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The influence of texture density and free
surface energy on the corrosion
resistance of laser-textured 316L
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316L stainless steel, despite its widespread industrial use, exhibits moderate corrosion resistance.
Laser surface texturing has emerged as a promising technique to enhance this property. Specifically,
laser texturing using dimples can effectively increase the corrosion resistance and surface free energy
of the material. However, the influence of dimple density on these properties has been insufficiently
explored. This study investigates the impact of texture density on the corrosion resistance and surface
free energyof 316L stainless steel. Surfaceswere texturedwith an infrarednanosecond fibre laser, and
their corrosion behaviour and surface free energy were subsequently assessed. The results
demonstrate a clear correlation between increased texture density and enhanced corrosion
resistance, alongside a rise in surface free energy. Notably, surfaces textured with densities of 75%
and 91% exhibited spontaneous repassivation, indicating a significant improvement in corrosion
resistance due to the high texture density.

316L stainless steel finds widespread application across diverse industries,
including maritime, offshore, power generation, aerospace, automotive,
biomedical, and construction, owing to its advantageous properties such as
biocompatibility, non-magnetic behaviour, and corrosion resistance superior
to many other metallic alloys1–4. However, 316L stainless steel exhibits
moderate corrosion resistance, particularly in aggressive environments such
as seawater, elevated temperatures, and under mechanical stress5–7. While
surface texturing is a techniqueemployed tomodifymaterialproperties, it can
potentially compromise the corrosion resistance of 316L stainless steel3,8,9.

Laser surface texturing (LST) offers a highly effective method for
creating precise texture patterns. Employing laser technology to generate
surface cavities, LST is characterised by its environmentally friendly nature,
ease of automation, tool non-wear, and exceptional reproducibility2,10–12.
LST is primarily used to enhance friction and wear resistance. However, it
can also influence corrosion resistance by inducing microstructural, che-
mical, and topographical changes in the material1,2,10–14. The laser texturing
process creates a highly compacted oxidised layer, effectively shielding
exposed materials from corrosive environments2. Additionally, laser-
textured surfaces exhibiting superhydrophobic characteristics significantly
enhance corrosion resistance10–14.

Previous studies have investigated the influence of laser texturing on
the corrosion resistance and wettability of stainless steel. For instance, Sigh
et al.10 found that femtosecond laser-textured stainless steel exhibited
enhanced corrosion resistance, which was attributed to the induced super
hydrophobicity of the textured samples. The laser texturing process gen-
erated a super hydrophobic surface through topographicmodifications and
thermal oxidised layer formation. The super hydrophobicity reduced the
contact of the saltwater, thereby hindering the expose of the samples to the
corrosive agents (e.g., chloride ions, oxygen and water), leading to a cor-
rosion resistance reduction. However, the hydrophobicity was reduced over
time, potentially decreasing the corrosion resistance. The reduction in the
hydrophobicitywas linked to the chemical evolution of the thermal oxidised
layer. Yue et al.14 observed that nanosecond laser texturing can reduce
corrosion resistance due to crack formation and chemical changes. The
exposed material in the crack became vulnerable to corrosive environment,
leading to rapid corrosion. The high cathode/anode area ratio caused the
corrosion due to the microgalvanic cell formation between exposed and
oxidised regions. The chemical heterogeneity of the surface also encouraged
the corrosion by themicrogalvanic cell generation between the diverse types
of oxidised products. Difference in the nobility of the oxidised products
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provoked the formation of the microgalvanic cell. The crack formation was
attributed to the mechanical stress generated by the thermal oxidised layer
formation and the shock wave induced by the plasma formed by laser. The
Gaussian spatial distribution of the laser beam energy produced uneven
heating across the textured area, resulting in an oxidised layer constituted of
diverse oxidation products. Trdan et al.13 demonstrated that laser-induced
dimple patterns can improve corrosion resistance of the samples with time
due to the transition from super hydrophilic to super hydrophobic. The
chemical evolutionof the textured surfaceover timecould lead to thepassive
film formation. The chemical evolution was attributed to the chemical
activation of the surface produced by the laser texturing. Although the
corrosion resistance improved with time, it was lower than that observed in
the non-textured sample. Lu et al.12 successfully created super hydrophobic
surfaces with enhanced corrosion resistance using ultraviolet nanosecond
laser texturing.Thehighcorrosion resistancewas also attributed to the super
hydrophobic nature of the textured samples. LST created “brain like”
nanostructures, which imported the super hydrophobicity to the textured
surface. The super hydrophobic capacity was attributed to the air channels
formedwithin thenanostructures,which repelled thewater.Kedia et al.2 also
achieved super hydrophobicity and improved corrosion resistance in
stainless steel via nanosecond laser texturing for biomedical applications.
The high corrosion resistance observed in textured samples was attributed
to both superhydrophobicity anddense thermal oxidised layer generatedby
LST. The dense thermal layer exhibited a reduction of the chemical active
due to the less donor electron number. Lou et al.15 also enhanced the
hydrophobicity of the 316L by creating of the dimples overlapped using a
nanosecond pulsed laser. The study attributed the increase in hydro-
phobicity to the formation of the air channel within the textures. The cor-
rosion resistance of the textured samples in 3.5% NaCl solution was also
evaluated. The results indicated that the textured samples with the highest
degree of overlap exhibited higher corrosion resistance compared to the
non-textured sample. However, the textured samples with lower overlap
demonstrated a reduction in the corrosion resistance compared to non-
textured sample.

Although the influence of various LST parameters, such as laser set-
tings, texture overlapping, and testing conditions, on the corrosion resis-
tance of metallic alloys, including 316L, has been extensively studied, a
significant gap remains regarding the corrosion behaviour of textured 316L
with dimple patterns. Notably, the effect of texture density (TD) on the
temporal evolution of corrosionmechanisms for dimple patterns on 316L is
absent in previous studies. It is important to clarify that TD refers to the
percentage of surface area covered by laser-induced textures. Overlapped
dimple patterns can be considered a distinct texture type due to the altered
individual texturemorphology. Furthermore, the role of free surface energy
in the corrosion behaviour of textured samples has been scarcely discussed.

To investigate the impact of TD on the surface free energy, wettability,
and corrosion resistance of laser-textured stainless steel, we generated dimple
patterns on 316L using an infra-red (1064 nm) nanosecond (200 ns) pulsed
fibre laser. TheTD ranged from25% to 91%. Surface free energywas assessed
using contact angle measurements, while corrosion resistance was evaluated
using asymmetric electrochemical noise (AEN), potentiodynamic polarisa-
tion curves (PPC), and electrochemical impedance spectroscopy (EIS).
Scanning electronmicroscopy (SEM)with secondary (SE) and backscattered
electrons (BSE) and energy dispersive spectroscopy (EDS) mapping were
employed to characterise the surfacemorphology and elemental composition
before and after corrosion. This comprehensive study aims to provide valu-
able insights into the underlying mechanisms governing the relationship
between TD, surface properties, and corrosion behaviour. By understanding
these factors, it can optimise the laser texturing process for enhanced cor-
rosion protection in stainless steel and similar materials.

Results
Analysis of the laser textured samples
Figure 1 presents surface and cross-sectional micrographs of both non-
textured samples (Fig. 1a) and laser-textured sampleswithTD ranging from

25% to 91% (Fig. 1b–e). The single pulse laser exposure creates dimples
characterised by a crest on the edge and ejected material outside the laser
impact area (Fig. 1b–e). This morphology suggests a phase explosion as
ablation mechanism, which involves the formation, growth, and explosion
of a liquid–vapour bubble. The vapour pressure from the bubble pushes
molten material to the edges of the dimple, forming the crest2,16. Addi-
tionally, the explosive ejection of molten material occurs outside the laser-
impacted zone17. Figure 1a–e presents SEM images of the non-textured (Fig.
1a) and textured (Fig. 1b–e) surfaces at varying texture depths (TD): 25%
(Fig. 1b), 50% (Fig. 1c), 75% (Fig. 1d), and 91% (Fig. 1e). The micrographs
revel non-overlapping dimples across all patterns. Dimple areal density
exhibits a direct proportionality to target TD, except for the 91% TD con-
dition, which shows minor dimple overlap resulting in near-complete
surface coverage. Cross-sectional micrographs reveal a refined micro-
structure beneath the laser-induced dimples. When metallic materials are
processed using anear-infra-red laser (1064 nm), the incident laser energy is
efficiently converted into thermal energy at the surface. Depending on the
laser energy density, the metallic alloy undergoes heating, melting, and
potentially even vaporisation. Following the laser pulse, rapid heat dis-
sipation into the bulk material occurs, resulting in the formation of a heat
affected zone (HAZ) characterised by a refined microstructure (Fig. 1f)2,16.
TheHAZ thickness surrounding the dimplewas around 3–5 µm,whichwas
the same for all textured samples.

A consistent thermal oxide layer,measuringup to1 µm in thickness (as
shown in Fig. 2), was observed in the HAZ across all TD. This layer’s
composition, as determined by Kedia et al.2 in their study of 316L, includes
NiCr2O4, FeCr2O4, Fe3O4, Fe2O3, and Cr2O7

2−, formed during LST. From
these identified compounds, specific chemical reactions can be inferred:

NiCr2 þ 2O2 ! NiCr2O4 ð1Þ

FeCr2 þ 2O2 ! FeCr2O4 ð2Þ

3Feþ 2O2 ! Fe3O4 ð3Þ

4Feþ 3O2 ! 2Fe2O3 ð4Þ

4Crþ 7O2 ! 2Cr2O
2�
7 ð5Þ

Table 1 reveals a notable increase in Ni and O concentration and a
corresponding decrease in C content specifically at the dimple crests when
compared to the surrounding non-textured areas. This observation aligns
with previously published research18. Consequently, the observed enrich-
ment of Ni within the laser-processed regions is expected to enhance the
material’s corrosion resistance.

Surface free energy evaluation
The wettability of the samples, along with the adhesion work, is shown in
Fig. 3. The contact angles of the diiodinemethane (Θdm) and distilled water
(Θdw) on the surfaces, Fig. 3a, were used to calculate the dispersive (γDs ) and
polar (γPs ) components of the surface free energy of the samples by
employing Eqs. (6)11,19,20 and (7)11,19,20.

γDs ¼ 1
γDdm

×
γDdm × ðcosΘdm þ 1Þ

2

� �2

ð6Þ

γPs ¼ 1
γPdw

×
ðγPdw þ γDdwÞ× ðcosðΘdwÞ þ 1Þ

2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γDdwγ

P
dw

q� �2

ð7Þ

where γDdm is dispersive free surface energy of the diiodinemethane, the polar
and dispersive components of the distilled water surface free energy are γPdw
and γDdw, respectively. The dispersive surface free energy of the samples
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increased with TD with a slight decrease for dimple pattern with 91% TD.
The dimples increase the contact area with the liquid, increasing the surface
free energy11,16. The dimples have u-type shape (methodology)3,21,22, which
for awidedimple texture allows the liquid access to the bottomof the texture.
Regarding the dimple pattern with 91% TD, the dimple between dimples
generates a sharp microstructure on the surface with a continuous crest
formed of dimple crests, which limits the liquid contact11. The polar surface
free energy fluctuated around 18 J/cm2 with TD, indicating the similar
polarity of the samples.

Electrochemical analyses
AEN (ZRA and OCP). AEN of the samples can be observed in Fig. 4
(Supplementary Figs. 1–10 demonstrate the consistency of the results).
The reduction of the current density (Fig. 4a) and the increase of the
potential (Fig. 4b) with time for all samples means that chemical inac-
tivity increased over time. The passive film growth over time diminishes
the chemical activity of the material18,23. Both output signals showed
fluctuations owing to the metastable micropitting generation that pro-
duces an activation/passivation cycling process23–25. At 7000 s, a sharp

Fig. 1 | Top and side view micrographs of laser-textured 316L with varying
texture densities. a Non-textured samples, textured dimple pattern with b 25%,
c 50%, d 75%, and e 91% texture density. Surface texture analysis: a1–e1 low

magnification, a2–e2 high magnification images, and a3–e3 side views comparing
textured and non-textured surfaces. f HAZ of the dimple pattern with 91%. HAZ
zones marked with white dash lines on the cross-section images.
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potential drop was recorded for the 91% TD dimple patterns, signifying
the onset of large and deep metastable pitting. Furthermore, the size of
thesemetastable pits is directly proportional to the area under the current
density peak, as supported by previous research24,25. The potential was
higher for the dimple patterns with larger TD. This shows the HAZ is
nobler than the native passivefilm18. The enlargement of the textured area
increases this HAZ effect on specimens.

The corrosion features of the samples obtained with AEN outputs are
summarised in Table 2. The kinetic characteristics of the samples were
asymmetric electrochemical noise corrosion rate (C.R.AEN), resistance
(RAEN) and oxidised material concentration (O.M.C.) that were calculated
using AEN data in combination with Eq. (8)26–28, Eq. (9)29–31, and Eq. (10)25.

C:R:AEN ¼ IR:M:S:

Fneρ
ð8Þ

RAEN ¼ σE
σI

ð9Þ

O:M:C: ¼ QM
neF

ð10Þ

Here, IR.M.S. is the rootmean square current density,M is ironmolarmass, F
is Faraday’s constant27, ne is the number of transferred electrons in the
corrosion reaction (3), ρ is thedensity of the 316L,σE andσI are the standard

deviation of the potential and current density, respectively, andQ is the total
transferred charge that was estimated with quick integration25. Textured
samples presented lower C.R. and O.M.C., and higher RAEN than non-
textured samples, indicating the higher chemical inactivity of the HAZ.
RAEN was increased with TD because the increased HAZ effect on the
corrosion features.

The localised index (L.I.) values show that the corrosion for all samples
was localised. General corrosion has values < 0.01, mixture corrosion is for
values from 0.01 to 0.10, while localised corrosion has values > 0.10 32. L.I.
was calculated using ZRA data and Eq. (11)29.

L:I: ¼ σI
IR:M:S:

ð11Þ

PPC. The PPC shape was the same for all samples (Fig. 5) (Supple-
mentary Figs. 11–15 demonstrate the consistency of the results). The
cathodic branch was tilted, which indicates an activation control of the
reduction reactions33. The anodic branch is formed by a vertical curve
that means the passive film control of the oxidation reactions33,34. This
vertical curve changed to a horizontal curve at the highest potentials,
showing the passive film breaking. The large cathodic area (intact passive
film) and small anodic area (pitting) produces a quick increase of the
current density. The vertical curve of the anodic branch had fluctuations
due to the metastable micropitting generation. The mechanism of
metastable pitting initiation involves a dynamic interaction between the

Table 1 | 316L composition (wt%) in textured and non-textured regions

Samples Fe Cr Mn Mo Ni C O

Non-textured region 55.3 ± 0.5 15.0 ± 0.2 1.4 ± 0.2 1.9 ± 0.2 7.9 ± 0.3 16.2 ± 0.5 2.3 ± 0.2

Crest of the dimple 62.2 ± 0.5 15.0 ± 0.2 1.5 ± 0.2 1.7 ± 0.2 11.4 ± 0.3 3.6 ± 0.5 4.6 ± 0.1

Fig. 3 | Effect of texture density on contact angle and surface free energy of 316L. a Contact angle with distilled water andmethanol. b Surface energy components (polar
and dispersive).

Fig. 2 | Oxide rich layer on dimple surface. a SEM-
SE image of a FIB cross-section, with b EDS analysis,
revealing the thermal oxide layer on dimple patterns
at 25% texture density sample.
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breakdown and repair of the passive film, as showed in Fig. 5b. Localised
dissolution of the passive film exposes the underlyingmetal, triggering its
oxidation. This oxidation process manifests as a transient increase in
current density at a fixed potential. Subsequently, the newly formed oxide
layer repassivates the exposed area, resulting in a corresponding decrease
in current density. This repetitive cycle of passive film dissolution, metal
oxidation, and repassivation contributes to the stochastic nature and
formation of metastable pits33,35. The PPC exhibited a consistent profile
across all samples, with the exception of the return curves for the 75% and
91% texture density dimple patterns. Notably, these specific patterns
displayed an inflection point on the return curve at a potential sig-
nificantly higher than the corrosion potential (the transition point
between the anodic and cathodic branches). This characteristic indicates

that, following passive film breakdown and subsequent potential
reduction, spontaneous repassivation of the film occurs. The potential at
this inflection point is recognised as the repassivation potential13,36. In
contrast, the remaining samples exhibited inflection points on their
return curves at potentials lower than the corrosion potential, suggesting
an inability for spontaneous passive film recovery. Furthermore, the 91%
TD dimple patterns displayed an inflection point at a higher potential
than the 75% TD patterns. This observation signifies that repassivation
can occur over awider potential range for the 91%TD samples, indicating
enhanced resistance to passive film breakdown.

Table 3 summarises the thermodynamic (corrosion and passive film
breakdown potentials) and kinetic (corrosion current density and rate,
cathodic and anodic Tafel slopes, passive current density and rate)

Fig. 4 | ZRA and OCP results. Evolution of the a current density and b potential over the time of the samples.

Table 2 | Summary of the corrosion features calculated with AEN outputs

TD (%) IR.M.S. (nA/cm2) C.R.AEN (nm/year) σI (nA/cm2) σE (µV) L.I. RAEN (kΩ/cm2) Q (µC/cm2) O.M.C. (ng/cm2)

0 129 988 71 448 0.55 62 433 83

25 18 141 22 7985 1.22 355 132 25

50 27 211 25 4202 0.91 169 196 38

75 20 153 11 6789 0.56 609 80 15

91 15 113 5 6844 0.33 1369 107 21

Fig. 5 | PPC results for samples immersed in 0.6 M NaCl for 2 h. a Full graph, magnified, b anodic branch, and c corrosion potential difference between samples.
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parameters derived from the PPC of the specimens, providing a compre-
hensive characterisation of their corrosion behaviour in 0.6M NaCl.

The corrosion potential (Ecorr) is the potentials where the cathodic and
anodic branches matched (Fig. 5c). Ecorr increased with increasing texture
density as theHAZ is nobler than the native passivefilm26. This has a greater
effect on the corrosion features of the samples when TD is larger. The
breaking passive film potentials (Ebp) are the potentials where the current
density quickly increased in the anodic branch10. Ebp lowers with increasing
TD, indicatingHAZ is less thermodynamically stable than thenative passive
film26. Theonly exception to this is the dimple patternwith 25%TD that had
a similar Ebp to the non-textured sample Ebp. The low texture density
exhibits low influence on non-textured sample Ebp.

The corrosion current density (icorr), cathodic (βc) and anodic slope
(βa) were estimated using Tafel lines27,37. The corrosion rate (C.R.corr) was
calculated using the Eq. (8)26,27 and replacing IR.M.S. by icorr. C.R.corr was
lower at higher TD, indicating the lower kinetic activity of the HAZ. The
polarisation resistance (Rp) was calculated with the Eq. (12)13,27,37,38.

Rp ¼
βcβa

2:303 × ðβc þ βaÞicorr
ð12Þ

Increasing TD increases Rp because it is inversely proportional to icorr. The
passive film current density (ipass) wasmeasured on the vertical curve of the
anodic branch. The passive film corrosion film (C.R.pass) is also estimated
withEq. (3)26,27 but IR.M.S.was replacedby ipass, in this case.C.R.pass is lowerat
higher TD, confirming the excellent kinetic chemical inactivity of the
HAZ2,12.

EIS. EIS data for each sample and according to immersion time were
represented with Nyquist and Bode plots (Fig. 6). Equivalent circuits
(Fig. 7) were proposed to represent the corrosion mechanisms according
to the data presented in Fig. 6. Supplementary Figs. 16–40 demonstrate
the consistency of the results.

Thefirst equivalent circuit (Fig. 7a)was formedof three time constants.
The horizontal curve at high frequency range (from 103 to 105 Hz) of the
impedance modulus (Z) vs. frequency (F) Bode plots (Fig. 6) indicated that
the first constant is a resistance (R1)

28. The loop of theNyquist plots, peak of
the phase angle (α) vs. F Bode plots and the tilted curve of the Z vs. F Bode
plots showed that the second time constant is a contact phase element
(CPE2) in parallel with a resistance (R2)

2. The third time constant was
similar to the second time constant, indicating the loss of the loop curvature
at high real impedance (Nyquist plots), the rounding of the peak (α vs. F
Bode plots) and the slope change of the titled curve (Z vs. F Bode)28.
According to this, R1 was in serial with CPE2 and R2, while CPE3 was in
parallel with R2. This circuit has been suggested for the SS316L corrosion
mechanism in previous works1,39.

The second equivalent circuit, (Fig. 7b) was similar to the first
equivalent circuit but a Warburg impedance was added in series with R3.
The tail at low frequency (≈10−2 Hz) for α vs. F Bode plots and high real
impedance for Nyquist plots are the signals of this element. Diffusion
processes are associatedwith theWarburg impedance (W)40.This circuithas
been employed in previous studies1.

The first equivalent circuit was proposed to represent the corrosion
mechanisms for the non-textured samples at all immersion times. The

second equivalent circuit was employed to simulate the corrosion
mechanisms of the textured samples.

The excellent Chi-square (χ2) (≈10−4 28,41) and good fit the equivalent
circuit with the experimental data (Fig. 8) confirmed the validity of these
equivalent circuits to represent the sample corrosion mechanism. χ2

represents the deviation of the equivalent circuit data from the experimental
results28,41. The equivalent circuit element values are summarised in Table 4.
R1 was constant over the time and similar for all samples (3–10Ω cm2),
meaning that this element can be related with the solution28.R2 andR3 were
decreased with the immersion time for the non-textured sample, meaning
the reduction of the corrosion resistance. These elements remainedconstant
over time or even increased for the dimple texture patterns. This indicates
higher stability for the corrosion resistance in textured samples. CPE2 was
constant over time for all samples and similar between most of the samples
(the order of 10’s μS sn cm−2). The only exception was the dimple pattern
with 91%of texture density, whereCPE2was in the order of µS s

n cm−2. This
means this corrosion process is thicker for this dimple pattern as the process
thickness is inversely proportional to CPE2

27. The same behaviour for CPE3
is observed. The non-textured samples exhibited the lowest CPE3
(µS sn cm−2). n2 was close to 1 for non-textured samples, indicating good
flatness of the surface. For the textured surfaces, this element was ≈0.8
because of the relief of the surface.n2 is inversely proportional to the surface
roughness2,28. For 91% texture density at 24 h immersion or more, n2 is
closer to 0.5, due to the roughness28,41 or electrical relaxation effects42. This
was also observed for n3 in the case of the non-textured samples at ≥24 h of
immersion. The Warburg impedance, W, and the diffusion time root (t),
fluctuated with the immersion time and reduced as the texture density
increases. This indicates a reduction of the diffusion length (ld) as deter-
mined by the Eq. (13)43.

ld ¼
ffiffiffiffiffi
Dt

p ð13Þ

Here, D is the diffusion coefficient of the oxygen or water in salt water.
Notably, R2 andR3 valuesmeasured for the textured sampleswere lower

than those observed for non-textured counterpart, suggesting a reduced
corrosion resistance in the textured samples. This reduction is attributed to
increase surface area generated by the texturing process. However, the pre-
sence of the diffusion impedance in the textured samples also contributed in
the corrosion resistance. Specially, the enhanced diffusion impedance
improved the overall protective behaviour of the dimple textures, resulting
corrosion resistance values excessed those of the non-textured samples.

Corroded sample assessments
The effect of corrosionon the sample surfaces can be seen in Fig. 9. Thenon-
textured specimens (Fig. 9a) had a corroded surface characterised by central
pitting surrounded by smaller pitting in circular position to this.316L fila-
ments were also observed on the pitting surface. The inner pitting exhibited
a polygonal structure similar to the grain. Thefilaments and innerpolygonal
structure indicates the direct corrosion of the inner grain, remaining intact
the grain boundary, which are the filament. The corrosion in the inner grain
leads the dissolution of the utterly grain (i.e., inner grain and boundary
grain). The 316L dissolution reveals its microstructure. The preferential
corrosion of the inner grain is attributed to the dissolution of the
grain25,31,34,44.

Table 3 | List of the corrosion characteristics got with PPC data

TD (%) Ecorr (V) icorr (nA/cm2) C.R.corr (nm/year) βc (V/decade) βa (V/decade) Rp (kΩ cm2) Ebp (V) ipass (nA/cm2) C.R.pass
(nm/year)

0 −0.172 9.26 99 −0.028 0.069 1253 0.528 1860 19,000

25 −0.128 5.59 60 −0.039 0.021 3648 0.588 150 2000

50 −0.110 1.92 21 −0.027 0.011 4496 0.414 67 684

75 −0.080 0.91 10 −0.013 0.007 7066 0.484 39 415

91 −0.070 0.80 9 −0.017 0.007 7858 0.384 39 415
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Fig. 6 | EIS results.Nyquist and Bode plots of the a non-textured sample and the dimple patterns with b 25%, c 50%, d 75%, and e 91% of texture density at 2, 24, 48, 72 and
96 h of immersion in 0.6 M NaCl. Notably, low impedance corresponds to high frequency, while high real impedance corresponds to low frequency.

Fig. 7 | Equivalent circuit. a First and b second
equivalent circuit proposed to represent the corro-
sion mechanism of the samples.
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This corrosion morphology was also observed on the dimple patterns
(Fig. 9b–e), a corroded surface with another morphology was also found in
the textured specimens. However, the corrosion only consists of small
localised pitting in the dimple valley. Most of the crests were free from the
corrosion due to the presence of the thicker melted layer on this region2,16.
Melted metallic materials are highly reactive with the atmospheric oxygen,
which resulted in the generation of the thermal oxidised layer with superior
corrosion resistance1,15,18. This suggests the thickening of the thermal oxi-
dised layer improves the corrosion resistance.

The chemical analyses of the corroded surface (Fig. 10) show a high
concentration of iron and chromium on the pitting both non-textured
sample (Fig. 10a) and dimple pattern (Fig. 10b). The concentrations of the

other alloy elements (nickel and carbon) and oxygenwere lower in this area,
indicating the removal of the passive film. The Fe2O3 and Fe(OH)3 com-
ponents of the passivefilm exhibit an affinity for the chloride ions, leading to
the formation of the chemical products (FeCl3, FeO2Cl and Fe(OH)2Cl)
with high solubility. The dissolution of these products in the water degrades
and removes the oxidised layer44. The chemical reaction between passive
film with chloride ions are following:

Fe2O3 þ 6Cl� þ 3H2O ! 2FeCl3 þ 6OH� ð14Þ

Fe2O3 þ 2Cl� þH2O ! 2FeO2Clþ 2OH� ð15Þ

Fig. 8 | Equivalent circuit vs. experimental data. Comparison between the equivalent circuit and experimental data, a non-textured sample and the dimple patterns with
b 25%, c 50%, d 75%, and e 91% of texture density.
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FeðOHÞ3 þ Cl� ! FeðOHÞ2ClþOH� ð16Þ

FeðOHÞ3 þ 3Cl� ! FeCl3 þ 3OH� ð17Þ

The filaments exhibited high Ni concentration, indicating the accu-
mulation of this element at the grain boundary.Ni is knownas one of the key
elements responsible for the high corrosion resistance of the stainless steels34.
While Cr enrichment is known to impart greater corrosion resistance to
stainless steel than Ni, the presence of Ni also contributes significantly to
improved corrosion performance. Nickel promotes the formation of a dense
and adherent Cr2O3 passive layer, which is characterised by its exceptional
resistance to corrosion45. Consequently, the observed enrichment of nickel
specifically at the grain boundaries resulted in superior corrosion resistance
compared to the inner grain regions.

Discussion
LST exhibited the ability to change the surface properties (surface free
energy and corrosion behaviour) of the 316L. The extent and nature of these
changes were defined by the type of surface property and the TD percent.

With respect of the surface free energy, this surface property comprised
of the polar and dispersive part, which were evaluated with water and
diiodine methyl, respectively. The wettability is increased with increasing
TD up to 75%. This is due to the increase in the dispersive component of
surface free energy. Water is a liquid with polar and dispersive
components20. The topography of the dimple pattern encourages the con-
tact of the water with the textured surface as a result of the wide dimple (u-
type)16. Notably, the oil-ability is moreover increased with the texture
density increment. Thedimplespatternswith91%TDhave lowerdispersive

free surface energy than the dimple patterns with 75% TD owing to the
specific topography. The inclusion of an extra dimple on the non-textured
area between dimples produces a continuous narrow crest chain that limits
the contact of the liquid inside the dimple2,9,11–13,46. Figure 11 shows a
schematic drawing of both processes, being increasing wettability (≤75%
TD) and reduction (91% TD).

In respect of the corrosion behaviour, the controls of the cathodic and
anodic branches (PPC) are the same for all samples, being activation and
passive film, respectively. The type of the corrosion (AEN-ZRA) was also
similar for all specimens, being a mixture of general and localised. The
corrosion and passive film rate decreases with the increasing TD (PPC and
AEN-ZRA), showing higher corrosion resistance for the textured samples.
The oxidised layer generated by the laser in the HAZ is more chemically
inert than the native passive film. The laser oxidised layer can be n-type
oxidisation that hinders the transfer of cations from metallic alloy matrix,
reducing the chlorine reaction with the passive film2. The enhanced nobility
of the textured samples can be attributed to the increased chemical inertness
of theHAZ. Specifically, the surface area covered by the laser-induced oxide
layer increases proportionally with TD10,13. It is noted that the C.R.AEN
(AEN-ZRA) value was similar to the C.R.pass (PPC) value as the passive film
controls the corrosion kinetics of the samples47. The laser surface texturing
ennobles the 316L as indicated by the higher corrosion potential (PPC and
AEN-OCP)of the textured surface compared to thenon-textured specimen.
LST can generate a thermal oxidised layer with higher nobility than native
passive films due to the thicker of the thermal layer1,18. The difference
between AEN-OCP and PPC potential is due to the partial elimination of
the passive film by the cathodic branch (PPC)37. Ebp (PPC) decreases with
increasing TD because of the less thermodynamic stability of the laser
oxidised layer18. However, the surfaces texturedwith dimple patterns at 75%
and 91% TDs presented a new function, spontaneous repassivation. The

Table 4 | Summary of the equivalent element values according to the immersion time in 0.6M NaCl and the sample

TD (%) Time (h) R1 (Ω cm2) CPE2 (µS sn cm−2) n2 R2 (Ω cm2) CPE3 (µS sn cm−2) n3 R3 (MΩ cm2) W (S s1/2 m−2) t (s1/2) Χ2 (10−4)

0 2 3.0 32.6 0.92 2.2 × 105 9.5 0.90 5.1 – – 6.08

24 3.2 22.0 0.92 1.5 × 105 4.4 0.66 1.7 – – 4.31

48 3.1 20.5 0.93 6.6 × 104 3.9 0.58 2.4 – – 2.74

72 3.5 19.7 0.93 7.7 × 104 3.7 0.51 3.0 – – 4.19

96 2.9 19.2 0.92 6.3 × 104 3.6 0.61 2.5 – – 2.76

25 2 4.4 36.8 0.79 7.7 12.8 0.87 2.3 × 10−3 1.2 × 10−4 2.9 × 10−2 8.55

24 3.8 25.1 0.86 10.2 30.3 0.85 77.0 2.3 × 10−6 12.0 4.38

48 3.4 32.6 0.88 7.7 35.0 0.84 0.5 3.2 × 10−6 263.0 3.40

72 2.9 39.7 0.88 11.8 23.2 0.85 0.1 5.5 × 10−6 ∞ 2.65

96 3.2 64.0 0.87 16.2 12.8 0.87 0.3 6.3 × 10−6 ∞ 14.80

50 2 3.2 12.5 0.82 2.0 46.0 0.86 0.2 9.7 × 10−6 4.6 5.60

24 5.8 27.2 0.88 14.0 17.0 0.87 9.0 1.6 × 10−3 331.0 7.93

48 10.6 25.7 0.88 23.9 15.2 0.86 36.0 5.0 × 10−6 6.0 8.17

72 6.2 21.6 0.87 5.9 15.8 0.87 3.0 × 10−2 1.4 × 10−2 1.2 × 10−4 3.28

96 5.0 21.6 0.86 4.8 14.5 0.88 0.4 3.2 × 10−3 5.5 × 10−4 3.72

75 2 3.4 86.1 0.87 12.3 12.8 0.94 1.4 5.3 × 10−4 4.5 × 10−2 4.61

24 3.8 44.5 0.92 7.3 9.4 0.85 1.9 1.6 × 10−3 2.4 × 10−2 6.59

48 3.5 62.2 0.88 7.2 45.3 0.87 1.4 1.8 × 10−3 0.4 4.88

72 3.4 72.3 0.87 9.4 35.0 0.89 1.2 2.2 × 10−4 0.2 4.83

96 3.4 65.2 0.88 8.2 40.1 0.87 1.2 3.3 × 10−3 1.6 × 10−2 3.80

91 2 6.2 1.7 0.80 7.1 74.7 0.88 1.3 1.1 × 10−2 1.3 × 10−3 7.23

24 3.6 1.6 0.66 19.0 94.1 0.87 1.6 19.3 1.2 × 10−4 5.42

48 4.3 1.1 0.68 19.0 84.6 0.88 1.5 0.5 5.9 × 10−4 5.30

72 3.2 1.4 0.68 17.9 90.3 0.87 1.2 0.3 3.5 × 10−4 4.86

96 7.0 0.9 0.78 10.9 84.9 0.88 1.1 1.0 × 10−2 1.0 × 10−2 4.51

https://doi.org/10.1038/s41529-025-00622-6 Article

npj Materials Degradation |           (2025) 9:115 9

www.nature.com/npjmatdeg


crests of the dimples exhibit high nickel concentration, which is one of the
key elements in the chemical inert of the stainless steel18. The effect of the
crest on corrosion characteristics are enhanced with the TD increase.
Consequently, the influence of the laser-oxidised layer on the corrosion
behaviour of the samples ismore dominantwith increasing TD because this
layer covers more surface.

The electrochemical impedance spectroscopy (EIS) data, the chemical
analyses andmetallographic evaluation define the corrosionmechanisms of
the samples according to the immersion time. R1 constancy (~3–6Ω cm2)
against immersion time and surface condition shows that this time constant
is the solution resistance (Rs)

34,39,44. The second time constant is associated
with the passivefilmprocess (CPEf,nf, andRf)

34,39. The third time constant is
related to the baredmaterial process. CPE3 is the double layer formedby the
alignment of the solution and alloy charges (CPEdl)

34,39.R3 is associatedwith
charge transference (Rct)

34,39.W represented a diffusion process, caused by

the rough topography of the dimple patterns. This hinders the access of the
chlorine, oxygen and water to metallic alloy surface48. The samples main-
tained the same corrosion mechanism type over time. The non-textured
samples had similar corrosion mechanism to the dimple textured samples,
but without the diffusion process. The low relief of the surface avoids the
impedances of mass transference.

Although the corrosion mechanism remains the same over time, the
following values change over time and between the samples. Rf and Rct
diminishes with time for non-textured specimens. The chloride anions of
the solution can locally dissolve the native passive film, causing pores and
cracks that decrease the corrosion resistance of the material34. These resis-
tances are constant or increase over time for dimple patterns, showing
higher stability of the laser oxidised layer against time. The sum of these
resistances is in the order (106Ω cm2) of RAEN (AEN) and Rp (PPC), vali-
dating the results. CPEf is similar for the immersion time and specimen

Fig. 9 | Corrosion analysis using SEM imaging of 0.6 M NaCl-induced pitting
(after PPC) on. aNon-textured surface and dimple-patterned surfaces with texture
densities of b 25%, c 50%, d 75%, and e 91%. Surface degradation on non-textured

and textured areas: a1–e1 low magnification overview, a2–e2 high magnification of
the red-boxed area, and a3–e3 high magnification of the green-boxed area.
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kind,with the exceptionof thedimplepatternwith91%texturedensity.This
textured sample shows the lowest CPEf, indicating a thicker laser oxidised
layer27. This is observed for this dimple pattern as a result of the complete
surface cover being oxidised by the laser. The low nf andW of the dimple
patterns are caused by the high relief of the dimple patterns (Fig. 12).

Increased surface roughness results in a decrease in the exponent ‘n’ of the
CPE. This reduction signifies a greater deviation from ideal capacitive
behaviour, which is characteristic of smooth and uniform surfaces41. The
relief increase associated with increasing TD raises theWarburg impedance
and reduces the diffusion time.

Fig. 10 | EDS analysis of corroded surfaces in 0.6 M NaCl after PPC. a Non-textured surface and b pitting on a dimple-patterned surface with 25% texture density,
c chemical composition analysis in wt% of samples (a) and (b).

Fig. 11 | Contact angle vs. texture density. Sche-
matic drawing of the liquid contact on dimple pat-
terns according to texture density from 25% to
91% (a–d).
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Fig. 12 | Topographical texture analysis.Optical profilometry images showing a the
topography and b the profile of a single dimple created on 316L using a single laser
pulse, with an aspect ratio of 0.1, awidth of 36 μm, and a depth of 3.6 μm. c Schematic
illustration of the method used to determine TD based on L and r for dimple

patterns. d SE-SEM image of the dimple pattern with 91% TD. Dashed box shows
area used for TD calculation. e Average surface roughness and f corresponding
topography image.

Table 5 | Summaryof thecorrosion resistanceof the samplesobtainedusingAEN,PPCandEIS.Notably,Rctmeasuredat 96 hof
immersion

Sample Electrochemical analysis

RAEN (kΩ cm2) (AEN) Rp (kΩ cm2) (PPC) Rct (kΩ cm2) (EIS)

Non-textured 62 1253 2563

Dimple pattern at 25% TD 355 3648 300

Dimple pattern at 50% TD 169 4496 400

Dimple pattern at 75% TD 609 7066 1200

Dimple pattern at 91% TD 1369 7858 1100
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The CPEdl exhibited the lowest value for non-textured samples, while
the dimple-patterned samples displayed comparable CPEdl values.
Although a lower CPEdl value can sometimes suggest enhanced corrosion
resistance, the observed low exponent value (ndl ≈ 0.6) counteracts this
interpretation. This is because ndl values in this range are indicative of
relaxation processes42. Consequently, the decrease in CPEdl is attributed to
internal oxidation within the material, rather than an improvement in
corrosion resistance.

An increase in TD resulted in enhanced RAEN and Rp (Table 5),
demonstrating the beneficial effect of LST on corrosion resistance. This
improvement can be attributed to the larger surface area covered by the
laser-meltedmaterial.While increasedwettability typically leads to reduced
corrosion resistance due to an enlarged contact area between water and the
sample10,12,13,15, potentially offsetting the benefits of LST, the observed
increase in wettability did not correlate with a decrease in corrosion resis-
tance. Although microstructural refinement can promote repassivation49,
the textured surface region exhibited a thermally oxidised layer that effec-
tively isolates the refined microstructure from the corrosive environment.
This oxide layer, formed by the reaction of the laser-melted material with
atmospheric oxygen during LST, possesses high chemical inertness1,15,18.
Furthermore, the observed enrichment of nickel in the laser-textured
regions contributes to improved corrosion resistance34. Consequently, the
increased coverage of the textured region resulted in an overall enhance-
ment of corrosion resistance. The variation in charge Rct with TD can be
attributed to the system not having reached a stable electrochemical state
during the measurements.

In conclusion, laser surface texturing effectively functionalised 316L,
demonstrating a direct correlation between increased TD and enhanced
surface free energy, with the exception of 91% density patterns due to
continuous crest formation. This manipulation allows for tailored

wettability and oil-ability. Notably, dimple patterns significantly improved
corrosion resistance, evidenced by increased nobility and decreased corro-
sion rates at higher TD, with 75% and 91%patterns exhibiting spontaneous
passive film recovery. The corrosion mechanism transitioned from a solu-
tion resistance/passive film/bare material model for non-textured samples
to a diffusion-controlled process in dimple patterns, with diffusion
increasing with TD. While non-textured samples showed time-dependent
degradation, dimple patterns maintained stable resistance. Critically, this
study reveals that increased surface free energy does not compromise cor-
rosion resistance, showcasing the potential of laser surface texturing to
produce 316L surfaces with both high corrosion resilience and desired
surface energy characteristics. This finding is particularly relevant for off-
shore industries where robust materials are essential, such as in wind tur-
bines, naval systems, and tidal power generation.

Methods
Laser surface texturing
316L rolled sheet were obtained from Columbus Stainless Ltd. with
20mm× 20mm and 0.8mm thickness. The chemical composition of the
316L samples, is listed in Table 6. Before the laser texturing, samples were
polished to achieve an average surface roughness of ~100 nm, which is
considered optimal for LST3.

Dimples were the texturing unit used to create patterns on the sample
surface. A single laser pulse with the parameters specified in Table 7 was
employed to produce each dimple (Fig. 12). These parameters were chosen
to generate dimples with an aspect ratio of 0.1 (depth/width), which is
considered optimal for tribological applications under lubrication50. The
resultingdimpleshadanapproximatewidthof 36 μmandadepthof 3.6 μm.

The samples were non-textured and textured where the dimple pat-
terns (textured samples) had four different TDs, being 25%, 50%, 75% and
91%. TDs were set with the distance between dimple centres (L) and dimple
radius (r) using Eq. (18)51. These TDs encompass the range commonly
utilised in tribological applications. A schematic drawing of the calculation
can be seen in Fig. 12c. The selected distance between dimples is sum-
marised in Table 8.

TD ¼ πr2

L2
× 100 ð18Þ

Note that the 91% TD was produced by texturing on a hexagonal
pattern to achieve the highest TD, rather than the square pattern used for
lower TDs (Fig. 12d).

The details of the laser equipment can be found in previous work
(Table 9)3.

Before all electrochemical testing and analyses, the samples were
cleaned firstly with commercial detergent and fresh water, then rinsed with
distilled water, finally isopropanol spraying and drying using a warm air
drier. The chemical products employed in the cleaning process were pro-
vided by RS Components (UK).

Surface free energy measurement
The polar and dispersive surface free energies of the samples were deter-
mined by measuring their contact angles with distilled water and diiodine
methane using a goniometer (CAM 101 fromKSV Instruments Ltd.). The
volume of the drops used was 1.767 µl, the total measurement time was
3.200 s, and the frame number and time were 200 and 16ms, respectively.
The free surface energy of the water consisted of polar and dispersive
components, measured 51.0 and 21.8 J/cm2, respectively. The diiodine
methane, in contrast, exhibited only a dispersive component that was
50.8 J/cm2 20. The contact angles of the samples were measured onemonth
after the LST, as they remain constant over time beyond this period52.

Table 6 | 316 L chemical composition in weight percent (wt%)

Elements Fe C Cr Cu Mn Mo Ni

wt% Bal 0.025 16.200 0.120 1.660 2.057 10.070

Table 7 | Laser parameters for dimple generation with aspect
ratio of 0.1

Parameter Pulse rate
frequency

Focused laser
beam diameter

Pulse
energy

Pulse
length

Value 25 kHz 50.88 µm 402 µJ 200 ns

Table 8 | Selected inter-dimple distances for various texture
densities

L (µm) 99.8 81.1 72.8 33.00

TD (%) 25 50 75 91

Table 9 | Details of the laser system

Parameter Value

Type of laser SPI laser G3 20W

Wavelength 1064 nm

Focal length 100mm

Beam quality 2.16

Atmosphere Natural air

Distance to focal point 0 µm

Scanning mirror Nutfield extreme-15-YAG

Three axes automatic table Aerotech limited
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Electrochemical testing
Electrochemical testing were conducted using a potentio/galvanostat device
(Interface1010E), controlled by Gamry Framework software, and with data
analysis performed using Gamry Echem Analyst software. The trials were
carried out with three-electrodes cells formed of a 3M KCl silver/silver
chloride (3M KCl Ag/AgCl) as reference electrode and a platinum wire,
diameter 0.7mm, counter electrode. The working electrodes were the
samples. All corrosion experiments were conducted in 0.6M (3.5% in
weight)NaCl, naturally aerated, at room temperature. The exposedareawas
defined using an adhesive tape containing a hole, and epoxy resin, to shield
any crevices.

The EN(non-perturbative test) was conductedwith theOCP andZRA
tests carried out at the same time. EN was called as AEN owing to the
electrochemical cell consisting of reference, counter and working
electrodes30. The output signals were measured for 2 h with 0.05 s
acquisition time.

PPC (Potentiodynamic polarisation curves) (perturbative technique of
direct current) was conducted with the following specific conditions. The
initial potential and potential scan rate were at the open circuit potential of
−0.3 V and 0.167mV s−1, respectively. The current density was limited to
10mA cm−2, and the reversal potential was set to 3 V vs. 3MKCl Ag/AgCl
potential. The final potential was the same as the initial potential. The open
circuit potential was determined after two hours of immersion.

EIS (perturbative testing of alternating current) was set at 10mV root
mean square (RMS) of potential amplitude, frequency range from 10−2 to
105 Hz and 10 points per frequency decade. EIS trials were conducted at 2,
24, 48, 72 and 96 h of immersion in 0.6M NaCl to assess the corrosion
mechanism evolution over time. The equivalent circuit of the EIS data were
obtained through Gamry Echem Analyst software to analyse the corrosion
mechanism.

To ensure the consistency of results, all electrochemical experiments
were conducted at least three times. This data are collected in the supple-
mentary document, being Supplementary Figs. 1–10 for EAN results,
Supplementary Figs. 11–15 for PPC testing, and Supplementary Figs. 16–40
for EIS.

Microstructural characterisation
The topographies of the non-corroded samples were assessed with optical
light profilometer (Bruker, ContourGT optical profiler) using green light
and ×2.5 magnification. High-resolution imaging and chemical mapping
were performed using an FEI Versa SEM equipped with EDS and FIB for
elemental analysis and cross-section, respectively. SEM micrographs were
captured using SE and BSE detectors to distinguish topographical and
microstructural features. Imaging was conducted at an accelerating voltage
of 20 kV and a current of 16 nA.

Data availability
Data is provided within themanuscript or supplementary information files.
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