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ABSTRACT

This paper presents a thorough examination of the various methodologies employed in the fabrication of
superhydrophobic surfaces on stainless steel substrates. The study investigates the chemical, mechanical, and combined
processes utilized for surface modification especially for Stainless Steel (SS). Chemical techniques, including etching,
sol-gel deposition, coating, and electrochemical deposition methods, are discussed in detail, highlighting their
effectiveness in exposing superhydrophobicity to stainless steel surfaces. Mechanical approaches such as laser ablation,
micro/nano structuring, and sandblasting are explored, emphasizing their ability to create hierarchical surface
roughness conducive to superhydrophobic behaviour. Finally, approaches that combines chemical and mechanical
processes to achieve the desirable surface modification are discussed under the combined approach section. This study
is helpful to identify which fabrication method would be best suitable for a particular need within available resources.
This review provides a comprehensive overview of the state-of-the-art techniques for preparing superhydrophobic
surfaces on stainless steel, offering insights into the advancements, challenges, and future directions in this area of
research.
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1 INTRODUCTION

1.1 Hydrophobicity

Nature generously fascinates us with its various sources and features. Not only that, but it also has various effects on
our daily lives through the manifestation of its mysterious characteristic behaviour. Nature is the primary stimulus for
researchers to explore new horizons. Superhydrophobicity is one such property found in nature that leads us to open
new technological horizons. The super-hydrophobicity was initially noted on lotus leaves and other plant leaves that
refused to become wet in the natural world. Because the surface’s micro and nanoscopic architecture lowers the
droplet's adherence to it, water droplets pick up dirt. Other plants, including Tropaeolum (nasturtium), Opuntia
(prickly pear), Alchemilla, cane, and some insect’s wings, also possess super-hydrophobicity and self-cleaning qualities
[1]. The lotus effect is a term used to describe the self-cleaning qualities of super-hydrophobicity, as seen in lotus
flowers with microstructures [2]. Surfaces that repel water are classified as hydrophobic or super-hydrophobic. An
apparent contact angle of more than 150 degrees and a sliding angle of fewer than 10 degrees describe a
superhydrophobic surface. Superhydrophobic interaction repels water, so droplets do not flatten but roll off. Super-
hydrophobic surfaces are exceptionally difficult to wet due to their extraordinary hydrophobicity. To be more precise,
super-hydrophobic refers to a higher degree of hydrophobicity [3]. Over the past two decades, the scientific
community has paid close attention to superhydrophobic surfaces due to their potential for practical applications and
special water-repellent, self-cleaning capabilities [4]-[10] .

1.2 Stainless Steel and Hydrophobicity

Stainless steel is used in every sector, including medical technology, building trade, aircraft construction, food and
catering, automobile, and marine industries [11]-[14]. The use of stainless steel in power plants helps them avoid
meltdowns. Because stainless steel is used in piping systems, it is possible to provide water without risk of
contamination [15]. Stainless steel is used in every industry that can be thought of. That is why stainless steel is selected
despite the many metals available. Despite having inherent corrosion resistance, stainless steel rusts in specific
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environments, but not as quickly as ordinary steel. Stainless steel corrodes over time when it is exposed to heat, salt,
or dangerous chemicals [16]. This stainless-steel damage or corrosion may result in significant direct and indirect losses
in many industries. It may occasionally bring about a severe catastrophe in daily life, as listed in Table 1. Because of
these consequences, stainless steel preservation is essential. The super-hydrophobicity of stainless steel makes it highly
anti-corrosive, ultraviolet (UV) resistant, mechanically more durable, and more stable in corrosive medium, as
reported in numerous articles [7], [9], [17]-[24]. Super-hydrophobic coatings are widely applied for self-cleaning,
anti-corrosion, oil-water separation, anti-icing, anti-fouling, anti-scaling, anti-fogging and numerous medical purposes
[25].

Table 1: List of some renowned accidents due to stainless steel corrosion [26].

Incident Reason Damages
1 |Bhopal Accident,1984, Bhopal Corrosion in valves, pipelines, and other [Methylisocyanate (MIC) storage tank
safety devices. leakage.
2 |Swimming Pool Roof,1985, Switzerland [Stress corrosion Roof collapse and twelve deaths.
3 |Guadalajara Sewer Explosion, 1992, Rusting of pipeline obstructed by gasoline.[1600 building damage, 215 deaths, and
Mexico 1500 injuries.
4 [Carlsbad Pipeline explosion, 2000, Corrosion in gas pipeline Natural Gas explosion
New Mexico, USA

Superhydrophobic surfaces have a drag reduction ratio of about 40-50% compared to untreated surfaces at
moderate speeds [27]. Superhydrophobic stainless steel was fabricated by combining laser patterning and nano
polytetrafluoroethylene (PTFE) sputtering, which improved the wettability behaviour and made the material
appropriate for the hemocompatibility of blood contact devices [28]. However, slippery liquid-infused surfaces
fabricated on stainless steel via femtosecond laser ablation, followed by fluorosilanization, revealed outstanding
fouling-release performances [29]. Moreover, super-hydrophobicity can provide more corrosion resistance properties
on stainless steel, making the SS more feasible in the food and dairy industry [30], [31]. Porous stainless steel fabricated
by selective laser sintering (SLS) and traditional sintering has significant applications in the medical sector [32].
Bacterial and cell adherence can be inhibited and prevented on medical equipment surfaces using a superhydrophobic
surface (SHS) [33]. In the Navy, ice cover has long been a problem. Super-hydrophobic surfaces can improve a ship’s
ability to resist ice, which is crucial for ships operating in cold, low-latitude environments [34]-[40].

1.3 Fabrication of Superhydrophobic Stainless Steel

Super-hydrophobicity depends on two characteristics: non-wetting chemistry and micro or nanostructured
topography. Figure 1 illustrates that roughness is also necessary for super-hydrophobic surfaces because surface
chemistry alone cannot produce them [41].
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Figure 1: Non-wetting chgmistry and surface roughness for Super-hydrophobicity [41].

The fabrication process of SHS on materials is performed in two basic steps. First creating surface roughness and
second, modifying that rough surface using low surface energy materials to achieve desired results. A low-cost, less
time-consuming one-stage chemical etching and assembly process was implemented for obtaining super-
hydrophobicity. When exposed to air, the prepared surface showed 16 times better corrosion resistance than the
untreated sample and retained its superhydrophobicity for up to 60 days [17]. However, researchers proposed a
highly effective and low-cost biomimetic super-hydrophobic surface fabrication process, but this method could not
confer an exclusive anti-frosting property [42]. Coating is another superhydrophobic surface fabrication process that
successfully fabricated an SHS surface with high resistance to acid and alkali solutions [43]. Layer by layer is an
excellent fabrication method that could fabricate a highly UV-resistant super-hydrophobic surface. However, the as-
prepared surface was not much durable in a highly acidic solution [44]. It was possible to create super-hydrophobic
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stainless steel with good stability in strongly acidic and alkaline solutions using the typical fabrication technique of
electrochemical deposition. Additionally, the prepared surface maintained its stability in ambient conditions for 413
days [45]. Some process developed SHS SS surface with anti-biofouling property [46], and many processes could
make highly mechanically stable surface [47]. Laser processing was also used to attain self-cleaning, more durable SHS
on SS [48], [49]. Although some researchers used some mechanical procedures, it was clear from most of the literature
that they concentrated on chemical processes for creating super-hydrophobic surfaces on SS. However, fabrication
technologies are desired to be strong, durable, affordable, rapid, and environmentally friendly. Because of this, the
fabrication procedure for stainless steel super-hydrophobic surface is given priority in this literature. A series of
techniques were explored by numerous researchers to achieve super-hydrophobicity on stainless steel—chemical
etching, coating, electrochemical deposition, laser texturing, thermal spraying, and many more. Some of these
procedures utilized chemical substrates or solutions for super-hydrophobicity generation, and others used machinery.
This review categorizes all the processes into three main categories: chemical, mechanical, and combined approach.
Thus, it would be easier to choose an economical, quick, and environmentally friendly fabrication technique.

2 CHEMICAL PROCESS OF FABRICATION

A chemical process involves a chemical reaction that can happen naturally or be triggered by an external factor. In
other words, a chemical process involves one or more modifications to a substance’s chemical composition, physical
characteristics, or chemical qualities [50]. For many industrial areas, transforming a material surface into a
superhydrophobic one may be essential for several purposes. Currently, several chemical methods are primarily
utilized to make the surface of stainless steel superhydrophobic, as shown in Figure 2. Current research has developed
many chemical fabrication methods for SHS based on etching [51]-[57], coating [58]-[65], electro-deposition [45],
[66]-[69], and so on.
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Figure 2: Overview of the fabrication methods used to transform stainless steel surfaces to super hydrophobic.

2.1 Etching

Etching is a procedure that allows superhydrophobic coatings to be created on surfaces without the use of
sophisticated equipment, expensive materials, or complicated steps [70]. Etching is a low-cost, straightforward
method commonly used to create heterogeneous surfaces with high roughness [71]. Acid and base etching [72], [73],
metal-assisted chemical etching [74], electrochemical etching [75], and other etching procedures can be categorized
based on the composition of the metal. Figure 3 (a) represents a SiO-assisted HF etching for fabricating super-
hydrophobicity on stainless steel surfaces [76].

2.1.1 Wet Chemical Etching

For many industrial applications where stainless steel-fluid contact occurs, including the petrochemical, power
generating, maritime, culinary, and construction industries, the wettability qualities of stainless steel (SS) are of
significant interest. A simple wet chemical etching process was proposed to establish an SHS on SS plates that would
be convenient and inexpensive compared to the traditional methods, and it was carried out in two steps: chemical
etching and surface fluorination [77]. Steel plates were polished and cleaned. Different concentrations of hydrochloric
acid (HCI) and hydrogen peroxide (H202) mixed solutions was used as etching solution for creating micro-nano
structures, and solution of 1H,1H,2H,2H-Perfluorooctyltriethoxysilane (FOTS) used for fluorination purpose. Etching
duration and etching solution concentration were also investigated, and according to Figure 3 (b) [77], it was found
that a concentration of HCl 2mol/L and an etching time of 20 minutes were optimal conditions, resulting in a
maximum water contact angle (WCA) of 152°.
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Figure 3: (a) Fabrication process of superhydrophobic surface on stainless steel by SiO»-assisted HF etching [76], (b)
The relationship between contact angles and concentrations [77].
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2.1.2 One Step Etching

With anti-corrosion treatments, stainless steel typically has a longer lifespan and requires less maintenance [78]. A
low-cost, less time-consuming one-stage chemical etching and assembly process was used [17] to obtain the anti-
corrosion performance of a super-hydrophobic surface on SUS 304 stainless steel. Using HCI as the etching solution
and FTOS solution for utilizing film on SS was a low-cost procedure. At the same time, instead of using a high-
temperature casting technique or an electrodeposition approach, the fabrication procedure may be carried out at
room temperature [79], [80]. The one-stage procedure described in [17] combined chemical etching and low surface-
energy materials assembling. Both the etching and assembly processes were completed simultaneously. The stainless-
steel substrate was etched in HCI solution (1 M), and then FTOS films were created. It was revealed that the longer
etching decreases contact angle, and the HCI concentration also affects the hydrophobicity. A “honeycomb” 3D
network structure ((Figure 4 (a)) was developed at 50 min etching time. However, the optical condition for obtaining
the highest WCA was 1 M concentration of HCl and 50 min etching time (Figure 4 (b)) at 35 °C [171].
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Figure 4: (a) The “honeycomb” 3D network structure, (b) The relation between contact angle and etching time [17].

The unique one-step chemical approach was employed [81] to modify the surface of 316 SLS to increase
hydrophobicity. To induce super-hydrophobicity on stainless steel, H2O2, HF, and perfluorooctyl trichlorosilane
(PFOS) were used to etch and modify the surface simultaneously. Then, the substrate was polished and cleaned. At
a stable temperature of 30 °C, HF solution was present. Then, 0-30 mL of H20> was added, followed by the cleaned
SLS plate being placed inside the beaker. The reaction lasted for an additional 35-110 minutes after the addition of
PFOS. The modified SLS was then cleaned and dried. However, different samples were created, varying the three
factors: the molar ratio of H2O> /HF, reaction time and mass ratio of PFOS to HF. At the optimal sample (molar
ratio of H202/HF = 0.2/1, reaction time = 50, mass ratio of PFOS to HF 1/100) maximum WCA of 160.57° = 0.75°
and minimum SA of 1.94° = 0.25° were obtained [81].

2.1.3 Electrochemical Etching and Hydrothermal Synthesis

Due to their ability to self-clean and resist corrosion, superhydrophobic surfaces—which exhibit the lotus effect—
have a wide range of applications in numerous industries. For a longer shelf life, it is crucial to guarantee the stability
of these types of surfaces [82]. Electrochemical etching and hydrothermal synthesis created a stable super-hydrophobic
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structure on SS [27]. The author investigated drag reduction for a super-hydrophobic surface in a high-speed fluid
and estimated drag reduction at various velocities. Steel foils were polished mechanically and cleaned.
Micro/nanoscale hierarchical structures were produced simply through electrochemical and hydrothermal synthesis.
The micro-scale structures were fabricated through electrochemical etching in a mixture solution of FeCls and HCI. A
two-step process was employed to prepare ZnO nanowires. After that, an ethanol solution containing 0.5 wt.% FAS
was used for further modification. However, the concentration of DAP has a significant impact on the water contact
angle. Figure 5 (a) shows that a super-hydrophobic surface reduces drag by about 40-50% at low speeds compared
with an untreated steel surface [27].

2.1.4 Chemical Immersion

The frosting would occur before icing in colder climates, speeding up the process of icing formation and development.
As a result, the anti-icing application of superhydrophobic surfaces relied on the anti-frosting feature [83]. Achieving
the anti-frosting property of the superhydrophobic surface is the main target of this research [42] and so a highly
effective and low-cost biomimetic superhydrophobic surface on 304 SS was developed through a chemical immersion
process. Firstly, the substrate was polished with sandpaper and then cleaned. After that, micro/nanoscale roughness
was created on the SS surface by chemically etching in FHH solution (FHH FeCls + HCl + H203), then the surface
was modified with DTS. It has been found that the concentration of FeCls in the FHH solution impacted
superhydrophobicity. With the increased concentration of FeCls in the FHH solution, the surface microstructure
density changed gradually, enhancing the super-hydrophobic property [42]. Moreover, besides FeCl3 concentration,
several other factors determine the SS morphology, such as etching time, etchant composition, the characteristics of
the metal being etched, and so forth. 20 min etching time and FHH solution with 2mol/L FeCl3 are the optimal
conditions for achieving the greatest WCA of 158.3° = 2.8° after DTS modification, as shown in Figure 5 (b) [42].
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Figure 5: (a) Friction drag vs. velocity of water flowing over surfaces [27], (b) Contact angles at different FeCls
concentration [42].

2.1.5 Two-step Etching

The self-cleaning property is an essential feature of super-hydrophobic surfaces, and this property can be achieved
through several processes. The author of [51] used a simple two-step chemical etching technique to produce a super-
hydrophobic surface with good durability and self-cleaning capability. Firstly, the stainless-steel substrates were
cleaned, and a micro-nano structure was created after etching. HF was used as etching solution. This modified surface
was dipped into a 0.1 wt.% NaCl solution to generate superhydrophobicity. This dipping into NaCl enabled nano-
scale roughness to be induced and formed micro-nano hierarchical structures. For fluorination, hexane containing
PFOS was used. Figure 6 (a) shows the schematic of two-step chemical etching for fabricating SHS. It is evident from
Figure 6 (b) that 20 minutes of HF etching followed by a 3-hour NaCl dip (0.1 wt.%) was most effective in achieving
superior hydrophobic performance [51].
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Figure 6: (a) Schematic diagram of the hydrophobfcity state of the stainless steel sample [51], (b) Effect of HF etching
time variation on the surface wettability and sliding behaviour of stainless steel [51].

This article [54] suggested a two-step chemical etching process for creating super-hydrophobic surfaces on stainless
steel substrates. The samples were first polished and successively submerged in HCl solution and FeCls solution to
obtain microstructure. In the first two chemical etching stages, the samples were submerged in an HCI solution for
varying etching periods (10 to 55 min) and concentrations (1 to 8mol/L). In the second phase, they were submerged
in a ferric chloride solution for etching periods ranging from 1 to 8 hours, concentrations ranging from 0.5 to 25
weight percent, and temperatures ranging from 25 °C to 112 °C. For 30 minutes, the etched samples were submerged
in a 0.1 wt.% fluoroalkyl silane solution. However, etching in a solution of 5mol/L HCI for 25 min, immersion in a
solution of 1 wt.% FeCls at 100 °C for four hours, and then fluoroalkyl silane modification led to a maximum WCA
of 159° and a minimum SA of 2°. In another study [84], the SS plates were immersed in a 38% ferric chloride solution
for microstructure formation and in a 34.5% hydrogen peroxide solution for surface oxidation. Etching and oxidation
of STS316L achieved a superhydrophilic state, which was reversed to superhydrophobicity with an Heptadecafluoro-
1,1,2,2- tetrahydrodecyl trichlorosilane (HDFS) coating, resulting in a contact angle of 168° and superior performance
in self-cleaning tests.

2.1.6 Ftching for Anti-icing

Anti-icing characteristics of super-hydrophobic surfaces have been discovered in recent years by researchers. These
surfaces can significantly lessen the icing adhesion force and prolong the icing process [85], [86] . The super-
hydrophobic surface was made using a simple approach that involved mixing H202 and H25O4 to create flower-like
hierarchical structures and then treating them with silanes. The primary goal of this research [87] was to get the
prepared surface to have anti-icing properties. Firstly, the pretreated substrates were etched by H2504 and H20:
mixed solution to get microstructure. The samples were then immersed into 5wt. % HDTMS (sample Al), TH, 1H,
2H, 2H-perfluorodecyltriisopropoxysilane (FAS-17) (sample A2), and MTMS (sample A3) in hexane to modify the
surface with low-energy components. The synthesized SHS contains micro-nano hierarchical structures (Figure 7 (a)),
and all the prepared samples had very low adhesion (SA< 10°) and high CA values (>150°), as shown in Figure 7 (b)
[87]. So, FAS has the lowest surface free energies, then hexadecyltrimethoxysilane (HDTMS), and finally
methyltrimethoxysilane (MTMS). As a result, the FAS-modified surface had greater CA and lower SA values.

(@) micro-nano hierarchical structures ®) Al

Figure 7: (a) An illustration of the hierarchical structures, (b) The prepared surface wetting characteristics for different
reagents [87].

2.2 Coating

A coating is a protective layer applied to an object’s surface [88]. Several surface characteristics, including wettability
and adhesion, can be improved by functional coatings. Furthermore, coatings can increase wear and corrosion
resistance [89], [90]. However, the coating can also provide super hydrophobicity on substrates, as shown in Figure
8 [91]. Various coating methods, such as sol gel/ dip coating, spin coating, spray coating can make stainless steel
substrates superhydrophobic.

49



Preparation of Super-hydrophobic Surface on Stainless Steel- A Review

Superhydrophobic coating solution
Water dmplcts

Ry
- Water

Low wettability surface

Spray gun

Coated stainless steel with superhydrophobic surface

Uncoated stainless steel

Figure 8: Schematic representation of coating on stainless steel for super hydrophobicity. (Regenerated from [91])

2.2.1 Sol Gel and Dip Coating

One of the essential properties of super-hydrophobicity is its capacity to resist corrosion in corrosive settings while
preserving its chemical stability and super-hydrophobic properties. Using the sol-gel process and the dip-coating
technique, the author [43] fabricated a nano-structured SiO2 coating on stainless steel to achieve super-hydrophobicity
with excellent corrosion resistance. The stainless-steel sheet was mechanically polished and cleaned. Tetraethyl
orthosilicate (TEOS) and ethanol were used for SiOz sol preparation. The sample that had been pre-treated was
dipped in SiO: sol, dried, and then annealed. The annealed specimen was placed into a 1.0 wt.% ethanol solution
of FAS and heated later. Thus, a rough surface was created by the SiO2 coatings, which comprises “island” structures.
The SiO2 coating exhibits good super-hydrophobicity with a water contact angle of 154.7° following FAS
modification, as shown in Figure 9 (a) [43].

A critical factor in achieving super-hydrophobicity is surface roughness. It significantly impacts the contact angle.
Hydrophobicity, as measured by CA level, improved with surface roughness. Investigations were conducted into the
effects of surface roughness and super-hydrophobicity of TiO: thin films on the surface of 316L stainless steel substrates
produced using the sol-gel/dip-coating process [92]. As a titanium source, titanium (IV) isopropoxide (TTIP) was
chosen to synthesize TiO: sol. By dipping-withdrawing, thin coatings were applied to the produced sol solutions on
the stainless-steel substrates. The surface had a homogeneous, very dense nanocrystalline TiO2 covering as the surface
roughness increased. Since all TiO2 thin films have the same chemical characteristics, the difference in wettability
across the samples was often determined by how rough the surface was, and rougher surfaces resulted in more
hydrophobic behaviour and less wettability. The impact of surface roughness on the wettability characteristics of the
surfaces is shown in Figure 9 (b) [92]. It was revealed that although there was a tiny change in the roughness (0.25
um), the water contact angle changed dramatically, rising to 26°.
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Figure 9: (a) SEM view of SiO2 coating and water contact angle after modified with FAS [43], (b-e) The impact of
surface roughness on the wettability characteristics of the surfaces. (Regenerated from [92])

The health of people and the sustainability of the environment are at risk worldwide due to oil-contaminated
water resulting from industrial waste or oil spill disasters. With high separation efficiencies for kerosene and diesel, a
low-cost and effective TiO2/PDMS-coated mesh with superhydrophobic and superoleophilic qualities presents a viable
option for tackling the global problems caused by oil-contaminated water. The process of dip coating was used to
fabricate the superhydrophobic TiO2/PDMS [93]. The coated mesh exhibited a water contact angle (WCA) of 155°
and an oil contact angle (OCA) of 0°, indicating its unique superhydrophobicity and superoleophilicity. As illustrated
in Figure 10 (a), the separation efficiencies for diesel and kerosene were determined to be 88.7% and 91.6%,
respectively [93].
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2.2.2 Spin Coating

Surfaces are given the appropriate self-cleaning qualities by coating. However, in some cases, coated finishes may be
needed for stainless steel structures or components. The main objective of this research [94] was to fabricate a Flaky y-
alumina coating on SS substrate that would show easy-to-clean properties with excellent durability. Al and isopropyl
alcohol were combined to create a flaky -alumina coating. However, the cleaned substrate was spin-coated for 20
seconds at 1500 rpm. The coated sample was heated after being submerged in the FAS solution for one hour. Figure
10 (b) shows the easy self-cleaning property of the as-prepared SH sample. The maximum WCA of untested
superhydrophobic S, field-tested superhydrophobic SS, and uncoated reference SS after a 16-day run was 150°, 124°,
and 74°, respectively [94]. The minimum and maximum WCA values after washing the under-tested coated sample
later in the six-week run were 79° and 122°, respectively.
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Figure 10: (a) Separation efficiency of different oil (regenerated from [93]), (b)The photographic views of untested
and field tested samples [94].

Kerosene Diesel Sunflower

Superhydrophobic surfaces can resist corrosion in corrosive environments while maintaining chemical stability
and UV resistance properties. A simple and inexpensive layer-by-layer deposition process was utilized to induce
superhydrophobicity on stainless steel substrate using TiO2 nanoparticles [44]. A precursor three layer of
Poly(diallyldimethylammonium) (PDDA) and poly (sodium 4-styrenesulfonate) PSS was initially applied to the
cleaned substrate. After that, the substrates were alternately submerged in TiO2 P25 aqueous solution and PSS aqueous
suspension for creating multilayer films of TiO2/PSS. A TH,1H,2H,2H-perfluorodecyltriethoxysilane (PTES) was then
used to treat the samples. The UV protection layers were applied by alternately dipping the as-prepared coatings in
PDDA aqueous solution and SiO2 aqueous solution. The wetting behaviour of the prepared different layer-coated
surfaces is shown in Figure 11 [44].

Water droplet on the three layers of TiO,
nanoparticles coated surface

Two Ia\cr\o“l() coated surface °““' & Three layers of TiO; coated \urr.lre

Figure 11: (a) Water droplets on the treated steel surface, SEM images and wetting behaviour of TiO> nanoparticles
coated SS surface of (b) Single-layer TiO2 coating, (c) Double-layer TiO, coating and (d) Triple-layer TiO, coating
(Regenerated from [44])

2.2.3 Spray Coating

Damage or oil fouling can be minimized by including easy reparability into the superhydrophobic surface, which is
assumed to meet future demands in practical applications. A facile and effective spray-coating method created super-
hydrophobic surfaces on almost any substrate. The primary goal of this research [95] was to create superhydrophobic
surfaces on various substrates using a one-step spray-coating process, which eliminated the complexity of two
different phases in traditional methods while allowing for easy reparability. This process used a traditional
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precipitation approach to create copper stearate. After dispersing the produced copper stearate in ethanol, a spray
gun was used to apply the suspension to the samples. The coating was dried at room temperature. The water contact
angle and sliding angle on the surface were 160° + 1° and 3° * 1°, respectively, as shown in Figure 12, meaning water
droplets had little adhesion to it [95].

Atmospheric water generation (AWG) produces drinkable water by using the surrounding air. As a result, it can
address the issues with fresh drinking water [96]. Ice build-up on the condensation surface and the device's generally
low efficiency are challenges in this research [97]. hydrophobic coating on stainless steel formed a superhydrophobic
surface to minimize the issue, improving dropwise condensation and condensation droplets from the surface.
Isopropanol was used to wash the sample surfaces, which were thoroughly dried, to remove contamination. After
applying three coats, the samples were allowed to dry for 30 minutes. A commercially available super-hydrophobic
was used to coat the commercial grade SS and produced super-hydrophobicity on S, depicted in Figure 13 [97]. A
superhydrophobic surface has been found to promote dropwise condensation, and condensate droplets exit from
that surface. The surface itself is exposed to promote the development of new droplets since the drops in this
condensation process are discrete, continuously created, and released from the surface.

Samples Microscopic View Measured Contact Angle (CA)

(C)CA:': 148° Super Hydrophobic

(DCAz 155° Super Hydrophobic

Figure 13: (a-f) Samples showing photographs of wettability behaviours before/after applying the hydrophobic spray
[97].

The author of [98] showed how to make super-hydrophobic surfaces that are physically strong and repairable
using a thermal spray method. Plasma spray was used to create patterned titania coatings with cone-like geometry.
Further modification was done with PTFE/nano-Cu as a top layer on the substrates. The coatings were deposited by
atmospheric plasma spray on stainless steel plates (316L) and increased the hydrophobicity (Figure 14) [98]. Micro-
patterned topographical features of the coatings were achieved.
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Figure 14: (a-c) The steps involved in creating a superhydrophobic surface using the thermal spray technique.
(Regenerated from [98])

High-temperature oxidation in conjunction with a nano-silica coating was found to be a sustainable way to create
coloured superhydrophobic stainless steel surfaces with improved corrosion resistance and self-cleaning capabilities
[99]. The coloured stainless-steel surface was sprayed with the silica suspension. The preparation of hydrophobic
nano-silica is shown in Figure 15 (a). Following that, heat treatment was applied to the sprayed surface to produce a
superhydrophobic stainless steel coating. The coloured surface was more corrosion-resistant and had
superhydrophobic qualities compared to the coloured stainless-steel surface with the oxide coating and substrate. The
contact angles of oxide films created at various oxidation temperatures and the oxide film formed at 800 °C after
being treated with the superhydrophobic nano-silica film are shown in Figure 15 (b) [99]. The surface contact angle
significantly decreased as the oxidation temperature rose. A significant increase in surface wettability was
demonstrated by the contact angle, which reached 46.2° + 2.2° at 800 °C. Nevertheless, the contact angle of the
treated sample was 151.5° = 1.2° after the oxide layer that had developed at 800 °C was treated with the
superhydrophobic nano-silica film.
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Figure 15: (a) Hydrophobic nano-silica preparation, and (b) the relation between the contact angle at various
oxidation temperature and oxide film with superhydrophobic nano silica film [99].

The long-standing problem of inadequate durability in industrial applications is addressed by this study [100],
which offers an economical and ecologically responsible approach to creating mechanically strong superhydrophobic
surfaces with remarkable water repellence and abrasion resistance. The hydrophobic suspension of SiO2 nanoparticles
was sprayed onto substrates that had been treated with adhesive. The coated substrates exhibit extremely low water
adhesion (contact angle = 160° and slide angle <2°) and outstanding superhydrophobic qualities. Furthermore, even
after 325 sandpaper abrasion cycles, the coated surface retained its superhydrophobicity, demonstrating exceptional
mechanical robustness. Moreover, a 3D-printed micro-structured surface, modified with a low-surface energy
substance, demonstrates exceptional superhydrophobic properties and advanced performance in droplet freezing
and impact tests, highlighting its potential for applications requiring enhanced water repellence and durability. To
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create a cross-floral structure model, this study used Bessel curves and circular arc curves. Using a low-surface-energy
substance called Ultra-Ever Dry to alter the wettability of the micro structured surface, the superhydrophobic surface
was created by spraying [101]. After application, the wettability of the surface increased dramatically, achieving a
contact angle of 153.7°. The cross-shaped biomimetic structure designed by the Bessel curve revealed a maximum
droplet freezing time of 4193 s and a minimum droplet impact time of 9.81 ms.

2.3 Electrochemical Deposition

Electrochemical deposition is the process of depositing one material onto the surface of another through oxidation
and reduction. It has the potential to form thin layer deposits that, with some modification, make the surface
superhydrophobic. It is a cost-effective method and can alter the surface property of metal [102], [103]. A schematic
of electrodeposition process is illustrated Figure 16 [104].

Power
source

| \ —
Anode Electrolyte Cathode

Figure 16: Schematic of an electrodeposition process for metals. (Regenerated from [104])

2.3.1 Electrodeposition

The key properties of super-hydrophobic surfaces are stability and corrosion resistance. This research [45] used a
combination of electrodeposition and fluorinated modification techniques to obtain these key features on the SS 316L
substrate. The SS 316L sheets were initially cleaned, and the oxidation layer was removed. The cathode and anode
plates were submerged in electrolytic solutions. A nickel film was electro-deposited on SS 316L substrates by a DC
power supply. The SS 316L sheets were electroplated and then fluorinated by dipping them into a 2-weight percent
FAS-13 solution. The surface of the electrodeposited nickel film has various micro/nanostructures at different current
densities due to the cathodic polarization, as shown in Figure 17 (a-f). Before fluorinating the nickel sheets, the contact
angle was highest (65°) at low (1-3 A/dm?) or high (11 A/dm?) current densities. At a current density of 5 to 9 A/dm?,
FAS-13 modification may cause the deposited surface to change into a superhydrophobic surface (CA of 165°) as
shown in Figure 17 (g) [45].
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Figure 17: (a-f) The surfaces images of the electrodeposited nickel film at various current densities, (g) The relation
between the water contact angle and electrodeposition current density. (Regenerated from [45])

Being an active metal, carbon steel has an innate difficulty with corrosion. Surface coating technology is an
excellent approach for protecting steel from corrosion. The author [105] described a simple and one-step
electrochemical deposition procedure for creating a super-hydrophobic coating on steel surface with robust anti
corrosive property. A platinum wire and steel sheet functioned as anode and cathode in a two-electrode cell. The
film was deposited in ferric chloride/palmitic acid/ethanol solution. In this technique, a WCA of 160.5° = 0.5° and a
sliding angle of 2° + 0.5° were achieved as shown in Figure 18 [105]. After immersing the prepared surface in water
for seven days, it was found that CA had decreased from 161° to 156° and SA had grown from 2° to 6°.
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Figure 18: Wettability behaviour of the as prepared superhydrophobic surface. (Regenerated from [105])

Superhydrophobic surfaces on 316L stainless steel were created using a quick process that involved electrolyzing
the metal [106]. For this purpose, lauric/nickel chloride/ethanol solution was utilized. The sample experienced etching
for 900 s. After the sample had been cleaned, it was submerged in a uniform ethanol-based nickel chloride and lauric
acid electrolyte solution. The samples served as the cathode and anode, and a DC voltage was applied between
them. Then the working electrodes were cleaned after the chosen electrolysis duration and dried in the air to provide
the cathodic surface as superhydrophobic. It was revealed that 30 s of reaction was enough to obtain a
superhydrophobic surface with a maximum WCA of 175°. Figure 19 shows the SEM images of the prepared
superhydrophobic coating after 30 s [106].
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Flgure 19: SEM images of the superhydrophoblc surface coatings for 30s reaction time; (a) 10 um and (b) 1 um [106].

Oil pollution in aquatic systems is an environmental problem that can be solved by creating long-lasting,
superhydrophobic-superoleophilic materials such as nickel palmitate stainless steel meshes (SNP-SSM). Thus, it is very
desirable to produce a high-flux, long-lasting material for separating oil-water mixtures. This study proposed a novel
one-step electrodeposition process for creating superhydrophobic-superoleophilic nickel palmitate stainless steel
meshes (SNP-SSM). A superhydrophobic micro/nanostructure was electroplated in the electrodeposition precursor
solution at 60 °C using the pre-cleaned stainless-steel mesh and Ti-IrOz sheet as cathode and anode right away. This
resulted a superhydrophobic stainless steel mesh after a 14-minute reaction. A water contact angle (CA) of 164.98° +
2.3° and a roll-off angle (ROA) of 4.78° = 1.3° are displayed by the SNP-SSM. Additionally, the SNP-SSM
demonstrates adequate mechanical, chemical, and thermodynamic resistance in a variety of tests, as illustrated in

Figure 20 [107].
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Figure 20: Investigations of mechanical robustness of eSNPar. (a) Optical images of eSNPcrr following knife scratch
and adhesive tape cyclic peeling tests, (b) Repeated immersion experiment and silver mirror effect, (c) cyclic
sandpaper abrasion test, (d) SEM images and contact angle before and after sandpaper abrasion, (e) Bending
durability test under cyclic loading conditions [107].

Inspired by natural antifouling surfaces, superhydrophobic stainless-steel meshes containing antibacterial silver
nanoparticles, created via electrodeposition and surface modification, successfully inhibit S. aureus adherence,
especially in static environments. The stainless-steel mesh was utilized as the working electrode in a three-electrode
deposition system, which was employed to electrodeposit Ag nanoparticles onto the SS mesh at room temperature
in an aqueous electrolyte containing AgNOs, sodium citrate, and KNOs. Stainless-steel meshes modified by
PDA@ODA compounds exhibited a superhydrophobic condition with a SA of 3° and a CA of 160.6°. In static culture,
the superhydrophobic specimens were able to efficiently reject S. aureus adhesion, showing a more noticeable effect
than in dynamic conditions [66].

Examining the effects of scan rate and limitations on improved protection in acidic conditions, the study
investigates the electrochemical deposition, thermal stability, and corrosion resistance of polyaniline coatings on 316L
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stainless steel. Using thermogravimetric analysis, the thermal stability of the PANI coating was assessed, and
electrochemical impedance spectroscopy (EIS) was used to examine the corrosion behaviour of coated and bare steel
in TM H2SO4. 316L stainless steel served as the working electrode, Pt served as the counter electrode, and Ag/AgCl
served as the reference electrode. EIS Nyquist plots demonstrated that the PANI coating's corrosion resistance
increased considerably with lower scan rates and a smaller upper potential, particularly after up to 72 hours of
exposure [108].

2.3.2 Flectrophoretic Deposition

Employing superhydrophobic meshes as an oil and water separator in the petroleum industry and other associated
sectors is quite feasible. The author [47] demonstrated super-hydrophobic nano Al films on stainless steel meshes
fabricated via the electrophoretic deposition (EPD) process, expecting to provide a cost-effective method for
promising practical applications in oil-water separation. A stable suspension was created by using Al particles. The
EPD procedure was conducted at room temperature with an operating voltage of 10 V-mm. Subsequently, the
cathode samples were meticulously cleaned. At last, they were dipped into a 5% ethanol solution and allowed to
dry. This approach yielded a WCA of 160° £ 1.2° and a WSA of less than 5°. Figure 21 shows the schematic illustration
of EPD fabrication process [47].
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Figure 21: Schematic illustration of EPD fabrication [47].

3. Mechanical Process

Any action or procedure conducted by a machine is referred to as a mechanical process. A mechanical process may
also be described as a process that is made, carried out, operated by, or connected with machinery, related to,
controlled by, or operated by physical forces [109]. Superhydrophobic surfaces have recently gained increased
attention due to their potential utility in self-cleaning, anti-icing, reducing drag, and resisting corrosion. The primary
method for creating superhydrophobic surfaces involves creating microstructures and then applying a coating material
to reduce the surface energy. However, mechanical techniques like heating, thermal spraying, and laser texturing can
also create super-hydrophobic surfaces.

3.1 Laser Texturing

One amazing method for altering a material’s surface quality is laser texturing. Furthermore, it can significantly alter
the roughness and texture of the material. The laser beam forms micro-patterns on the surface. Moreover, it has
excellent repeatability and micrometer accuracy when eliminating layers. Laser surface texturing can enhance several
essential characteristics, including adhesion, wettability, and friction. In addition to enhancing mechanical seal
performance, laser texturing can prepare surfaces for laser cladding and thermal spraying [110].

This study [49] used a high average-power and high repetition-rate femtosecond laser to create superhydrophobic
surfaces on AlSI 316L steel to fully utilize the laser system's capabilities while reducing the overall process takt-time.
The optimum superhydrophobic characteristics were attained by varying the laser’s energy and repetition rate. A
316L steel sample was mirror-polished, and a femtosecond laser was employed to obtain a superhydrophobic surface.
Four different repetition rates were investigated, namely 100 kHz, 250 kHz, 500 kHz, and 1000 kHz. For each
repetition rate, the energy per pulse was varied accordingly to reach fluence per pulse, ranging from 0.36J/cm? to
2.33J)/cm?. laser-induced periodic surface structures (LIPSS) were observed at low fluence per pulse, and with
increasing repetition rate, micro-grooves structure of spatial periodicity was observed. As the fluence per pulse and
repetition rate increases, the structure changes from a highly homogeneous net of circular holes to columnar
structures, removing nano features later. Figure 22 shows the SEM views of steel surfaces after laser texturing with
different fluence per pulse and repetition rate [49]. The hydrophobic behaviour is seen in the low fluence domain
after several days at a low repetition rate (100kHz - 250kHz). The highest CA values are obtained at low fluence per
pulse in the high repetition rate (500kHz-1000kHz) just a few days after the laser processing. This is due to the nano-
features (LIPSS) and micro-groove structure. The increase of the CA values in time is faster at higher repetition rates
superhydrophobic surfaces (CA>150°) are obtained already after ten days from the day of the laser processing for
several values of fluence per pulse [49].
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Figure 22: SEM images of 316L steel surfaces after laser texturing with different at fluence per pulse and repetition
rate [49].

Femtosecond laser treatment was used [111] to modify the surface chemistry and topography of stainless steel
plates with the aim of improving osseointegration. Micro-spotted lines separated by different nanostructured interline
(75, 125 and 175 um) on stainless steel were created using a femtosecond laser treatment. This work sheds light on
the potential applications of femtosecond laser-treated surfaces in preventing or reducing aseptic loosening and
osteolysis. An ultrashort laser was used to treat the sample’s surfaces. Maximum CA (157°) was obtained for an
interline distance of 75 um as shown in Figure 23 [111]. At a spacing of 125 um between lines, the maximum bone
mineral accumulation was observed on the surface.
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Figure 23: SEM images and water contact aﬁgles of the (a) untreated and (b-d) laser treated samples. (Regenerated
from [112])

The laser-textured antibacterial surface on stainless steel was fabricated using a femtosecond laser [113].
Antibacterial performance was measured by quantifying the retention of Escherichia coli and Staphylococcus aureus
germs on surfaces textured by ultrashort pulse laser and mirror polishing. After polishing the sample, laser irradiation
was conducted. As illustrated in Figure 24 (a), LIPSS, spikes, and nano-pillars were created for every specimen [113].
After being exposed to the atmosphere for 30 days, the hydrophilic spike structures that were created turned
superhydrophobic (CA=160°). The study found that implementing LIPSS and nano-pillar structures can significantly
lower the retention of E. coli by 99.8% and 99.2%, respectively, and S. aureus by 84.7% and 79.9%.
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Superhydrophobic surfaces were synthesized by laser ablation with the addition of silanization in many studies.
However, the primary purpose of this study [114] was to use femtosecond laser machining in the open air to generate
micro and nano-scale patterns with hydrophobic qualities without any extra post-treatment. For specific samples,
laser texturing was conducted along a single axis with periods varying from 20 to 80 um. In contrast, the laser was
used for other samples to manufacture a grid pattern with 40, 60, and 80 um periods. It was observed that the
surfaces with sixty um spacing produce a clear valley-ridge pattern in the case of the one-dimensional scan. Increased
spacing further than sixty um intuitively leads to less hydrophobicity. The grid pattern performed better than a 1D
line pattern with the highest CA (167°) when the grid spacing was around 60 um. Figure 24 (b) shows the relation-
ship between the contact angle and different patterns and spacing periods for the laser treatment [114].
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Figure 24: SEM images of laser-treated surfaces: (a) Spikes , (b) LIPSS, (c) Nano-pillars [113], CA measurements at
different patterns and spacing periods. (Regenerated from [114])

3.2 Annealing

Micro-nanostructures are important for superhydrophobicity and can be achieved with a few modifications.
Annealing is a useful technique for improving the hydrophobic properties of films at elevated temperatures and in
numerous conditions. Stainless steel surfaces with laser texturing can be made highly hydrophobic without needing
an additional chemical coating procedure by applying a low temperature annealing post-process. When samples are
aged in ambient air, the wettability shift from hydrophilicity to super-hydrophobicity takes several months, but with
the suggested annealing post-process, it only takes four hours. Firstly, the samples were laser-textured using various
step sizes (100, 200, 300, 400, and 500 pm). After laser surface texturing, the samples were annealed at low
temperatures. Figure 25 illustrates the schematic of the fabrication process of low-temperature annealing for stainless
steel [48].
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Figure 25: Fabrication process of super-hydrophobic stainless steel surface by annealing [48].

4. Combined Approach

In most cases, a surface modification that results in low surface energy is followed by surface roughening to provide
micro-nanostructures for super-hydrophobic surfaces. While some techniques, such as laser electrodeposition and
template deposition, do not require surface modification, others, such as chemical etching, the solution-immersion
process, and spray coating, use coating material to modify the surface after it has been roughened [115]. The processes
are mostly a combination of multiple processes that might combine various steps not covered in our discussion so far
and are described in this section for fabricating super-hydrophobic surfaces on stainless steel.
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4.1 Laser Processing and Coating

Exposing a work piece to a laser beam to remove material, melt it, or modify the object’s surface characteristics is
recognized as laser processing [116]. Laser surface texturing can enhance electrical and thermal conductivity,
wettability, adhesion, and friction [117]. A coating is an application of material to a substrate with the goal of
enhancing its surface properties for wear and corrosion resistance. Spin coating, Chemical vapor deposition (CVD),
Plasma deposition, and electrodeposition are the most used coating processes [118]. However, combining laser
ablation and coating processes can also introduce super-hydrophobicity on stainless steel.

4.1.1 Laser Ablation and Chemical Vapor Deposition

While maintaining the same laser intensity, increasing pulse frequency can reduce surface roughness. Surface roughness
has a substantial impact on the contact angle and promotes hydrophobicity. An experiment was conducted to
determine how laser-patterned nanoscale features affected the wetting behaviour of Ti and SS sheets [119]. The
samples were laser-machined utilizing 6.7 picoseconds (ps) ultraviolet laser pulses with varied pulse counts per
irradiation spot. Samples were cleaned and mechanically polished before being laser machined. The studies were
conducted at 6.7 ps, a fixed pulse duration. Four sets of samples with varying pulses (12 to 48), as shown in Figure
26 were constructed to determine how the number of pulses per irradiation point affected the nanoscale structures
on SS [119]. Perfluorinated octyl trichlorosilane (FOTS) was coated via chemical vapor deposition on a laser-machined
surface. It was noticed that the periodicity of the ripples for the SS samples decreased as the number of pulses per
irradiated site increased. In low-fluence locations, the regular ripples persist. However, these picosecond laser-induced
nanoscale structures increased the metal surface’s hydrophobic behaviour. In case of SS, a maximum CA of 140° * 3°
was achieved.
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Figure 26: (a-d) SEM pictures of stainless-steel samples after (a) 12, (b) 24, (c) 36, and (d) 48 pulses. The indicated
arrow represents the laser beam’s polarization path. (Regenerated from [119])

The development of ultrashort-pulsed laser technology has transformed surface modification, making it possible
to create biomimetic, superhydrophobic qualities on a massive scale. However, to lower surface energy, current
research primarily uses perfluorinated and polyfluorinated alkyl compounds (PFAS), which raise serious physiological
and ecological issues. A siloxane-based coating that is more environmentally friendly was created via hot-filament
chemical vapor deposition [120] and effectively applied to laser-structured surfaces. Nanoscale protrusions under the
uniform polymer coating formed by chemical vapor were shown to remain undamaged by the surface designs
produced by femtosecond lasers. A static contact angle of 171.6° was attained by creating superhydrophobic surfaces
by combining thin-film deposition with hierarchical surface topography. These results demonstrate the potential of
combining siloxane-based CVD polymerization with laser texturing to stably customize wetting qualities.

4.1.2 Laser Ablation and Spin Coating

Specially prepared materials and coatings constitute the basis of anti-biofouling technology. Moreover, antifouling is
a persistent objective in the maritime sector. The author [121] suggested a quick, highly controllable method for
fabricating hierarchical micro/nanostructures on SS substrate. The primary objective was to make the prepared surface
antifouling. Micro-groove and micro-pit arrays were designed with an optimal laser fluence of 4 J/cm? and 9 J/cm?,
respectively. The laser-ablated specimens were chemically modified by spin-coated with silicone and heated later.
The wettability test findings demonstrate that the specimens with micro-groove array and micro-pit array had CAs
of 151° = 2° and 152° * 2°, respectively, as shown in Figure 27 [121].
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Figure 27: Images of laser textured specimen surface. (a)—(d) SEM images of micro- groove and micro-pit arrays [121].

4.1.3 Laser Ablation and Flectrodeposition

The author of the reference [122] presented a systematic approach to fabricating an extremely hydrophobic metallic
surface. Successful fabrication was achieved by combining laser ablation and electrodeposition. A nanosecond pulsed
laser beam was employed to fabricate the micro pillar array, and electrodeposition was utilized to build the re-
entrant structure. A laser scanning path controlled the spacing of the micro pilar array. Under the experimental
conditions, 280 um spacing was adequate for hydrophobicity as shown in Figure 28 [122]. At a current density of
1280 uA/mm?, surface roughness was highest under the experimental conditions.
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Figure 28: SEM image and water contact angle of micro pillar arrays fabricated using electrodeposition at the noted
current densities and spacing [122].

4.1.4 Miscellaneous

A biomimetic microstructure coating has been created to improve erosion and corrosion resistance in gas pipes,
drawing inspiration from the surface characteristics of conch shells [123]. Metal 3D printing is used to construct the
biomimetic microstructures, and a PDMS sponge containing CAM as a pore-forming agent forms the buffer layer.
Through surface energy reduction and texture optimization, a superhydrophobic coating comprising CNTs, LA-
modified TiO2 NPs, and epoxy resin enhances hydrophobicity. Figure 29 (a) illustrates the stepwise fabrication
process. Under harsh environmental conditions, the bionic microstructure exhibits remarkable chemical stability and
resilience to corrosive agents [123].
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Elastic substrate preparation is essential for dual-end supported nickel-chromium thin-film strain sensors. In the
manufacturing of microelectronic components, wet etching is a crucial microfabrication technique that is frequently
employed. This article [124] microprocesses the exterior dimensions and rectangular grooves of 304 stainless steel
surfaces using lithography and wet etching. The ideal etching parameters were 350 g/L of FeCls, 150 mL/L of HCI,
100 mL/L of HNOs, and an etching temperature of 40°C. As shown in Figure 29 (b), Raman spectroscopy and XPS
analyses confirmed that etching increases surface carbon content and reduces corrosion resistance. In contrast, the
strain of the I-shaped substrate after wet etching is 3.5 to 4 times higher than that of the untreated rectangular
substrate. Due to the extensive usage of 304 stainless steel in daily life, frost, and surface icing present serious
difficulties, making research on frost inhibition essential. Conventional techniques for creating superhydrophobic
surfaces are frequently expensive and complicated, which restricts their scalability.

Superhydrophobic surfaces are created on 304 stainless steel using a straightforward hydrothermal and sol-gel
process in this study [125], which also assesses the icing behaviour of untreated stainless steel, hydrophobic, and
superhydrophobic ZnO at low temperatures. In comparison to other surfaces, the superhydrophobic ZnO surface
showed significantly improved frost retardation at ambient temperatures of -10 °C and -16 °C, delaying frost crystal
propagation by about 8 minutes. Figure 29 (c) illustrates the correlation between the icing duration and the
percentage of the superhydrophobic ZnO (5-ZnO) and 304SS surfaces' coverage area. From the figure, the $S-ZnO
surface's ability to prevent frost is clearly visible [125].
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Figure 29: (a) Stepwise representation of the route to Biomimetic microstructure coating with a porous design (BMCP)
coating [123], (b) The Raman spectroscopy of etched vs. unetched zones on 304 stainless steel [124], (c) Relationship
between the time to start/end frosting time and the as-prepared samples [125].

Applications for stainless steel (SS) alloys are common in both home and industrial settings, where precise surface
property control is necessary for optimizing environmental interactions. In comparison to compact SS, this study
[126] presents a unique SS surface processing technique that achieves multifunctionality while retaining corrosion
resistance. Through the combination of oblique-angle thin-film deposition and laser treatment of flat substrates,
hierarchical SS surfaces were created. In all measured functionalities, the samples with low fluorine content
outperformed SLIPS infused with fluorinated Krytox.

4.2 Ultrasonic Cavitation Erosion

This experiment used cavitation erosion to generate microstructures on 304 stainless steel [127]. Microstructures were
obtained employing an ultrasonic emitter. Following that, a SiO2-EtOH solution was added to the micro structured
samples. As a result, the dual micro-nanostructure was achieved. Surface modification was done using FAS-13.
Consequently, an extremely hydrophobic surface was produced. Figure 30 shows the overall fabrication process of
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superhydrophobic surface via ultrasonic cavitation erosion [127]. The as-prepared stainless steel achieved a maximum
contact angle of 153.3°. It was found that the cavitation erosion time depended on the sample’s specific properties
(hardness, phase structure).

Beaker
Distance

154.7°

water

Particles deposition in
SiO,-EtOH

Figure 30: Super-hydrophobic sample preparation process via ultrasonic cavitation erosion. (Regenerated from
[1271).

4.3 Sandblasting and Chemical Alternation

The current work [128] provided evidence of a straightforward, scalable process that combines chemical alteration
and sandblasting to create superhydrophobic surfaces. Myristic acid was used in the chemical modification process.
Further research also shows that adding chemical etching as an extra step does not seem to improve surface roughness.
Sandblasted and ground surfaces were treated with an HCl and HF chemical etching solution. SiC powders of varying
sizes (F150 and F320) were used for sandblasting. Figure 31 illustrates the change of the contact angle for various
samples after soaking in 0.1 M myristic acid [128]. For F320 grounded samples, the 0.1 M myristic acid solution
produced the highest contact angles.
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Figure 31: Contact angle variation of ground and sandblasted samples after soaking in 0.1 M myristic acid [128].

4.4 Vacuum Evaporation, Chemical Replacement Reaction and Heating

It has been reported that super-hydrophobic surfaces on stainless steel substrates can be created via vacuum
evaporation, chemical replacement reaction, and heating [129]. The substrate was first polished and thoroughly
cleaned using ultrasonic. It was then covered with a Cu film created by vacuum evaporation. After that, the deposited-
Cu surface was submerged in an aqueous solution of AgNO:s to initiate a chemical replacement reaction. The reaction
produced a rough-structured Ag/ deposited-Cu surface. This modified surface was heated to 100 °C and allowed to
dry in the air, creating a super-hydrophobic surface. Figure 32 schematically shows the technique of creating a
superhydrophobic surface on a stainless-steel substrate, along with a WCA comparison of the treated and untreated
substrates [129]. The water droplets were spherical on the superhydrophobic surface, with a WCA of about 155.7°.
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Figure 32: Fabrication of super-hydrophobic surface by vacuum evaporation, chemical replacement reaction, and
heating. (Regenerated from [129])

5. Challenges and Future Research

Each method for creating a super-hydrophobic surface works best on a specific base material. The final result may
vary based on the fabrication procedure, and it is also considered a function of the base material [130]. Most
researchers used 304 SS in chemical etching for fabricating SHS which is used in the cases of the combination of laser
processing and chemical modification. However, 316SS is extensively used in the case of coating, electro-deposition,
and laser processing. In case of laser processing, unique and expensive instruments are required. Parameters such as
spacing, laser energy (fluence per pulse), and repetition rate are to be adequately set to obtain proper fabrication.
Most cases require adequate knowledge and expertise for the fabrication process. In most cases, fabrication processes
are developed to meet needs. Changes in the process may cause failure in expectation. Some techniques are
developed for anti-icing properties, some are for anti-fouling, and some are for drag reduction. But the main target
of all processes is to create an anti-corrosive, more durable, stable material in all circumstances. Solution
concentration, reaction time, and temperature have a noticeable effect in the case of chemical processes over
mechanical processes. A chemical reaction progresses more quickly when the temperature is raised. In the case of
chemical etching, specific etching time, solution concentration, and temperature are particularly important. However,
these factors are also crucial in the case of electrochemical deposition and coating. Maintaining specific solution
concentrations and temperatures may create challenges in many cases. Historically, superhydrophobic coatings have
been applied to material surfaces in thin layers. Simple rubbing or focused, high-pressure water streams can readily
remove such coatings. Superhydrophobic surface coated with low-energy materials using various chemical methods
(spin, dip, or spray coating) is unreliable. Sometimes, these methods cannot apply a superhydrophobic substance
uniformly on metal surfaces. Another major issue with coating processes is the waste of reactant chemicals [131],
[132]. Some processing procedures have an adverse effect on the environment. Processing time, costs, and
environmental consequences must be considered for future large-scale superhydrophobic material manufacturing.
Using environmentally friendly chemical reagents, fluorine-free activity, reduced energy consumption and
optimization for laser processing is more practical. The creation of self-healing superhydrophobic coatings is an
attractive prospect for addressing various real-world problems. It is critical to develop a superhydrophobic coating
capable of regenerating low surface energy material and damaged morphology while promoting rapid healing. The
challenges for fabricating a superhydrophobic surface are durability, scalability, environmental concern, cost, and self-
healing. Addressing these challenges in future research would be helpful to fabricate durable superhydrophobic surface
that can be scalable to industry level manufacturing.

6 CONCLUSIONS

In conclusion, this comprehensive review has provided an in-depth analysis of the various methodologies employed
in the preparation of superhydrophobic surfaces on stainless steel substrates. Through the exploration of chemical,
mechanical, and combined approaches, several key findings and insights have emerged.

Firstly, chemical techniques such as sol-gel deposition, chemical vapor deposition, and self-assembly methods have
been shown to effectively induce superhydrophobicity on stainless steel surfaces. These methods offer precise control
over surface chemistry and morphology, leading to robust and durable coatings with excellent water repellence
properties. However, the excessive cost associated with some chemical processes, as well as potential health and
environmental hazards, pose challenges that warrant consideration.

On the other hand, mechanical approaches such as laser ablation, micro/nano structuring, and sandblasting offer
cost-effective alternatives for surface modification. These methods rely on physical alteration of the surface
topography to achieve super-hydrophobic behaviour, often yielding hierarchical roughness structures crucial for water
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repellence. Despite their simplicity and scalability, mechanical techniques may suffer from limitations in terms of
coating stability and long-term durability.

Furthermore, the combination of chemical and mechanical processes has emerged as a promising strategy to
overcome the limitations of individual methods while leveraging their respective advantages. By synergistically
integrating chemical functionalization with mechanical roughening, enhanced superhydrophobic coatings can be
achieved, offering improved stability, durability, and performance. The Table 2 below summarizes the relevant
citations with respect to related keywords.

Table 2: Summary of research keywords and related references on superhydrophobic stainless steel fabrication for
different techniques.

keywords References
1 Etching [17], [271, [42], [51], [54], [70-81], [87]
2 Coating [43], [44], [89-101]
3 Electrochemical deposition [45], [47], [66], [105-108]
4 Mechanical process [48-49], [111-114]
5 Combined approaches [115-126]
6 Ultrasonic, sandblasting, vacuum evaporation [127-129]
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