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Abstract. To enhance marine equipment durability in harsh conditions, marine steel
surfaces with high hydrophobicity are critical for anti-corrosion and self-cleaning, yet
existing modification techniques lack stability, controllability, and consistency. Herein,
304 stainless steel substrates were processed via femtosecond laser to fabricate micro-
cone arrays (spacings 150-350 pm, heights 150-350 um), with systematic
characterization of morphology, composition, crystal structure, and hydrophobicity.
Results show regular micro-cones with smooth sidewalls (no slag), uniform element
distribution, retained austenitic matrix, and minor edge oxidation, as confirmed by
energy dispersive spectroscopy (EDS) and X-ray diffraction (XRD). Hydrophobicity
varied with structure, peaking at 116.37° contact angle and 22° rolling angle, driven by
synergistic air entrapment, laser-induced roughness, and oxide layer low surface energy.
This work establishes a reliable process—structure—performance correlation, aiding the
design of hydrophobic marine steels with strong engineering potential.

1. Introduction

The complex marine environment demands superior surface wettability from engineering equipment to
combat water adhesion [1-2]. Inspired by the “lotus effect,” hydrophobic surfaces can effectively
enhance wettability behavior by reducing water contact through micro/nano structures combined with
low-surface-energy coatings [3-5]. However, existing fabrication methods often face challenges in
durability and process complexity. Femtosecond laser machining stands out as a green and controllable
technique, enabling precise 3D structuring with minimal thermal impact [6-7]. Nevertheless, systematic
studies on marine steels remain limited, particularly regarding how micro-cone array parameters govern
wettability and how laser processing affects material stability. This study addresses these gaps by
fabricating micro-cone arrays on 304 stainless steel via femtosecond laser, systematically investigating
the relationship between structural parameters and hydrophobic performance through EDS, XRD, and
contact angle measurements. The work provides crucial insights for designing highly hydrophobic steel
surfaces and demonstrates the potential of femtosecond laser processing in marine applications.
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2. Materials and methods

2.1. Materials

Industrial-grade 06Cr19Nil0 stainless steel plates (Wenghe Metal Materials Co., Ltd., Hefei, China)
with dimensions of 5 mm X 5 mm x 2 mm were used in this study. Ethanol (purity 99.7%) and acetone
(purity 99.5%) were supplied by China National Medicines Co., Ltd. Prior to processing, the stainless
steel samples were sequentially ground with 400#, 800#, 1500#, and 2000# sandpapers. Afterward, the
specimens underwent sequential ultrasonic rinsing in ethanol, acetone, and deionized water to clear
surface impurities and residual particulates.

2.2. Structural design and processing method

The conical array structure was selected for its potential in wear resistance, drag reduction, and optical
scattering applications [8-9]. Its tapered geometry enables gradient responses to multiphysical fields
while maintaining a uniform 50 pm tip diameter for structural consistency (Figure 1). Five parameter
combinations (Table 1) with spacing and height ranging from 150 to 350 um were designed to
systematically investigate geometric effects on array formation and hydrophobic performance within
feasible processing limits.

Figure 1. Schematic diagram of structural design.

Femtosecond laser processing enables precise fabrication of complex 3D microstructures through its
cold-processing mechanism, producing slag-free surfaces without lattice distortion [10-11]. The system
(Fermi FM-UVFM-10A) operated at 10 pm spot diameter, 396 fs pulse width, 355 nm wavelength, and
10 W maximum power. Table 1 summarizes the designed parameter sets. Triplicate samples were
prepared for each group to ensure experimental reliability.

Table 1. Table of Main Parameters of Structural Design.

Sample S (um) H (um)
A 250 150
B 250 250
C 250 350
D 150 250
E 350 250

2.3. Characterization method

Concurrent in-process monitoring of surface morphological evolution throughout the fabrication
procedure was implemented utilizing a Leica DM4M optical microscope. Microstructural
characterization utilized a Thermo Scientific Apreo 2S field-emission scanning electron microscope
(SEM) equipped with an Oxford Instruments INCA Energy energy-dispersive X-ray spectroscopy (EDS)
detector for qualitative and quantitative elemental analysis. Phase composition was determined using a
Shimadzu 7000 X-ray diffraction (XRD) system, operated at a constant scanning rate of 2° min™'. Finally,
surface wettability was evaluated via a Sunzern SZ-CAMC32 optical contact angle goniometer.
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Specifically, 5 uL deionized water droplets were deposited onto the sample surface at ambient
temperature, and all measurements were conducted in triplicate to ensure the reproducibility and
reliability of the experimental data.

3. Result

3.1. Morphology of microarray structures with different parameters

Metallographic microscopy observations of femtosecond laser-processed arrays with varying
parameters (Figure 2) reveal highly uniform micro-cone arrangements in both planar and cross-sectional
views. All groups maintain precise spatial positioning without structural defects, demonstrating
exceptional processing accuracy. Cross-sectional views show well-defined columnar structures with
smooth sidewalls and flat tops, achieving consistent morphology across different dimensions [12].
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Figure 2. Metallographic images of microstructures with different parameters processed by laser. The scale
represents 200 um.

3.2. Element and composition characterization of microarray structure

Figure 3 presents the SEM morphologies and EDS spectral analysis results of the microstructure arrays
after femtosecond laser processing. Among them, (a-c) correspond to individual arrays: the SEM image
(a) exhibits the typical micromorphology of a single array; the EDS spectrum (b) and elemental mapping
(c) reveal that this region mainly contains matrix elements of 304 stainless steel, such as Fe (67.55%),
Cr (19.15%), and Ni (8.22%), with O element (5.88%) also detected, indicating minor oxidation. (d-f)
correspond to inter-array regions: the SEM image (d) shows the microstructure of the gaps; EDS
analyses (e, f) indicate that the contents of Fe (69.36%), Cr (20.21%), and Ni (6.70%) in this region
have slight differences from those in the individual array regions, with a slightly lower O content
(3.14%). In summary, the main elements in the laser-processed microstructure regions remain the matrix
components of 304 stainless steel, with relatively uniform elemental distribution and only local minor
oxidation [13-14]. This demonstrates that femtosecond laser processing effectively maintains the
compositional stability of the substrate during microstructure fabrication, laying a material foundation
for the corrosion resistance of subsequent superhydrophobic surfaces.

Figure 3. SEM morphology and EDS spectrum of the array after laser processing. (a-c) single array; (d-f) array
gap.
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Figure 4 presents XRD analysis comparing planar and femtosecond laser-processed 304 stainless
steel samples. Both sets of diffraction peaks correspond precisely to the face-centered cubic austenite
structure (PDF #50-1293), with no detectable ferrite or martensite phases, confirming that the laser
processing maintains a single austenitic phase without lattice distortion.
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Figure 4. XRD patterns of the array structure and 304 plane samples (taking group B array structure as an
example).

Notably, the laser-processed samples exhibit a strong (200) preferred orientation, evidenced by
significantly enhanced (200) peak intensity (=15,000 cps) compared to the planar reference. This
texturing arises from laser-induced thermal stress during ultrafast melting and rapid solidification
(cooling rate ~10® K/s), promoting preferential crystal growth along the lower-surface-energy (200)
plane [15-16]. The maintained phase stability and controlled crystal orientation establish a structural
foundation for subsequent wettability regulation in the material.

3.3. Characterization of surface hydrophobicity of microarray structures with different parameters

In this study, the influence of structural parameters of femtosecond laser machining cone array on
surface wettability is systematically studied, and the results are shown in Figure 5. Through controlled
experiments, Group B (S=H=250 pm) demonstrates optimal performance with the largest contact angle
(116.372°) and smallest rolling angle (22°), indicating superior hydrophobicity and droplet mobility. In
contrast, Group D (S=150 pum) shows the poorest performance. The results confirm that balanced
spacing and height parameters are crucial for achieving optimal hydrophobic properties.
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Figure 5. Test results of sample wettability. (a) Comparison of contact angles and rolling angles of different
samples; (b) Wettability test of Group B samples immersed in artificial seawater for different times.

The durability test results of Group B samples are shown in Figure 5b. After soaking in artificial
seawater for 60 days, the contact angle decreased slowly from the initial 116.3° to 109.9°, while the
rolling angle increased slightly from 22.0° to 26.0°. This gradual change can be attributed to the slight
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structural damage of the surface array and the slight change of the surface chemical properties [17-19].
However, in the whole experimental period, the contact angle is always above 100°, and the increase of
rolling angle is limited. This shows that the structured surface has good durability and stability in the
marine environment.

3.4. Hydrophobic mechanism of microarray structure
This study examines how structural parameters of femtosecond laser-fabricated micro-cone arrays affect
hydrophobicity. Group B (S = H =250 pm) demonstrated optimal performance with a contact angle of
116.372° and rolling angle of 22°. The enhanced hydrophobicity is attributed to effective air entrapment
in the Cassie-Baxter state [20], reduced solid-liquid contact, and laser-induced surface roughness.
Optimal parameter matching maximized air retention, achieving superior hydrophobic performance as
described by Equation (1):
cosbcy = frcosOy — (1 = f1) (1

On a smooth surface with contact angle 6o, the extremely small fi value significantly increases the
contact angle [21-22], while the weak “pinning effect” at the liquid—solid interface minimizes the rolling
angle. The hydrophobicity of the micro-cone arrays depends on the synergistic control of spacing S and
height H, with the essence being the optimization of air retention to maintain the Cassie—Baxter state
[23]. Group B achieves the best hydrophobic performance due to its optimal parameter matching and
enhanced roughness from laser-induced protrusions at the cone tips. The hydrophobic mechanism of the
structural surface is shown in Figure 6.

Figure 6. Mechanism diagram of hydrophobic enhancement of micro-cone array structure on laser machined
surface.

4. Conclusion

This study investigates the enhancement of hydrophobicity in marine-grade 304 stainless steel through
femtosecond laser fabrication of micro-cone arrays. Key findings indicate that the ultrafast laser process
generates highly regular micro-cones with minimal heat impact, preserving substrate composition and a
single austenitic phase. A localized oxide layer (3.14%—4.88%) forms only along the cone edges.
Optimal hydrophobic performance—a contact angle of 116.372° and a rolling angle of 22°—is achieved
with a cone spacing and height of 250 um. This results from the combined effect of three factors: the
cone geometry promoting air entrapment in the Cassie—Baxter state, laser-induced nanoscale roughness
reducing solid-liquid contact, and the surface oxide layer lowering adhesion. This work establishes a
clear link between laser parameters and surface wettability, offering a reliable strategy for designing
self-cleaning surfaces in marine equipment such as ship hulls and pipelines.
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