectrum 28  39.40 / 59.76 0.37
Spectrum 29  45.62 /4 53.68 0.26
Spectrum 30 43.59 / 55.13 0.17
Spectrum 31 72.72 0.53 24.57 0.07
Spectrum 32 50.06 0.23 47.99 0.14

*Trace clements balanced
Figure 6. SEM image and elemental composition (at marked spots) of X210Cr12 tool steel after

120 days of corrosion.

Spectra 25 and 27 exhibited high iron content (>95 at.%) and low oxygen levels
(~3 at.%), suggesting the presence of regions with minimal corrosion or areas where
corrosion products were locally removed. In contrast, Spectra 28-30 showed elevated
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oxygen concentrations (53-60 at.%) and reduced iron (~39-46 at.%), revealing the presence
of thick Fe-rich oxide/hydroxide layers. Spectra 31 and 32 reflected intermediate stages,
with iron ranging from ~50-72 at.% and oxygen from ~24-48 at.%, demonstrating partial
oxide/hydroxide layer development. The content of Cr decreases progressively with
exposure time in a solution of NaCl, reaching as low as 0.06 at.% in certain areas, confirming
continued selective leaching from the surface and breakdown of the initially protective
Cr-rich surface layer after prolonged exposure.

Overall, the obtained results provide clear evidence of progressive corrosion, selective
leaching of alloying elements, and heterogeneous oxide/hydroxide formation. The EDS
analysis reveals advanced surface degradation of the X210Cr12 tool steel in a chloride-rich
environment. The chromium content decreased markedly over time, dropping from an
initial value of up to 49 at.% to less than 0.7 at.% after 60 days of exposure. This decline
indicates selective leaching due to the breakdown of the initially protective Cr-rich surface
layer. Simultaneously, the oxygen content increases significantly, reaching 50-60 at.% in the
later stages, which is consistent with the formation of iron- and chromium-containing oxide
hydroxide species and the transition from a metallic to an oxidized surface. The analyzed
spectra demonstrate pronounced surface micro-heterogeneity after prolonged exposure to
NaCl solution, with areas ranging from minimally corroded to heavily oxidized, reflecting
the pitting susceptibility of the tool steel in NaCl solutions.

3.2. Corrosion Evaluation

Figure 7a shows the cumulative mass loss and corrosion rate of X210Cr12 tool steel
over an immersion period in a 3.5% NaCl solution, simulating a marine-like environment.
Additionally, Figure 7b shows a correlation plot that presents the evolution of key parame-
ters, the corrosion rate, and chromium content depletion as a function of immersion time in
3.5% NaCl solution. Values of chromium content are extracted from Figures 2—6, which
present the average values of different spectra for each immersion period. This is necessary
because individual points varied significantly depending on whether the EDS spot was in
a metallic area or an oxide. Mass loss measurements were performed in three replicates
on a single high-chromium tool steel sample to ensure reproducibility. The average and
standard deviation of these measurements are reported in Supplementary Material S6,
Table S1. The results reveal a progressive corrosion process, with material degrada-
tion increasing over time, demonstrating the limited resistance of this steel to chloride-
induced corrosion.
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Figure 7. Changes in the corrosion erosion parameters over time. (a) Mass loss, CR vs. Time. (b) CR,
Content of surface Cr vs. Time.

Cumulative mass loss increased steadily throughout the test period, with a slight
acceleration in later stages. During the first 30 days, mass loss was minimal (0.024 g),
suggesting that the initial presence of a chromium-rich passive film or early corrosion
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products temporarily limited corrosion. Between 60 and 90 days, mass loss continued
to increase at a moderate rate, indicating sustained but controlled corrosion activity.
A pronounced increase occurred between 90 and 120 days, with mass loss rising from
0.088 g to 0.153 g, larger than in earlier intervals. This jump suggests accelerated corrosion,
possibly due to passive film breakdown or the initiation of localized corrosion mechanisms
such as pitting, which expand the surface area exposed to the corrosive electrolyte.

The corrosion rates (CRs) of X210Cr12 tool steel in 3.5% NaCl were calculated from
mass loss measurements. Values represent the average of three independent measurements,
and the corresponding standard deviations are reported in Supplementary Material S7;
Table S2. The corrosion rate data illustrate the corrosion dynamics, showing a generally
increasing but not linear trend. The results suggest that the corrosion process becomes
more aggressive over time, with a gradual intensification of corrosion.

In the first 30 days, the corrosion rate remained low (0.067 mm/y), consistent with
a stable Cr-rich passive layer typical of high-chromium steels, which provides initial
protection against corrosion. Alternatively, early corrosion products may form a temporary
barrier that slows further material dissolution. Between 60 and 90 days, a slight increase
in the corrosion rate to 0.082 mm/y suggested the initiation of passive film degradation
under chloride ion attack. This behavior may reflect temporary stabilization, possibly due
to the partial reformation of a protective layer or experimental variability.

A pronounced acceleration in corrosion was observed between 90 and 120 days, during
which the corrosion rate increased sharply to 0.107 mm/y, indicating accelerated material
loss. This rise is indicative of localized corrosion, likely driven by pitting corrosion, which
becomes a prevalent mechanism in chloride-rich environments once the Cr-rich passive
layer is compromised. While corrosion rates below 0.1 mm/year are generally accept-
able for many industrial applications, the value of 0.107 mm/year at 120 days suggests
that prolonged exposure could result in substantial material degradation over extended
service periods.

Figure 7b, based on the average chromium content from all EDS spectra per immersion
period, indicates that surface chromium content decreases sharply from approximately
49 at.% initially to below 1 at.% by 90 days, and remains at this low level at 120 days,
suggesting the loss of the protective passive layer. Trends observed after 90 days, including
a high degradation area (Figure 7b), low chromium content, and rising corrosion rates,
indicated a transition to the defect coalescence and acceleration stage of corrosion, where
pit merging and chromium depletion drive rapid metal loss. The corrosion rates (CRs)
calculated from mass loss represent the average material loss normalized to the exposed
surface area and exposure time. Therefore, these values should not be interpreted as local
pit penetration rates, particularly because the SEM observations demonstrate pronounced
localized corrosion.

3.3. Corrosion-Induced Defects and Their Surface Morphology

SEM images of the studied samples before and during corrosion testing in NaCl
solution, which were used to quantify the surface degraded area, are shown in Figure 8.
The same magnification (100 um scale bar) was used to enable direct comparison of images
obtained at different immersion times.

Image analysis was performed using IPP to quantify the average degraded area, total
degraded area, number of defects, and overall degradation level, while the results are given
in Figure 9.
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Figure 9. Results of image analysis: (a) average area of defects, (b) total area of defects, (c) number of
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SEM analysis revealed a distinct progression of corrosion in the surface morphology
of X210Cr12 steel during immersion in a 3.5% NaCl solution. After 30 days, only a few
small, isolated pits were visible (59), covering 0.089% of the observed area. These pits
likely initiated at the carbide—matrix interfaces and chromium-depleted zones, which serve
as favored sites for passive film breakdown in a chloride-containing environment. By
60 days, pit density increased sharply (1099 defects, 2.59% degraded area), indicating
active nucleation. Between 60 and 90 days, both the number of pits and their average
size increased significantly, demonstrating simultaneous nucleation and pit growth, ul-
timately affecting 9.78% of the surface. After 90 days, the number of defects decreased
despite further growth in average pit size, suggesting the occurrence of pit coalescence. At
120 days, large merged cavities dominated the surface, with the degraded fraction reaching
13.34%. This morphological evolution from early-stage nucleation to growth and eventual
coalescence reflects the typical pitting corrosion mechanism in high-carbon, high-chromium
tool steels exposed to chloride-rich environments.

The applied methods revealed three distinct stages of the corrosion process: an incu-
bation stage, where the passive film remained largely unchanged, with only isolated pit
occurrences; a stage of pit propagation, which implied growth of existing pits accompanied
by the formation of new ones and breaking of the passive film at the surfaces; and a coales-
cence and acceleration stage, characterized by merging of the already existing pits, leading
to accelerated metal loss, with Cr almost entirely leached from the surface.

3.4. Principal Component Analysis

A set of morphological descriptors, including Area, Diameter yqy, Diameter,,;,,, Diameter yeqn,
Radiusyay, Radius,,y, Radius Ratio, Roundness, Perimeter jjjys., and Perimeter o, was determined
from micrographs processed by Image-Pro Plus 6.0. These parameters quantify the size, shape,
and geometric proportions of the analyzed features, which are pits and defects. As a result of
image analysis measurements, large datasets are generated for each parameter at different
immersion times. To explore relationships among the variables and reduce the complexity of
the obtained multidimensional dataset, Principal Component Analysis (PCA) was applied.
This method transforms correlated variables into a smaller set of independent principal
components (PCs), enabling the identification of key morphological patterns and relationships
among the variables. Namely, it transforms the correlated morphological parameters into
principal components (PCs), which are linear combinations of the original variables. The first
few PCs (e.g., PC1 and PC2) capture the majority of the variance in the data, allowing for
easier interpretation of trends and groupings.

Figures 10 and 11 present the PCA results, visualizing morphological changes in
corrosion defects over immersion times. Figure 10 shows the score plots in the space of
maximal variance of the morphological parameters used to describe corrosion at different
immersion times. Figure 11 presents the loading plots in the PC1-PC2 space of maximal
variance for the same parameters, illustrating their contribution of each morphological
descriptor to the observed trends.

PCA provides insight into the evolution of morphological parameters of corrosion
defects during immersion. Figure 10 presents the score plots in the PC1-PC2 space for
immersion times of 30, 60, 90, and 120 days, with each point representing a sample in
the reduced PCA space. The distribution of scores reveals clear changes in corrosion
morphology over time. At 30 days, the samples form a compact cluster, indicating similar
corrosion patterns and low variability in defect geometry (Stage 1). At 60 and 90 days,
increased dispersion along PC1 reflects greater variability in defect size and shape (Stage 2).
By 120 days, the scores become more dispersed along both PC1 and PC2, indicating
advanced degradation characterized by increased morphological irregularity and surface
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Material S8.
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Figure 10. Score plots in PC space for morphology parameters used to describe corrosion at
(a) 30 days, (b) 60 days, (c) 90 days, and (d) 120 days immersion.
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Figure 11. Loading plots in PC1-PC2-space of maximal variance showing the contribution of
morphology parameters for (a) 30 days, (b) 60 days, (c) 90 days, (d) 120 days of immersion.

The PCA loading plots (Figure 11) reveal a clear evolution of the dominant mor-
phological descriptors with exposure time, based on the relative contribution of each
morphological parameter to the principal components and reflecting the transition between
different corrosion stages. The loading plots indicate how strongly each morphological
descriptor influences PC1 and PC2; parameters located farther from the origin have a
greater impact on the variance captured by the principal components. These plots enable
the identification of morphological descriptors that drive the observed corrosion trends at
each stage, clarifying which parameters are most responsible for these differences.

In the early exposure period (30 and 60 days), the largest proportion of variance
captured by the first principal component (strongly aligned with PC1) was primarily
governed by size-related parameters, including pit Area, Diameter ;;eqp /g, Radiusay, and
Perimeter,jjys.. However, in the early-to-mid-stages (60 days), shape-related descriptors such
as Roundness and Radius Ratio showed a weaker association, mainly with PC2, indicating
the initiation of minor geometric changes. At this stage, corrosion evolution is dominated
by pit growth and expansion, while pit geometry remains relatively consistent. These
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patterns suggest that early corrosion is mainly characterized by an increase in defect size.
Most precisely, early stages may exhibit uniform corrosion with smaller, more regular
features, as reflected in descriptors like Area or Roundness.

With prolonged exposure (90 and 120 days), shape-related descriptors progressively
gain importance in the PCA loadings. At 90 days, the transition was obvious since size
parameters still strongly influence PC1, but Roundness and Radius Ratio showed increased
contributions in PC2, reflecting the importance of complex shape alterations and more
irregular surface morphologies. At 120 days, while Area and Diameter remained significant
in PC1, Roundness and Radius Ratio became highly informative, along with Perimeter Ratio,
indicating coalescence of pits and a loss of regularity. In particular, Roundness and Radius
ratio showed increased contributions, reflecting the development of irregular, elongated,
and interconnected corrosion features caused by pit interaction and coalescence.

Although size-related parameters remain influential, the increasing contribution of
shape-related descriptors indicates a transition from isolated pit growth toward defect
interaction, morphological complexity, and greater surface heterogeneity.

Overall, the PCA results indicate that early corrosion is primarily size-driven, whereas
prolonged exposure promotes shape evolution and pit interaction, consistent with the
observed chromium depletion and accelerated material degradation.

3.5. Mechanism of Corrosion Evolution in 3.5 wt.% NaCl Solution

To elucidate the synergistic mechanism between chromium-rich passive film degra-
dation and Cl~ penetration, the phenomenon can be interpreted through established
electrochemical theories and the relevant literature, which emphasize the critical role of
chloride ions in destabilizing the initially protective surface layer (commonly associated
with CrpO3) and triggering localized corrosion. The electrochemical processes involved,
including the anodic dissolution of metal in the presence of chloride ions, have been ex-
tensively studied and are supported by theories of localized breakdown and repassivation
mechanisms [2,43-46]. These studies explain how chloride ions, due to their aggressive
nature, can penetrate and destabilize the passive oxide layer, initiating corrosion at specific
sites on the steel’s surface.

The corrosion evolution of X210Cr12 tool steel in a chloride-rich environment can be
interpreted through the combined analysis of SEM morphology, EDS elemental trends, mass
loss measurements, and PCA of morphological descriptors. These complementary methods
consistently indicate a transition from initial passive film degradation to pit growth and,
finally, pit coalescence and accelerated corrosion. The electrochemical response of the steel
surface under these conditions can be analyzed through models that describe chloride-
induced local depassivation, followed by the formation of pits that are more active than the
surrounding passive material [45—48].

In the early stage (30-60 days), corrosion is initiated by local breakdown of the
chromium-rich passive film under chloride ion attack. Chloride ions adsorb on the passive
film and promote local depassivation, particularly at microstructural heterogeneities such
as carbide-matrix interfaces and chromium-depleted regions. SEM observations reveal
small, isolated pits, while EDS shows the initial decrease in surface chromium content
accompanied by the appearance of oxygen and chlorine, confirming the beginning of local-
ized corrosion. In this stage, PCA results show that size-related morphological descriptors
dominate the variance captured by PC1, indicating that corrosion is primarily governed
by pit nucleation and dimensional growth, while pit geometry remains relatively regular.
Electrochemical studies have shown that the corrosion current density increases at these
localized sites due to the destabilization of the oxide film, leading to the initiation of pitting
corrosion [39,43]. Figure S8 in Supplementary Material S9 shows a higher-magnification
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SEM image of pit nucleation sites at carbide—matrix interfaces, highlighting early-stage
corrosion features of X210Cr12 tool steel after immersion in 3.5% NaCl solution for 60 days.

With increasing exposure time (around 60-90 days), pit growth accelerates and new
pits continue to nucleate, leading to a higher defect density and increased degraded area.
EDS results demonstrate a pronounced decrease in chromium content and increasing
oxygen concentration, reflecting progressive degradation of the Cr-passive film and the
formation of iron oxides and hydroxides. The presence of chlorine in corroded regions indi-
cates sustained chloride penetration and stabilization of localized anodic dissolution within
pits. PCA reveals the emergence of shape-related descriptors with increased contribution
to PC2, reflecting the beginning of pit shape distortion and growing surface heterogene-
ity. This stage represents the transition from predominantly size-controlled corrosion to
combined size and shape evolution. Electrochemical studies emphasize that chloride ions
not only disrupt the passive film but also facilitate the formation of aggressive localized
microenvironments, where pitting becomes self-sustaining and growth accelerates [49-51].

In the advanced stage (90-120 days), extensive chromium depletion was observed
by EDS, with chromium contents approaching the detection limit, confirming the near-
complete loss of a continuous Cr-protective film. SEM images revealed pronounced pit
coalescence and the formation of large, irregular, and interconnected corrosion cavities.
Thick iron oxide/hydroxide layers dominate the surface, while chloride ions remain present
in active corrosion zones, sustaining localized dissolution and preventing repassivation. In
this stage, PCA showed a strong contribution of shape-related descriptors, indicating that
morphological irregularity, pit interaction, and defect coalescence become the dominant
features of surface degradation. Although size-related parameters remain relevant, the
increasing influence of shape descriptors reflects a shift toward highly heterogeneous
corrosion morphology and accelerated material loss. Electrochemical models suggest
that once the passive film is compromised and pit coalescence occurs, the steel surface
experiences a rapid increase in the corrosion rate, further exacerbated by the interaction
between pits and the continuous chloride ion penetration [52-54].

Overall, the integrated SEM-EDS-PCA demonstrates that corrosion of X210Cr12
tool steel in 3.5% NaCl solution proceeds through three distinct stages: initial surface
degradation and pit nucleation, associated with localized disruption of the protective
surface layer; pit growth and propagation, associated with sustained chloride exposure and
the progressive development of corrosion products; and pit coalescence and acceleration,
characterized by increasing surface damage, interaction between neighboring defects,
and the development of highly irregular corrosion morphologies. A schematic diagram
illustrating the three stages of the corrosion process is shown in Figure 12.

This mechanistic interpretation explains the observed transition in PCA dominance
from size-related descriptors at early stages to shape-related descriptors at advanced
corrosion stages and is consistent with the measured increase in mass loss and the corrosion
rate at prolonged exposure times. The synergistic effect of Cr-rich passive film damage
and chloride ion intrusion can be better understood through electrochemical perspectives,
where chloride-induced depassivation leads to active corrosion sites with increasing surface
heterogeneity and mass loss over time [47,53,54].

It should be emphasized that the identification of specific corrosion-product phases
remains tentative, as it is based solely on EDS elemental trends. Complementary phase-
identification techniques (e.g., XRD, Raman spectroscopy, FTIR, or XPS) would be required
for definitive confirmation. The mechanistic interpretation presented here is therefore
proposed based on the observed surface morphology, elemental composition, and mass-
loss trends. Although electrochemical measurements were not conducted in the present
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study, they are expected to provide quantitative insights into local corrosion rates and
passive film destabilization, and will be the subject of forthcoming investigations.
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Figure 12. A schematic diagram of three corrosion stages.

4. Conclusions

This study investigated the corrosion progression of X210Cr12 tool steel during im-
mersion in a 3.5% NaCl solution representing a marine-like chloride environment, through
the combined application of mass loss measurements, SEM/EDS analysis, quantitative
image analysis, and PCA. The findings revealed progressive surface degradation, with
cumulative mass loss increasing from 0.024 g after 30 days to 0.153 g after 120 days and the
corrosion rate increasing from 0.067 to 0.107 mm/year.

Image analysis revealed three distinct stages of surface degradation: an initial incuba-
tion period dominated by the nucleation of isolated pits, a propagation stage characterized
by the simultaneous nucleation and growth of multiple pits, and a final coalescence stage
where pits merged into large cavities, associated with accelerated metal loss. The degraded
surface fraction area increased from 0.089% at 30 days to 13.34% at 120 days. EDS analysis
showed pronounced depletion of surface chromium and increasing oxygen content in
corroded regions. PCA indicated that size-related descriptors (Area, Diameter yax, Radiusmay,
and Perimeterjj,s.) were dominant indicators at the early stages of corrosion, while shape-
related descriptors (Roundness, Radius Ratio, and Perimeter,,;,) became more significant at
advanced stages.

The integration approach of SEM/EDS, image analysis, and PCA provides a reliable
framework for quantitatively monitoring corrosion-induced surface defects and iden-
tifying morphological descriptors associated with different stages of corrosion. How-
ever, the study was performed in a simplified NaCl environment, and the corrosion-
product phases and electrochemical behavior were not directly characterized. Future
studies will involve real seawater conditions, complementary phase characterization, and
electrochemical measurements.
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