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Abstract

Super duplex stainless steels are widely used in seawater desalination plants due to their
high mechanical strength and excellent corrosion resistance in chloride-rich environments.
However, during reverse osmosis processes, the salinity of the reject stream increases pro-
gressively, generating concentrated brines with concentrations close to 7 wt.% NaCl, which
represent a chloride-rich service environment that may affect passive film stability and
promote localized corrosion. This study investigates the effect of novel La Geria-inspired
microstructures (LGMs) generated by laser surface texturing on the microstructure, mi-
crohardness, and electrochemical behavior of UNS S32750 super duplex stainless steel in
3.5 wt.% and 7.0 wt.% NaCl solutions, simulating seawater and concentrated desalination
brine. Electrochemical results show that textured surfaces exhibit improved corrosion resis-
tance, with more stable corrosion potentials, lower corrosion current densities, and higher
impedance values. Microhardness measurements revealed a homogeneous mechanical
response, confirming that laser texturing does not alter the mechanical integrity of the
material. Microstructural observations showed reduced surface degradation and improved
preservation of the duplex ferrite–austenite structure in textured samples after exposure
to chloride solutions. These findings demonstrate that biomimetic laser surface texturing
enhances corrosion resistance by modifying interfacial conditions and stabilizing the pas-
sive film, providing experimental evidence of the beneficial effect of LGMs in aggressive
desalination environments.

Keywords: super duplex stainless steel; biomimetic surface texturing; corrosion resistance;
electrochemical impedance spectroscopy; chloride environments; seawater desalination

1. Introduction
Limited freshwater availability has become a major concern in many arid and semi-

arid regions around the world. As a consequence, seawater desalination has emerged as
an essential technological solution for securing reliable drinking water supplies where
conventional freshwater resources are insufficient [1–3]. Reverse osmosis is currently the
most widely implemented desalination method due to its efficiency and scalability [4,5].
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Natural seawater typically exhibits a salinity close to that represented by a 3.5 wt.%
NaCl solution [6,7]. During desalination operations, dissolved salts accumulate in the
concentrate stream, producing brines that may reach salinities close to 7.0 wt.% NaCl.
These concentrated brines represent a service environment commonly encountered in
reverse osmosis desalination plants and differ from natural seawater in terms of electrolyte
composition, ionic strength, dissolved oxygen availability, and mass transport conditions.
Consequently, they provide a representative environment for evaluating the electrochemical
performance of structural materials used in desalination facilities rather than representing
a universally more aggressive electrolyte. In addition, operating temperatures, typically
in the range of 22–24 ◦C, may further promote electrochemical processes associated with
metallic degradation [8].

Owing to their favorable balance between mechanical performance and corrosion
resistance, duplex and super duplex stainless steels are among the preferred structural ma-
terials for desalination facilities operating in chloride-rich environments [9–12]. However,
the specific electrochemical conditions associated with concentrated desalination brines
and the need for enhanced durability have driven interest in improving their corrosion
performance [13,14].

The excellent corrosion performance of super duplex stainless steels originates from
their ferrite–austenite dual-phase microstructure together with elevated concentrations of
chromium, molybdenum, and nitrogen, which provide enhanced resistance to localized
corrosion, particularly in chloride-rich environments [15–17]. This duplex microstructure
contributes to improved mechanical properties as well as increased resistance to pitting and
stress corrosion cracking under high chloride concentrations [18,19]. The high resistance
to localized corrosion of super duplex stainless steels is commonly associated with their
elevated pitting resistance equivalent number (PREN), which depends primarily on the
content of chromium, molybdenum, and nitrogen [16,20]. For super duplex grades, PREN
values typically exceed 40, conferring excellent resistance to pitting corrosion in aggressive
chloride environments [17].

Considerable research efforts have recently focused on surface engineering approaches
aimed at enhancing the durability of metallic materials operating under chloride-rich ser-
vice conditions [21–23]. Among these approaches, biomimetic surface design has attracted
increasing attention due to its ability to modify interfacial phenomena such as electrolyte
distribution and passive film stability [24,25].

Within this context, nature-inspired surface geometries represent an attractive strategy
for modifying local electrolyte distribution and interfacial electrochemical conditions.
Among them, the characteristic morphology of the vineyards of La Geria (Lanzarote,
Canary Islands, Spain) provides an interesting example of a natural structure capable of
influencing local flow patterns and mass transport processes. This effect is associated
with changes in mass transport, flow dynamics, and passive film stability induced by
controlled surface topographies. Figure 1 illustrates the typical operational environment of
the present study.

Within this context, the morphology of the vineyards of La Geria represents an attrac-
tive example of a nature-inspired geometry capable of influencing local flow distribution
and mass transport processes. Although originally developed as an agricultural adapta-
tion to arid and windy volcanic environments, the characteristic crescent-shaped stone
enclosures modify local wind patterns and create protected microenvironments around
individual vines [26–28]. In surface engineering applications, the controlled generation of
analogous crescent-shaped geometries through laser surface texturing may modify elec-
trolyte distribution over metallic surfaces, reduce the formation of stagnant zones, and
contribute to passive film stabilization [22,29–31].
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Figure 1. (a) Reverse osmosis desalination unit equipped with super duplex stainless steel compo-
nents. (b) General view of the C9 desalination plant (Gran Canaria, Spain), representative of the
operating conditions considered in this study.

Although super duplex stainless steels exhibit excellent intrinsic resistance to local-
ized corrosion, their performance can be significantly affected under highly concentrated
chloride conditions typical of desalination brines. While laser surface texturing has been ex-
plored as a strategy to improve corrosion resistance, the specific role of biomimetic surface
geometries in modifying local electrochemical conditions remains unclear. In particular,
there is a lack of systematic studies linking surface-induced hydrodynamic effects with pas-
sive film stability and dissolution kinetics under realistic desalination conditions [22,32,33].

In this context, the aim of the present study is to analyze the influence of biomimetic
surface texturing inspired by La Geria vineyard morphology on the corrosion behavior of
super duplex stainless steel in a chloride-rich environment. To this end, textured and non-
textured surfaces are compared using electrochemical techniques in 3.5 wt.% and 7.0 wt.%
NaCl solutions, simulating seawater and concentrated desalination brine, respectively.

The working hypothesis is that La Geria-inspired microstructures (LGMs) modify local
electrolyte distribution, thereby enhancing passive film stability, increasing charge-transfer
resistance, and reducing dissolution kinetics.
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2. Materials and Methods
2.1. Material

The material used in this study was a commercially UNS S32750 grade super duplex
stainless steel (Acerinox S.A., Los Barrios, Cádiz, Spain), widely employed in marine ap-
plications and seawater desalination infrastructures due to its high mechanical strength
and excellent corrosion resistance in chloride-rich environments [10,15]. The chemical
composition of the material was determined by X-ray fluorescence (XRF) using a handheld
analyzer (Oxford Instruments X-MET7000 eXpress, Abingdon, UK) in order to verify its
correspondence with the nominal composition of super duplex stainless steel.

Samples were sectioned from the base material using a precision cutting machine
(Buehler IsoMet 4000, Chicago, IL, USA) under low-speed conditions with continuous
water cooling to prevent thermal damage. The specimens were subsequently mounted
in epoxy resin using a hot mounting press (Remet IPA 30 Evolution, Bologna, Italy) to
facilitate handling and define the exposed working area.

Surface preparation was carried out using a Struers TegraPol-11 polishing machine
(Copenhagen, Denmark). The samples were progressively ground using SiC abrasive
papers with grit sizes of 320, 600, 800, 1200, and 2400, followed by mechanical polishing
with diamond suspensions of 6 µm and 3 µm and a final polishing step using 1 µm alumina
suspension to obtain a mirror-like surface finish. Between each preparation step, the
samples were thoroughly rinsed with distilled water to remove debris.

Prior to electrochemical testing, the samples were rinsed with distilled water and
allowed to air-dry under laboratory conditions. The exposed area of the working elec-
trode was approximately 0.803 cm2 for the non-textured sample and 0.810 cm2 for the
textured sample, as defined by the epoxy resin encapsulation. All surface preparation steps
were carried out under controlled laboratory conditions to ensure reproducibility of the
electrochemical measurements.

The detailed chemical composition of the investigated UNS S32750 alloy, determined
by X-ray fluorescence (XRF), is presented in Section 3.1.

2.2. Surface Texturing

Biomimetic surface texturing was carried out using laser surface texturing (LST)
technology with the aim of generating crescent-shaped microstructures inspired by the
morphology of La Geria vineyard structures. This geometric pattern was designed to
reproduce the characteristic shape of these natural structures, which are known for their
ability to modify the interaction between solid surfaces and fluid flow [26–28].

In this study, two surface conditions were evaluated:

(a) Non-textured surface, used as the reference condition.
(b) Textured surface, characterized by a regular distribution of crescent-shaped mi-

crostructures generated by laser processing.

The texturing process was controlled to avoid significant alterations in the microstruc-
ture or mechanical properties of the base material.

Texturing Inspired by La Geria Vineyard Morphology

The design of the surface texturing pattern was inspired by the characteristic mor-
phology of the vineyards of La Geria (Lanzarote, Canary Islands, Spain), a traditional
agricultural system developed in volcanic environments and internationally recognized
for its adaptation to arid and windy conditions [26–28]. As illustrated in Figure 2, this
cultivation system consists of semicircular stone enclosures surrounding individual vines,
creating a regular distribution of crescent-shaped structures across the terrain.
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Figure 2. (a,b) Traditional cultivation structures characteristic of the La Geria region (Lanzarote,
Spain), used as the natural inspiration for the biomimetic design. Images by the author. (c) Repre-
sentative macroscopic photograph of the laser-textured UNS S32750 surface showing the periodic
arrangement of the La Geria-inspired microstructures (LGMs) generated by laser surface texturing.

These structures were originally designed to protect vines from prevailing winds,
improve moisture retention, and generate favorable local microenvironmental conditions
in the volcanic soils of Lanzarote [26–28]. Their geometry modifies local flow patterns
and influences the interaction between the protected central region and the surrounding
environment. Consequently, they provide an attractive nature-inspired model for surface
engineering applications, where local transport phenomena and fluid–surface interactions
may significantly affect functional performance.

The laser-generated surface features investigated in this study are hereafter referred
to as La Geria-inspired microstructures (LGMs). The present approach is considered
biomimetic because it does not merely reproduce the visual appearance of the La Geria
vineyard structures but rather translates their functional geometrical concept into an
engineered metallic surface. Similar to the original agricultural structures, which modify
local wind flow and create protected microenvironments around individual vines, the laser-
generated crescent-shaped microstructures were designed to influence local electrolyte
distribution and mass transport at the metal–electrolyte interface. Thus, the biomimetic
concept adopted in this work is based on functional analogy rather than on direct geometric
replication alone.

The replication of this type of morphology on metallic surfaces was proposed as
a nature-inspired surface engineering strategy. The La Geria-inspired microstructures
(LGMs) generated by laser surface texturing were designed to reproduce the characteristic
crescent-shaped geometry of the vineyard enclosures, with the aim of modifying electrolyte
distribution over the metallic surface and reducing the formation of stagnant fluid regions.

This type of surface geometry can influence the local hydrodynamics of the electrolyte
and the distribution of electrochemically active species, such as chloride ions present in
saline solutions. In particular, the presence of crescent-shaped structures may generate local
flow gradients and promote electrolyte renewal processes at the metal–solution interface.
As a result, La Geria-inspired microstructures may contribute to a more homogeneous
electrolyte distribution and modify the stability of the passive film formed on the material
surface [12,20,34].

In the present study, these microstructures were produced by laser surface texturing
on super duplex stainless steel, resulting in a regular distribution of La Geria-inspired
microstructures (LGMs). The objective of this surface modification was to evaluate its
influence on the electrochemical behavior of the material in NaCl solutions representative
of seawater (3.5 wt.%) and concentrated desalination brine (7.0 wt.%).

https://doi.org/10.3390/eng7080404

https://doi.org/10.3390/eng7080404


Eng 2026, 7, 404 6 of 20

The nature-inspired surface texturing was carried out using a fiber laser system
(Lansen LS30F, Qingdao, China) operating under laser ablation conditions. The process
was performed with a scanning speed of 500 mm/s and a laser power of 15 W, generating
microstructured features with a characteristic width of approximately 90 µm. This tech-
nique enables controlled material removal through localized thermal interaction, producing
well-defined and reproducible surface geometries.

2.3. Microhardness Measurements

Vickers microhardness measurements were performed in accordance with ASTM E384-
22 [35] using a microhardness tester (Future Tech FM-810, Kawasaki, Japan) to evaluate the
mechanical behavior of the material. The tests were carried out using applied loads of 5, 25,
50, and 100 gf, with a dwell time of 15 s.

For each load condition, ten indentations were performed, and the average values
along with the corresponding standard deviations were calculated. Statistical analysis of
the results was carried out using one-way analysis of variance (ANOVA) to evaluate the
effect of the applied load, followed by post hoc multiple comparisons using the Bonferroni
correction method.

2.4. Electrochemical Testing

Electrochemical measurements were carried out using a conventional three-electrode
electrochemical cell connected to a potentiostat (Bio-Logic SP-150, Seyssinet-Pariset, France).
The sample served as the working electrode, while a platinum electrode and a saturated
calomel electrode (SCE) were used as the counter and reference electrodes, respectively,
following ISO 10271:2020 [36]. The tests were carried out in aqueous sodium chloride solu-
tions with concentrations of 3.5 wt.% and 7.0 wt.%, simulating seawater and concentrated
desalination brine, respectively.

For OCP measurements, the “Ecorr vs. Time” method in EC-Lab software V. 9.55 was
applied over 24 h. Potentials were recorded at 120 s intervals or upon changes exceeding
100 mV until stabilization was achieved. Results are presented as potential-time curves.

A linear polarization test was conducted with a scan rate of 0.166 mV/s within a
potential range of ±25 mV relative to OCP, and data were recorded every 0.5 s. Then,
generalized corrosion analysis was carried out over a potential range from −0.7 V vs. SCE
to +0.5 V vs. OCP at a scan rate of 10 mV·min−1. The corrosion current density (icorr) was
determined by Tafel extrapolation (“Tafel fit”) and the corresponding corrosion rate was
calculated according to ASTM G102-23 [37]). Additionally, the polarization resistance (Rpol)
was calculated using the “Rp fit” method.

Finally, electrochemical impedance spectroscopy (EIS) measurements were carried out
over the frequency range from 200 kHz to 100 mHz using a 0 V perturbation relative to the
open-circuit potential (OCP). The measurements followed the procedures outlined in ISO
16773-1:2016 [38] and the resulting impedance spectra are presented as Nyquist and Bode
plots. Equivalent circuit (EC) models were employed to fit the experimental spectra.

Experimental data were fitted using ZSimpWin V.3.60 software with an equivalent
circuit. The quality of the fitting was evaluated using the chi-square (χ2) parameter.

All electrochemical measurements were carried out under controlled laboratory condi-
tions at 22 ± 2 ◦C to ensure stable experimental conditions and reproducibility of the results.

2.5. Surface Characterization

After electrochemical testing, the sample surfaces were examined using an optical
microscope (Axio Vert.A1 MAT ZEISS, Jena, Germany) under different conditions, namely
before electrochemical testing, after exposure to a 3.5 wt.% NaCl solution, after exposure
to a 7.0 wt.% NaCl solution, and after chemical etching with V2A reagent, in order to
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identify possible corrosion attack mechanisms, evaluate microstructural changes induced
by exposure to a saline environment, and reveal the microstructure of the samples. The
V2A reagent consisted of a solution containing 100 mL of hydrochloric acid (HCl), 100 mL
of nitric acid (HNO3), and 100 mL of distilled water, commonly used for metallographic
etching of austenitic and duplex stainless steels.

The chemical etching was performed at 60 ◦C for 1.5 min, after which the samples
were immediately rinsed with distilled water to stop the etching reaction, then cleaned
with alcohol, and finally air-dried under laboratory conditions.

3. Results and Discussion
The results presented in this section were obtained from the Supplementary Materials

section.

3.1. Chemical Composition

The XRF characterization confirmed that the studied material corresponds to a super
duplex stainless steel of UNS S32750 grade. As shown in Figure 3, the alloy exhibits high Cr
and Mo contents, which are key elements for the formation and stability of the protective
passive film in chloride-rich environments.

Figure 3. Chemical composition (in wt.%) of the UNS S32750 super duplex stainless steel determined
by XRF.

These alloying elements play a critical role in enhancing resistance to localized cor-
rosion, particularly pitting corrosion and stress corrosion cracking, under high chloride
concentrations. The presence of Mo is especially relevant for improving pitting resistance,
while Cr contributes to the formation of a stable and protective passive oxide layer.

3.2. Microhardness

The Vickers microhardness values obtained under different applied loads are pre-
sented in Figure 4. The results show a load-dependent hardness response, with moderate
variations among the different applied loads. Although the average hardness values vary
significantly with indentation load, they remain within the characteristic hardness range
reported for UNS S32750 super duplex stainless steel, indicating that the laser surface tex-
turing process did not produce substantial changes in the intrinsic mechanical properties
of the material.

https://doi.org/10.3390/eng7080404
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Figure 4. Vickers microhardness values obtained at different applied loads (5, 25, 50 and 100 gf) of
the super duplex (SD) material.

In order to evaluate the effect of the applied load on the measured values, a one-
way analysis of variance (ANOVA) was performed. The results confirmed a statistically
significant effect of the applied load on microhardness values (F (3.36) = 87.16, p < 0.001).
Although statistically significant differences were detected between the mean hardness
values, their absolute magnitude remained relatively small, and all measurements fell
within the expected hardness range for super duplex stainless steel. Therefore, the observed
variations should be interpreted as load-dependent rather than as evidence of changes in
the intrinsic mechanical behavior of the material, as shown in Table 1.

Table 1. One-way ANOVA results evaluating the effect of applied load on Vickers microhardness
measurements.

Source SS df MS F p-Value

Between groups 37,625.67 3.00 12,541.89 87.16 <0.001
Within groups 5180.10 36.00 143.89

Total 42,805.77 39.00
Note. SS = sum of squares; df = degrees of freedom; MS = mean square; F = Fisher’s F-statistic; p-value =
probability associated with the F-test.

Multiple comparisons using Bonferroni correction (see Table 2) revealed significant
differences between most load conditions. However, no statistically significant differences
were observed between 50 gf and 100 gf (p = 0.089), suggesting that the influence of the
indentation size effect (ISE) decreases at higher loads.

Overall, these results indicate that increasing the applied load reduces the influence
of the indentation size effect, while the measured hardness values remain within the
characteristic range of the alloy. These results suggest that the laser surface texturing
process did not produce significant alterations in the mechanical properties or in the
microstructural integrity of the material.

This behavior is primarily associated with the well-known indentation size effect
(ISE), a common phenomenon in microhardness testing at low loads. However, local
microstructural heterogeneity related to the ferrite–austenite phase distribution, together
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with the random position of the indentation relative to the two phases, may also contribute
to the measured hardness variability [12,39].

Table 2. Pairwise comparisons using Bonferroni correction.

Comparison p-Value Result

5 gf vs. 25 gf 4.59 × 10−6 Significant
5 gf vs. 50 gf 1.90 × 10−8 Significant
5 gf vs. 100 gf 1.25 × 10−8 Significant
25 gf vs. 50 gf 2.31 × 10−5 Significant

25 gf vs. 100 gf 7.56 × 10−7 Significant
50 gf vs. 100 gf 8.97 × 10−2 Not significant

Furthermore, despite the load-dependent variations observed, the hardness values
remained within the expected range for UNS S32750 super duplex stainless steel, indicating
that the laser surface texturing process did not generate heat-affected zones capable of
significantly modifying the intrinsic mechanical properties of the material. This observation
is particularly relevant because it indicates that the differences observed in corrosion
behavior are primarily associated with surface topography modification rather than with
changes in the intrinsic mechanical properties of the base material.

It should also be noted that the present microhardness measurements do not provide
direct evidence that laser surface texturing modified the intrinsic mechanical properties of
the substrate. The observed hardness variability is primarily associated with the indentation
size effect and local microstructural heterogeneity, whereas the measured hardness values
remain within the characteristic range reported for UNS S32750 super duplex stainless steel.
Consequently, the present results do not support the existence of significant laser-induced
mechanical degradation under the selected processing conditions.

The ANOVA results revealed a statistically significant effect of the applied load on
Vickers microhardness measurements (F = 87.16, p < 0.001), indicating that the measured
hardness values varied significantly with indentation load.

3.3. Electrochemical Testing

An estimation of the alloy susceptibility to localized corrosion was obtained through
the pitting resistance equivalent number (PREN). The calculated value, close to 41 (Table 3),
places the investigated material within the range commonly associated with super duplex
stainless steels. Such a value reflects the combined contribution of chromium, molybdenum,
and nitrogen to passive film stability and provides a useful reference for interpreting the
electrochemical response obtained in chloride-containing media.

Table 3. Calculation of the pitting resistance equivalent number (PREN) based on the chemical
composition of the UNS S32750 super duplex stainless steel.

Element Content (wt.%) PREN Factor Contribution

Cr 25.62 1.0 25.62
Mo 3.33 3.5 10.99
N 0.27 16.0 4.32

Total 40.93
Note. The N content was estimated based on typical values reported in the literature for UNS S32750 super duplex
stainless steel, as N cannot be reliably determined by X-ray fluorescence analysis.

The high chromium content promotes the formation of a chromium-rich passive
oxide layer that protects the material against general corrosion. In turn, molybdenum
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enhances resistance to localized corrosion, particularly in environments with high chloride
concentrations. In addition, the presence of nitrogen in super duplex stainless steels
significantly contributes to improving resistance to localized corrosion under aggressive
chloride conditions. These characteristics make super duplex stainless steels widely used
in marine applications and seawater desalination facilities [40].

The obtained chemical composition is consistent with that of typical super duplex
stainless steels used in structural components exposed to highly aggressive environments,
such as pipelines, pumps, and fluid transport systems in desalination plants. Based on
the chemical composition determined by XRF, the theoretical density of the alloy was
estimated using the rule of mixtures, considering the densities of the constituent elements.
The calculated value was approximately 7.92 g·cm−3, which agrees with typical values
reported for UNS S32750 super duplex stainless steels, generally ranging between 7.8 and
8.0 g·cm−3.

The pitting resistance equivalent number (PREN) was calculated from the chemical
composition using the following expression:

PREN = %Cr + 3.3 × %Mo + 16 × %N (1)

The obtained PREN value (40.93), approximately 41, confirms the high resistance of the
material to localized corrosion in chloride-rich environments, as expected for super duplex
stainless steels. The obtained PREN value is consistent with the high corrosion resistance
generally reported for UNS S32750 super duplex stainless steels exposed to chloride-
containing environments. The relationship between alloy chemistry and the electrochemical
behavior observed in the present work is discussed in the following sections.

3.3.1. Evolution of the Open-Circuit Potential (OCP)

As seen in Figure 5, the evolution of the corrosion potential of each sample was
monitored over 24 h in 3.5% and 7.0% NaCl solutions. In this case, the electrochemical
stability of the surface during exposure is shown by the temporal fluctuation of Ecorr.

Figure 5. Evolution of the OCP over 24 h of immersion for textured and non-textured super duplex
stainless steel surfaces in NaCl solutions: (a) 3.5 wt.% and (b) 7.0 wt.%.

The non-textured and textured samples’ corrosion potential varied depending on
the environments. During the first three hours of immersion at 3.5% NaCl, the Ecorr of
the non-textured sample increases rapidly and then shows a gradual decrease over time,
whereas the textured sample shifts towards less negative values. This behavior continues
throughout the rest of the test.

However, both samples exhibited similar responses during the 24 h immersion period
in a 7.0% NaCl solution, as their Ecorr tended to increase until it stabilized.

https://doi.org/10.3390/eng7080404
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In both electrolytes, the textured surfaces exhibited a comparatively stable OCP evo-
lution. However, the final potential values depended on NaCl concentration. In 3.5 wt.%
NaCl, the textured condition showed a slightly more negative corrosion potential than
the non-textured condition, whereas in 7.0 wt.% NaCl, the textured condition exhibited a
more positive potential. These relatively small potential shifts indicate that laser texturing
modifies the balance between the anodic and cathodic interfacial reactions. Nevertheless,
the corrosion potential alone does not provide a direct measure of the corrosion rate and
must be interpreted together with the corrosion current density and polarization resistance.

3.3.2. Polarization and Potentiodynamic Curves

The linear polarization curves obtained for both surface conditions in the two NaCl
solutions are presented in Figure 6, and the corresponding polarization resistance values
are summarized in Table 4. Laser texturing produced relatively small shifts in the elec-
trochemical potential but more evident changes in polarization resistance. In 3.5 wt.%
NaCl, the textured surface exhibited a slightly more negative corrosion potential than
the non-textured surface. This shift does not necessarily indicate a higher corrosion rate,
because the corrosion potential represents the mixed potential established by the balance
between anodic metal dissolution and cathodic reactions. Therefore, its interpretation
must be supported by kinetic parameters such as corrosion current density and polariza-
tion resistance.

Figure 6. Linear polarization curves obtained for textured and non-textured super duplex stainless
steel surfaces in NaCl solutions: (a) 3.5 wt.% and (b) 7.0 wt.%.

Table 4. Polarization resistance values obtained from linear polarization measurements for non-
textured and laser-textured UNS S32750 super duplex stainless steel surfaces exposed to 3.5 wt.%
and 7.0 wt.% NaCl solutions.

Surface Condition NaCl (wt.%) Polarization Resistance, Rpol (Ω·cm2)

Non-textured 3.5 5.20 × 106

Textured 3.5 2.53 × 106

Non-textured 7.0 3.60 × 106

Textured 7.0 3.30 × 106

The lower corrosion current density subsequently obtained for the textured surface in
3.5 wt.% NaCl indicates that, despite the slightly more negative corrosion potential, the
overall corrosion kinetics were reduced. The potential displacement may be associated
with laser-induced changes in surface condition, active area, roughness, and the relative
kinetics of the anodic and cathodic reactions at the metal–electrolyte interface.

The linear polarization results show that the textured surface exhibited lower Rpol

values than the non-textured surface, particularly in 3.5 wt.% NaCl. Therefore, the effect of
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texturing was not uniformly beneficial for all electrochemical indicators, and the decrease
in icorr obtained by Tafel analysis should be interpreted together with the independently
measured polarization resistance.

The potentiodynamic curves obtained for both surface conditions are presented in
Figure 7. The curves exhibit a typical passivation behavior characteristic of stainless steels
in chloride-containing environments. In both cases, a relatively stable passive region is ob-
served. Nevertheless, the textured surfaces show slightly lower anodic currents, indicating
enhanced electrochemical stability. The electrochemical parameters derived from the poten-
tiodynamic polarization curves are summarized in Table 5. In general, the textured surfaces
exhibited slightly lower corrosion current density (icorr) values than the non-textured sur-
faces, suggesting a tendency toward reduced corrosion kinetics. This tendency was more
evident in the 3.5 wt.% NaCl solution, representative of natural seawater. However, the
differences in Ecorr, icorr, and Tafel slopes were relatively moderate, indicating that the
polarization curves alone do not provide conclusive evidence of the effect of laser surface
texturing. Therefore, these results should be interpreted together with the complementary
electrochemical analyses, particularly the EIS measurements, which provide additional
information on passive film stability and charge-transfer processes.

Figure 7. Potentiodynamic curves obtained for textured and non-textured super duplex stainless
steel surfaces in NaCl solutions: (a) 3.5 wt.% and (b) 7.0 wt.%.

Table 5. Electrochemical parameters derived from polarization curves for textured and non-textured
super duplex stainless steel surfaces in NaCl solutions.

Surface
Condition

NaCl
(wt.%)

Ecorr (mV
vs. SCE)

icorr
(µA/cm2) βc (mV) βa (mV) CR

(mm·year−1) Rpol (Ω)

Non-textured 3.50 −269.49 0.039 82.7 272.0 4.83 × 10−4 5.2 × 106

Textured 3.50 −273.66 0.016 62.0 120.3 1.96 × 10−4 2.53 × 106

Non-textured 7.00 −280.91 0.058 99.4 304.8 7.19 × 10−4 3.6 × 106

Textured 7.00 −273.25 0.056 94.8 303.3 6.88 × 10−4 3.3 × 106

The equivalent weight of each sample to calculate the corrosion rate (CR) was esti-
mated according to ASTM G102-23 using the following expression:

W =
1

∑ (ni· fi / Wi)
(2)

where fi represents the mass fraction, Wi is the atomic weight, and ni is the assumed valence
of each element. By considering the principal alloying elements with contents greater than
1 wt.%, an equivalent weight of 24.1 g·equiv−1 was obtained.
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The electrochemical parameters obtained from Tafel extrapolation are fully consistent
with the trends observed in the polarization curves. For the 3.5 wt.% NaCl solution, laser
texturing reduced the corrosion rate from 4.83 × 10−4 to 1.96 × 10−4 mm·year−1. Under the
7.0 wt.% NaCl condition, the reduction was less pronounced, decreasing from 7.19 × 10−4

to 6.88 × 10−4 mm·year−1. In all cases, the measured corrosion rates remained within the
10−4 mm·year−1 range, confirming the outstanding corrosion resistance of UNS S32750
super duplex stainless steel. Previous studies on 18Mn-18Cr austenitic stainless steel
in 3.5 wt.% NaCl reported corrosion current densities of approximately 0.06 µA·cm−2 at
25 ◦C, increasing significantly with temperature, whereas the present textured super duplex
sample showed a lower icorr value of 0.016 µA·cm−2 under comparable room-temperature
chloride conditions. Recent work on 304 and S31254 stainless steels in 3.5 wt.% NaCl
also demonstrated that higher-alloyed stainless steels exhibit lower corrosion currents and
improved passive film stability than conventional 304 stainless steel, supporting the trend
observed here for the super duplex alloy [23]. Overall, these comparisons indicate that the
corrosion performance obtained in the present work is consistent with the high PREN value
of the investigated alloy. The results further suggest that the biomimetic laser-textured
surface contributes to maintaining passive film stability under chloride-rich conditions.

This difference can be attributed to the changes in electrolyte composition associated
with the concentrated NaCl solution, which may influence passive film stability, dissolved
oxygen availability, and interfacial electrochemical conditions. Under these conditions,
the beneficial effect of surface texturing is partially limited, although the textured surfaces
consistently exhibited improved corrosion resistance, indicating that the biomimetic geom-
etry continues to promote a more uniform electrolyte distribution and to mitigate localized
electrochemical activity.

Changes in the electrochemical reaction are also reflected in Tafel slopes. The textured
sample exhibits lower anodic and cathodic slopes (βa and βc, respectively) at 3.5 and 7.0%
NaCl than the non-textured sample, indicating that the anodic and cathodic branches of
the potentiodynamic curves behave differently.

These results suggest that the effectiveness of the biomimetic surface is dependent on
the severity of the corrosive environment, remaining significant under moderate conditions
and still beneficial, although reduced, under highly aggressive chloride concentrations.

The differences observed in the polarization curves were relatively moderate, partic-
ularly with respect to the corrosion potential and Tafel slopes. Therefore, the corrosion
behavior was not interpreted exclusively from the polarization measurements. Electro-
chemical impedance spectroscopy (EIS) was employed as a complementary technique
to further evaluate the passive film characteristics and charge-transfer processes. The
EIS results, discussed in the following section, confirmed the improved electrochemical
performance of the textured surfaces by showing higher impedance values and increased
charge-transfer resistance. Consequently, the conclusions of the present study are based on
the combined interpretation of OCP, linear polarization, potentiodynamic polarization, and
EIS measurements.

3.3.3. Electrochemical Impedance Spectroscopy (EIS)

The electrochemical impedance spectra are presented in Figures 8 and 9 in the form of
Nyquist and Bode plots, respectively.

Compared with the non-textured condition, the laser-textured surfaces exhibited
slightly larger capacitive loops and moderately higher impedance responses in the Nyquist
representation. The differences were more evident in the 3.5 wt.% NaCl solution, whereas
both surface conditions displayed very similar responses in the 7.0 wt.% NaCl solution.

https://doi.org/10.3390/eng7080404

https://doi.org/10.3390/eng7080404


Eng 2026, 7, 404 14 of 20

These observations indicate that the influence of laser surface texturing on the global
electrochemical response was moderate and depended on the electrolyte composition.

Figure 8. Nyquist plots obtained by EIS for textured and non-textured super duplex stainless steel
surfaces in NaCl solutions: (a) 3.5 wt.% and (b) 7.0 wt.%.

Figure 9. Bode plots obtained by EIS for textured and non-textured super duplex stainless steel
surfaces in NaCl solutions: (a) 3.5 wt.% and (b) 7.0 wt.%.

Although the qualitative differences observed in the Nyquist plots were relatively
small, particularly under the 7.0 wt.% NaCl condition, the impedance spectra remained
consistent with the equivalent-circuit fitting results, which showed slightly higher charge-
transfer resistance values for the textured surfaces. Consequently, the electrochemical
behavior was interpreted considering both the experimental spectra and the quantitative
fitting parameters rather than the graphical appearance of the Nyquist plots alone.

Furthermore, Bode diagrams are represented by the impedance modulus (|Z|) and
phase angle as a function of frequency.

From high frequencies to low frequencies, it can be seen that under both conditions
(3.5% and 7.0% NaCl solutions), the behavior of the curves showing absolute impedance
values is similar, with maximum impedance values for the textured sample. However, the
maximum phase angles were obtained by the non-textured sample (approximately 85◦),
while the textured sample obtained values between 70 and 75◦ in both solutions.

The Bode plots showed only modest differences between textured and non-textured
surfaces. The increase in low-frequency impedance was more noticeable in the 3.5 wt.%
NaCl solution, whereas both surface conditions exhibited very similar impedance modulus
and phase-angle responses in the 7.0 wt.% NaCl solution. Therefore, the qualitative Bode
plots alone do not provide conclusive evidence of the effect of laser surface texturing and
should be interpreted together with the equivalent-circuit fitting parameters.
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After the corrosion test, both Nyquist and Bode plots show a general decrease in
impedance values, indicating a certain degradation of the passive film due to exposure to
the corrosive environment. Nevertheless, the textured surfaces maintain higher impedance
values compared to the non-textured surfaces, suggesting enhanced electrochemical stabil-
ity even after exposure to highly concentrated chloride solutions.

The electrochemical behavior of the samples was fitted using an electrical equivalent
circuit of the R(QR) type. The use of a constant phase element (CPE) instead of an ideal ca-
pacitor accounts for surface heterogeneity and interfacial roughness at the metal–electrolyte
interface, particularly in textured surfaces, leading to deviations from ideal capacitive
behavior [41].

In this model, R1 represents the solution resistance, Q2 corresponds to the CPE as-
sociated with the non-ideal capacitive behavior of the metal–electrolyte interface, and R2

represents the charge-transfer resistance related to the corrosion process (see Figure 10).
Since the corrosion current density is inversely proportional to the charge-transfer resis-
tance, the increase in R2 observed for the textured surfaces confirms a reduction in corrosion
kinetics and an overall improvement in the electrochemical performance of the material.

Figure 10. R(QR) equivalent circuit used to fit the electrochemical impedance spectra.

The electrochemical parameters obtained from fitting the R(QR) equivalent circuit are
presented in Table 6. The textured surfaces exhibit higher resistance values associated with
the passive film, indicating improved electrochemical stability and enhanced resistance to
corrosive attack. These results are consistent with the Nyquist and Bode plots, as well as
with the reduction in corrosion current density observed in the polarization measurements.

Table 6. Electrochemical parameters obtained from fitting the R(QR) equivalent circuit for textured
and non-textured super duplex stainless steel surfaces in NaCl solutions. Charge-transfer resistance
(R2), constant phase element parameters (Q2, n2), and fitting quality parameter (χ2) are included.

Surface Condition NaCl (wt.%) R2 (Ω·cm2) Q2 (S·sn·cm−2) CPE Exponent (n2) χ2

Non-textured 3.50 2.09 × 106 2.26 × 10−5 0.92 2.42 × 10−4

Textured 3.50 2.22 × 106 9.88 × 10−6 0.74 1.67 × 10−3

Non-textured 7.00 8.69 × 105 2.37 × 10−5 0.91 7.96 × 10−3

Textured 7.00 9.01 × 105 1.65 × 10−5 0.85 6.07 × 10−3

This behavior agrees with polarization results, where the textured surfaces showed
lower corrosion current densities. Since corrosion current density is inversely related
to charge-transfer resistance, the increase in R2 further confirms the improved corrosion
resistance of the textured surfaces.
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In the 3.5 wt.% NaCl solution, the textured surface exhibited an increase of approx-
imately 6% in charge-transfer resistance (R2) compared to the non-textured surface. In
7.0 wt.% NaCl, the increase was approximately 4%, indicating a moderate improvement in
corrosion resistance associated with surface texturing.

Overall, the results obtained from OCP, polarization measurements, and electrochemi-
cal impedance spectroscopy indicate that biomimetic surface texturing modifies the surface
topography and produces a moderate improvement in the electrochemical response of
the material. The effect was more evident in the 3.5 wt.% NaCl solution, whereas smaller
differences were observed in the 7.0 wt.% NaCl solution.

The crescent-shaped La Geria-inspired microstructures (LGMs) may promote a more
homogeneous electrolyte distribution over the metallic surface and reduce the formation of
stagnant regions. Consequently, the electrochemical response is consistent with a modest
improvement in passive film performance and a reduced tendency for localized corrosion
initiation. However, this interpretation is based on the combined analysis of the elec-
trochemical measurements and the equivalent-circuit fitting results rather than on any
individual electrochemical technique alone.

The PREN value (~41), characteristic of super duplex stainless steels, is consistent with
the high corrosion resistance observed experimentally, reflected in low corrosion current
densities and high charge-transfer resistance (R2). In this context, the results indicate that,
while chemical composition governs the intrinsic resistance of the material to localized
corrosion, biomimetic surface texturing provides an additional contribution by optimizing
the electrochemical conditions at the metal–electrolyte interface.

This behavior highlights a synergistic effect between alloy composition and surface
modification in enhancing corrosion resistance in chloride-rich environments. While the
high alloying content governs the intrinsic resistance of the material to localized corrosion,
the biomimetic surface texturing modifies the local electrochemical environment at the
metal–electrolyte interface. In particular, the textured geometry promotes a more uniform
electrolyte distribution and reduces localized accumulation of aggressive species, thereby
contributing to improved passive film stability. Consequently, the observed improvement
cannot be attributed solely to geometric factors but also to the electrochemical stabilization
of the passive layer induced by modified interfacial conditions.

3.4. Surface Analysis

The microstructural analysis performed by optical microscopy is presented in Figure 11.
Observations carried out before and after electrochemical testing reveal clear differences
between textured and non-textured surfaces.

The optical micrographs reveal differences in surface condition after exposure to the
two NaCl concentrations, although no substantial modification of the underlying ferrite–
austenite morphology was detected at the resolution of the optical microscopy technique.
The non-textured surfaces exposed to 3.5 wt.% NaCl showed dispersed darkened regions
and localized surface features that may be associated with preferential electrochemical
activity. After exposure to 7.0 wt.% NaCl, a greater number of surface irregularities
and polishing marks were visible, indicating a stronger influence of the concentrated
chloride environment on the surface condition. Nevertheless, the characteristic duplex
microstructure remained identifiable after chemical etching.

The ferrite and austenite phases of UNS S32750 may exhibit different electrochemical
responses because of their different Cr, Mo, Ni, and N contents. Previous studies have
reported that localized corrosion in duplex stainless steels may preferentially initiate at
phase boundaries or in regions where local elemental partitioning produces differences in
passive film stability [22,39,40]. In particular, increasing chloride concentration facilitates
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competitive adsorption of chloride ions on the passive surface and may promote local
passive film breakdown, although the high Cr, Mo, and N contents of UNS S32750 provide
strong resistance to these processes.

Figure 11. Optical microscopy images of non-textured and textured super duplex stainless steel
surfaces under different conditions: before corrosion testing (a,b), after exposure to 3.5 wt.% NaCl
solution (c,d), after exposure to 7.0 wt.% NaCl solution (e,f) and after chemical etching with V2A
reagent to reveal the microstructure (g,h).

In the present study, the differences between the 3.5 wt.% and 7.0 wt.% NaCl conditions
were mainly observed as changes in surface degradation rather than as transformations of
the ferrite–austenite microstructure. This is consistent with the relatively short exposure
time and the absence of thermal or mechanical conditions capable of inducing phase trans-
formation. The textured surfaces showed a more localized distribution of surface alteration
around the laser-generated features, while the surrounding regions remained compara-
tively preserved. However, because the observations were obtained by optical microscopy,
they should be interpreted as qualitative evidence of differences in surface condition rather
than as direct proof of changes in phase composition or passive-film chemistry.

These observations are broadly consistent with previous studies showing that the
corrosion response of duplex and super duplex stainless steels in chloride-containing
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media is governed by the interaction between phase distribution, local alloy chemistry, and
passive film stability [20,22,39,40]. The optical microscopy results therefore complement
the electrochemical measurements by showing that the increase from 3.5 wt.% to 7.0 wt.%
NaCl affects the extent and distribution of surface alteration, while the underlying duplex
microstructure remains preserved.

The images highlight the differences in surface degradation and microstructural
preservation between the two surface conditions.

4. Conclusions
This study demonstrates that biomimetic laser surface texturing significantly improves

the corrosion resistance of super duplex stainless steel in chloride-rich environments
representative of seawater and desalination brine. Based on the obtained results, the
following conclusions can be drawn:

(a) Chemical composition analysis confirmed that the material corresponds to UNS
S32750 super duplex stainless steel, characterized by high chromium and molyb-
denum contents that promote the formation of a stable passive film in chloride-
rich environments.

(b) Vickers microhardness tests revealed a homogeneous mechanical response, indicating
that the laser surface texturing process did not induce significant changes in the
mechanical properties or microstructure of the base material.

(c) Open-circuit potential measurements showed progressive stabilization associated
with passive film formation, with textured surfaces exhibiting more stable electro-
chemical behavior. Polarization and potentiodynamic curves and derived electro-
chemical parameters indicated lower corrosion current densities for the textured
surfaces compared to the non-textured ones, confirming a reduction in corrosion rate
under high-chloride conditions. Electrochemical impedance spectroscopy and equiva-
lent circuit fitting revealed higher impedance values and increased charge-transfer
resistance (R2) for the textured surfaces, indicating enhanced electrochemical stability.

Microstructural analysis confirmed reduced surface degradation in textured samples
after exposure to the corrosive environment, suggesting that the La Geria-inspired mi-
crostructures (LGMs) promote a more uniform electrolyte distribution and improve passive
film stability.

Taken together, the experimental findings indicate that corrosion performance results
from the combined contribution of alloy chemistry and biomimetic surface architecture,
highlighting laser-induced surface texturing as an effective strategy to enhance the durabil-
ity of super duplex stainless steels in highly aggressive desalination environments. This
approach could be extended to other corrosion-resistant alloys exposed to aggressive
marine environments.

Future work will include SEM/EDS characterization of the laser-textured regions to
evaluate possible local compositional modifications, including chromium enrichment, and
to correlate these features with the electrochemical response of the textured surfaces.

Supplementary Materials: The following supporting information can be downloaded at https:
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