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Wetting behaviors of structuredmetal surfaces have received considerable attention due to thewide range of ap-
plications for commercial, industrial, andmilitary uses aswell as fundamental research interests. Due to its adapt-
ability, precision, and ease of automation, laser-based texturing techniques are desirable platforms to create
micro- and nano-structures, including laser-induced periodic surface structures, or hierarchical structures on a
metal substrate. However, micro- and nanostructures alone often do not achieve the desired wettability. A sub-
sequent surface chemistrymodification methodmust be performed to attain target extremewettability for laser
texturedmetal substrates. This reviewaims to provide a systematic understanding of the interdependence of sur-
face chemistry modification and physical surface structures formed during the laser-based surface engineering
methods. The role of surface chemistry on top of the surface structures is presented to decide the final wetting
scenario. Specifically, by controlling the surface chemistry of a laser textured surface, wetting can be modulated
from extreme hydrophobicity to hydrophilicity, allowing freedom to achieve complex multi-wettability situa-
tions. In each section, we highlight the most fruitful approaches and underlying mechanisms to achieve a fitting
combination of surface structures and surface chemistry. Durability and stability of the treated surface are also
discussed in corrosive and abrasive environments. Finally, challenges in current studies and prospects in future
research directions of this rapidly developing field are also discussed. This review will provide a comprehensive
guideline for the design of laser texturing methods and the fabrication of extreme wetting surfaces for metal
alloys.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
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1. Introduction

Employing engineering methods to achieve extreme wettability
conditions on metal alloys through creating micro-/nano-scale features
along with appropriate chemistry has received considerable attention
over the past few decades. Those engineered extreme wetting surfaces
were often inspired by natural or biological surfaces with specific phys-
ical and chemical characteristics. There exist several natural
superhydrophobic surfaces with a water-repelling property, including
Fig. 1. Applications of micro/nanostructured metal surface with extreme wettability. Superhyd
electrocatalyst for hydrogen evolution [9], water splitting [8], heat pipewicks [14] and lubricatio
self-cleaning [26], oil-water separator [20], anticorrosion [24] and drag reduction [22]. Rep
[8,12,20,26], Nature [9], Springer [10], Cambridge Core [22], Royal Society [24], American Chem
lotus leaves [1], rose petal [2], water ferns [3,4], water striders [5], but-
terfly wings [6,7]. On the other hand, superhydrophilic plant surfaces
in Sphagnum moss [3,4] also exist in nature to capture water from fog,
dew, or rain in high altitudes. All of those extreme wetting natural sur-
faces possess specific shape of micro/nanoscale surface structures along
with fitting chemistry that leads to desired wetting conditions to sur-
vive in nature [3]. The interaction between engineeredmicro/nanoscale
structures and liquid, especially water, leads to several wetting scenar-
ios, including extremely high, high, low, and extremely low wettability.
rophilic surface for dental implant [16] electrolyte wetting of lithium-ion batteries [10], an
n [12]. Superhydrophobic surface for anti-icing [28], anti-biofouling and antibacterial [18],
roduced with permission of the Elsevier [14,16,18], Royal Society of Chemistry (RSC)
ical Society (ACS) [28].
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Those wettability conditions play a crucial role in many industrial pro-
cesses and applications, as illustrated in Fig. 1, such as superhydrophilic
surfaces for catalysts [8,9], fuel cells & batteries [10,11], tribology & lu-
brication [12,13], heat pipe wicks [14], dental treatment [15,16], etc.,
and superhydrophobic surface for antibacterial & anti-biofouling
[17,18], oil recovery [19,20], drag reduction [21,22], anti-corrosion
[23,24], self-cleaning [25,26], anti-icing & anti-fogging [27,28], and a
combination of both for pool boiling [29,30], and microfluidics [31].

Wetting is the ability of a liquid medium to maintain contact with a
solid medium due to intermolecular interaction when they are brought
together. Wettability of a solid surface is the measure of the degree of
wetting at which surface can get wet by a liquid. Static contact angle
(θ) is one of a quantitative way to measure wettability at a solid-liquid
interface [32]. It is defined as the angle formed at the three-phase line
of liquid resting on a solid surface in equilibrium, and it is measured be-
tween solid and gas through the liquid.When the liquid iswater, the θ is
termed as static water contact angle (θw). In this review, we only focus
on wetting by water. As θ increases from 0° to 180°, surface wetting
changes from complete wetting to complete non-wetting. The surface
wetting by water can be categorized into two main regions: hydropho-
bicitywhen θw ismore than 90°, and hydrophilicity when θw is less than
90° [3,33]. Among each region, there are specific ranges for static con-
tact angle to differentiate between general and extreme wetting condi-
tions. In summary, the wetting by water can be categorized into six
categories, as shown in Fig. 2: (i) hydrophilic, (ii) superhydrophilic,
(iii) superwetting/superwicking, (iv) hydrophobic,
(v) superhydrophobic lotus leaf effect, and (vi) superhydrophobic rose
petal effect. Surfaces with θw b 90° show good wetting behavior. If the
θw falls between 10° and 90°, the surface is designated as hydrophilic
(Fig. 2(a)). If θw is less than 10°, the surface is considered as
superhydrophilic, and the water tends to spread over the surface
(d)

Hydrophobic
90° < w < 150°

Superhydrophobic
(Lotus effect)

w > 150°

w

w

w

Superhydrophobic
(Rose petal effect)

w > 150°

(e)

(f)(c)

w

Hydrophilic
10°< w < 90°

Superhydrophilic
w < 10°

w

Superwetting/superwicking
w 0°

(a)

(b)

Fig. 2. Classification of wetting based on θw: (a) hydrophilic; (b) superhydrophilic;
(c) superwetting/superwicking; (d) hydrophobic; (e) superhydrophobic (lotus leaf
effect); (f) superhydrophobic with high adhesion (rose petal effect).
(Fig. 2(b)). There is a special category of hydrophilic surface:
superwicking surface [34–38], where the θw is equal to 0°, as shown in
Fig. 2(c). It is also known as a superwetting surface. This is a special
case of the superhydrophilic surface where the liquid spreads on the
surface at a very high speed as the liquid droplet meets the surface. Liq-
uids also tend to climb against gravity on this kind of surface when kept
in a vertical orientation. Surfaceswith θw N 90° indicate non-wetting be-
havior, and static contact angle alone is inadequate because it cannot
evaluate the sliding properties of the liquid on the surface. Two addi-
tional parameters are used to define the non-wetting behavior of the
surface, including roll-off angle (θRoll-off) and contact angle hysteresis
(θH). θRoll-off is a critical inclination angle at which the liquid droplet
trends to slide/roll off the surface [39]. θH is defined as the difference be-
tween the advancing contact angle and receding contact angle [40]. Sur-
faces with 150° b θw b 90° are categorized as hydrophobic (Fig. 2(d)).
When the hydrophobicity increases, θw of the droplets with the surface
increases as well. When θw is higher than 150°, the surface is generally
recognized as superhydrophobic. There are two kinds of
superhydrophobic surfaces including superhydrophobic “lotus leaf”
and “rose petal” as shown in Fig. 2(e) and (f) respectively. For
superhydrophobic “lotus leaf” surface, water droplets tend to slide off
the superhydrophobic lotus leaf effect surface if the surface is tilted at
a small angle. It requires to have low θRoll-off (b10°) [39] and low θH
(b10°) [41,42]. On the other hand, a superhydrophobic “rose petal” sur-
face usually possesses high adhesion force [43,44], where water droplet
sticks on the superhydrophobic surface, although the surface is tilted
upside down (θRoll-off N 90°) as shown in Fig. 2(f). It usually have θRoll-
off N 90° [45] and θH N 10° [46].

Thewetting process of solids was first analytically expressed using a
simplemodel using Young's equation to describe the equilibriumcondi-
tion of a liquid droplet on an ideal solid surface, as shown in Fig. 3a.

cos θð Þ ¼ γsv−γsl

γlv
ð1Þ

where γ is the surface tension that indicates the energy per unit surface
area of the interface, the subscripts sv, lv and sl signify solid-gas, liquid-
gas, and solid-liquid interfaces, respectively. Validity of this equation is
limited to a smooth, chemically homogeneous, rigid, insoluble, non-
reactive infinitely flat surface. Although all the real surfaces are not
ideal, Young's equation provides a basic understanding of the relation-
ship between static contact angle and interfacial surface tensions. For
the rough real-world surface, twomain wetting regimes are considered
throughout the literature, i.e., Wenzel [47] and Cassie-Baxter [48] wet-
ting regime. In the Wenzel regime, liquid droplet moves inside the sur-
face roughness, and the real surface area increases due to roughness, as
shown in Fig. 3b. Consequently, the actual interfacial area between the
solid and liquid medium is much higher than the apparent geometric
contact area, which makes the surface hydrophobicity level to increase
compared to a smooth surface. The apparent contact angle (θ ∗)waspro-
posed as:

cos θ�ð Þ ¼ r f
γsv−γsl

γlv
¼ r f cos θð Þ ð2Þ

where, rf (rf N 1) is the solid surface roughness factor, which signifies the
ratio of solid surface area to the projected area. In Cassie and Baxter re-
gime, liquid droplet does not penetrate the surface roughness, and some
gas is entrapped in between the liquid and solid, as shown in Fig. 3c.
That makes the solid-liquid interface as a combination of the solid-
liquid and solid-gas interface. Only a fraction f (0 b f b 1) of rf contributed
towards the solid-liquid interface, the apparent contact angle can be
given by [49],

cos θ��ð Þ ¼ r f f cos θð Þ þ f−1 ð3Þ



Fig. 3.Wetting Models. (a) Young's model; (b) Wenzel model; (c) Cassie-Baxter model.
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However, both of these regimes only contemplate the interfacial sur-
face tension as one factor and do not consider the various components
of surface chemistry that influence interfacial surface tension.

Wetting scenarios based on the roughnessmodification can be sum-
marized in Table 1. For a surface with hierarchical roughness with
smaller nanostructure on top of larger microstructure, several wetting
scenarios can be reached, including Wenzel, Cassie-Baxter, and inter-
mediate metastable regimes [46]. Water can penetrate either into the
micro- or nanostructure or into both. When the surface has a high
dual roughness with deep microstructures combined with rich nano-
structures, a layer of air is trapped between the surface and the droplet.
Thus, it leads eventually to high θw, low θRoll-off, and low θH, which leads
to a superhydrophobic lotus leaf effect. When the surface microstruc-
tures become shallower, some parts of water droplet can partly get
into themicrostructure, and thewetting state becomes an intermediate
metastable or combined state [46,50]. The increased liquid−solid con-
tact area results in an enlarged adhesion to water. On this surface,
water could infuse into part of microstructures, but it still does not en-
tirely wet into the nanostructures, resulting in high θRoll-off and θH
while maintaining high θw [46]. When the surface microstructures be-
come shallower, the water droplet can get into the grooves of the
rough solid surface completely, leading to the Wenzel regime. Thus,
the θw decreases, and θRoll-off and θH increase rapidly.

There are two main forces, i.e., adhesive force and cohesive force,
that contributed towards the interfacial interactions. The adhesive
force between a liquid and solid medium assists the liquid spreading,
and cohesive forces within the liquid molecules resist contact with the
solid surface [32]. The adhesive force at the liquid-solid interface and co-
hesive force of the liquid compete against each other to decide the wet-
ting scenario at the interface. If the adhesive force at the solid-liquid
interface is stronger than the cohesive force of the liquid, good wetting
happens. On the other hand, if the cohesive force is stronger than the
adhesion force at the interface, liquids tend to form a droplet, and the
surface behaves as non-wetting or partial wetting. In general, a specific
liquid effectively wets solid surfaces with high γsv value comparedwith
surfaces with low γsv. The value of γsv depends on bonding between
atoms at the surface layers. For example, metals, ceramics, glasses
which are held together by strong cohesive forces due to the presence
of ionic, metallic and covalent bonds, possess high γsv as it requires
high energy to disrupt the bonds. On the other hand, hydrocarbons,
fluorocarbonswhichwere held together byweak vanderWaals and hy-
drogen bonding forces, have low γsv as it requires less energy to break
those bonds [51]. Again, if the γsv of solid surface is much higher than
Table 1
Different regimes of wetting of a surface with dual roughness.

Air in microstructure Water under droplet in
microstructure

Air in nanostructure Ideal lotus effect
High θw, Low θH, Low
θRoll-off

Ideal rose effect
High θw, High θH, High
θRoll-off

Water under droplet in
nanostructure

Cassie state
High θw, Low θH, Low
θRoll-off

Wenzel state
High θw, High θH, High
θRoll-off
γlv of liquid, thewetting becomes easier. It indicates the chemical condi-
tion of the solid surface contributes significantly on the wetting behav-
ior at the solid-liquid interface.

Therefore, both solid and liquid surface properties are critical at the
interface to decide the final wetting behavior [52]. It has been widely
researched that the wettability condition of a solid surface can be al-
tered through surface micro/nanostructuring [48,53–56]. In the real
world, solid surfaces are not smooth. Surface roughness or surface to-
pography is naturally present or deliberately imposed on the real-
world surface during the fabrication process. The surface roughness of
a real surface can vary from several micrometers to several nanometers.
Surface chemistry of a solid also plays a decisive role inwetting behavior
[57]. Specific surface chemistry is also generated or purposefully intro-
duced during the fabrication process, which contributed towards its
γsv of the real-world rough surface. External excitation like UV illumina-
tion also influence wettability transition for some unique photosensi-
tive oxide semiconductors like ZnO [58,59] and TiO2 [59] by
influencing the surface chemistry.WithUV illumination, surface oxygen
vacancies are generated in both ZnO and TiO2, which leads to dissocia-
tive adsorption of thewatermolecules in the surface. Based on a specific
combination of surface topography and surface chemistry, desired wet-
tability scenario for a solid surface for a specific liquid can be achieved.
On the liquid side, liquid-vapor surface tension (γlv) contribute towards
the wettability scenario [60,61]. γlv is also a function of temperature,
therefore temperature of the environment also contributes to the
wettability.

It is important to understand how to fabricate the desired topogra-
phy and impose favorable chemistry on engineering metal substrates
for desired wettability. Many engineering methods have been studied
to fabricate extreme wetting surfaces based on the two primary factors,
including surface chemistry and surface micro-/nanostructures [62,63].
Two main fabrication strategies have been practiced over the years
[64,65]. For the first type, surface topography is generated on the sub-
strate material using one process. Subsequently, surface chemistry is
created by films and coatings on it through a second process. For the
second type, surface topography and surface chemistry are created on
the substrate material in one single process though rough film coating
[66,67]. All the reagents are mixed to produce the final product with a
single process step. A mixture of cobalt salt with n-dodencanethiol for-
mulates metal dodecanethiolates that simultaneously provide surface
roughness and surface chemistry for excellent superhydrophobicity
[67].

For the first strategy, several techniques inspired by nature have
been used to produce micro/nanoscale surface topography. These tech-
niques to create surface structures are categorized into three main ap-
proaches: (a) top-down approach which removes material selectively
or randomly from the base material to create nano or micro-scale sur-
face structures. High-intensity thermal energy sources and chemical or
electrochemical reactions [68–72] are used to remove materials. Pro-
cesses with top-down approach include chemical etching [70,73,74],
plasma etching [75], laser texturing [76–78], lithography [79]. (b) A
bottom-up approach which creates nanoscale features on top of the
base material by building up atom by atom or molecular scale compo-
nents [80,81]. This approach includes electrochemical deposition
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[82–86], electrospinning [87], anodic oxidation [88], and layer-by-layer
(LBL) deposition [89,90], sol-gel method [91]. (c) A combination of top-
down and bottom-up approaches [92] which takes the advantages of
both top-down and bottom-up approaches to generate surface struc-
tures. Several combinations have been explored, including etching
with KOH, and Au nanoparticle catalyzed HF/H2O2, followed by the
sol-gel method [93] on silicon. A combination of photolithography for
micropillar arrays and chemical vapor deposition (CVD) of anisotropi-
cally aligned carbon nanotubes was used to create hierarchical struc-
tures on a silicon substrate [94]. Nanostructure alone cannot produce
desired wettability, so a chemistry modification technique is required
after the nanostructure generation or simultaneously during the nano-
structure generation. After the surface structure generation, surface
chemistry modification techniques are applied, which include the sol-
gel method [91,95], chemical vapor deposition [96,97], chemical im-
mersion [98], etc.

In the last decade, laser-based surface processing methods emerged
as one of the widely researched areas of the top-down approach to cre-
ate micro/nanoscale surface structures. Remarkable progress has been
made in lasermaterial processing research on both fundamental knowl-
edge and fabrication points of view [45,68,99–102]. Processing with
pulsed laser is a contactless material removal method that irradiates
the substrate surface by single or multiple laser pulses. These tech-
niques have several unique features that make it an exciting choice for
surface topography generation for metals due to ease of automation, re-
liability, repeatability, and controllability. Extensive knowledge has
been obtained on the design andmanufacturing of extremewetting sur-
faces, i.e., superhydrophobic [21,103–109] and superhydrophilic sur-
faces [110–115], however, most of the existing literature reviews only
discussed the fabrication strategies of laser-based processes
[21,102,104,107,114–116]. These articles only stressed on the types of
surface structures created by laser irradiation.

Immediately after laser texturing of engineering alloys, textured
surface usually behaves as superhydrophilic [100,117,118]. Laser
processing of metal generates metal oxide on the textured surface
as it is a high energy processing. Metal oxides are typically hydro-
philic because their electronic structure favors the formation of hy-
drogen bonds [119]. Metal oxides possess higher surface energy.
For instance, immediately after laser treatment, the AA6061 surface
contains Al2O3, and the aluminum atoms at the surface are electron
deficient, resulting in a formation of a hydrogen bondwith interfacial
water molecules. Therefore, the surfaces behave as superhydrophilic
immediately after laser texturing. This superhydrophilicity is stable
if the textured surface is stored in N2, CO2, or O2 environment
[100]. Surface energy remains high in those environments. However,
it is unstable if it is exposed to air [100] or vinegar, sodium bicarbon-
ate solution, IPA, and saltwater [120]. It undergoes a transition from
superhydrophilicity to superhydrophobicity within a period of
8– 30 days [100,117,118]. Exposure to different medium accelerates
or decelerates the wettability transition process [120]. IPA acceler-
ated wettability transition, whereas sodium bicarbonate slowed it
down. Due to this exposure, the surface adsorbs organic molecules,
which modifies the surface chemistry permanently, leading to
superhydrophobicity [100]. Earlier work reported on laser textured
superhydrophobic surfaces did not consider the effect of storage in
air as a chemical modification. It claimed to be achieving
superhydrophobicity without chemical modification after laser tex-
turing. However, recent work explains the mechanism of attachment
of long hydrocarbon chain of organic molecules exposure to atmo-
sphere leading to wettability transition [100,118]. Author's group re-
cently have shown that several extreme wetting scenarios can be
achieved on samilar laser textured surface by controlling the disper-
sive and non-dispersive components of surface chemistry [230].
Those extreme wettabilities include superhydrophobicity,
superoleophobicity, superhydrophilicity, superoleophilicity and co-
existence of superoleophobicity and superhydrophilicity.
Although the wetting behavior of a laser textured metal surface is a
complex combination of surface chemistry and surface topography,
most of the existing literature only explored the generation of physical
topographical changes, i.e., micro-/nano-scale surface structures by la-
sers. A significant knowledge gap exists in the current literature on
the importance of surface chemistry alongside laser-textured surface
structures.

This review intends to examine the roles of surface chemistry
modification for laser texturing processes of metal alloys to achieve
desired extreme wettability, and hence solely focuses on the mate-
rial processing science. The goal of the review is to provide a system-
atic understanding of the interdependence of surface chemistry
modification and surface structure generation during the laser-
based surface engineering methods of metals and metal alloys.
While applications of extreme wetting surface and their durability
under various environmental loadings are of great interest, these
topics are out of the scope of this review. In Section 2, we will review
the existing laser textured surface structures of metals and metal al-
loys to provide a background for the following surface chemistry
modification processes. In Section 3, we will review the underlying
mechanisms of the existing surface chemistry modification tech-
niques used to decide the final wettability scenario. Finally, in the
last section, we will provide concluding remarks and future research
directions. The review is, as a matter of fact, a very first review work
to systematically discuss the role of surface chemistry and the
methods for surface chemistry modification for laser surface textur-
ing of metals. The review also helps provide a guideline for the de-
sign of laser texturing methods and fabrication of extreme wetting
surfaces for metals and alloys.
2. Laser texturing for surface micro-/nanostructures

Laser direct writing to create textures on the substrate is the most
frequently used approach for the fabrication of extreme wetting sur-
faces due to the ease of processing setup and operation [121]. The fabri-
cated surface structures depend on laser processing parameters (pulse
energy, repetition rate, pulse duration, scanning speed, wavelength,
processing environment, polarization, etc.) and substratematerial prop-
erties (thermal conductivity, specific heat, bandgap, etc.) [122,123]. The
pulse width of those lasers can range from a few nanoseconds to a few
femtoseconds with a wavelength ranging from 355 nm (UV laser) [98]
to 1064 nm (IR laser) [100]. Repetition rate ranging from 10 Hz [124]
to 106 Hz [125] has been used to texture engineering metals and
metal alloys. During laser processing, different environment is also ex-
plored, including air, CO2, O2, N2, Ar, water [124,126].

The classification of laser textured surface structures and their gen-
eration approach can be seen in Fig. 4. Almost all of the developed
laser texturing methods follow the top-down approach, which inher-
ently creates nanoscale laser-induced periodic surface structure
(LIPSS) or hierarchical/dual scale structures, i.e., both microscale and
nanoscale structures [68,127,128,208], in an exact local region of the
target surface and then processes the whole surface area by scanning
the laser. A wide range of pulsed laser with pulse duration in nanosec-
ond (10−9) [72,129], picosecond (10−12) [77,100], and femtosecond
(10−15) [76,130] has been used to produce surface structures onmetals.
Hybrid laser texturing techniques [131,132] are also used to create hier-
archical surface structures where microscale structures are created by
nanosecond pulsed laser, and nanoscale features are created by femto-
second or picosecond pulsed laser. In addition to these developed top-
down laser texturing methods, a newer combined approach has re-
cently been developed to create randomly distributed nanoscale struc-
tures. It uses a rapid nanosecond laser scanning process to
precondition the target surface without generating the usual micro/
nanostructures and then applies chemical treatment to process the
whole surface [124,133].



Nanostructures

Low-spatial-frequency LIPSS (LSFL)

High-spatial-frequency LIPSS (HSFL)

Laser-induced periodic surface structures 
(LIPSS)

Microcolumns/microspikes covered with LIPSS
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Fig. 4. Classification of fabrication approach and surface structures created by laser texturing.
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2.1. Laser-induced periodic surface structures (LIPSS)

Femtosecond and picosecond laser-based texturing methods can
create nanometer-scale surface structures using a top-down approach
by removing material selectively by an ultrashort pulse laser source.
These nanostructures generally are known as LIPSS. LIPSS appears on
solids during irradiation with linearly polarized laser radiation
[134,135]. Birnbaum [136] first observed this in 1965 on several semi-
conductor surfaces irradiated by ruby-laser. These surface structures
can be fabricated on a wide range of materials, including semiconduc-
tors, metals, and dielectrics [137]. LIPSS is formed in a wide range of
pulse duration ranging from several picoseconds [138] to several femto-
seconds [139]. When the laser fluence is very close to or little above the
ablation threshold value of the target material, a periodic nanoscale
LIPSS structures will appear. LIPSS generally composed of periodic
lines of nanoscale surface structures that display a clear correlation
with the polarization of laser radiation and wavelength. The periodicity
of the LIPSS is equal to or smaller than the wavelength of the laser radi-
ation, and it is much smaller than the effective laser spot size [127].
There are two main categories of LIPSS structures generated during
pulsed laser irradiation, i.e., Low Spatial Frequency LIPSS (LSFL) and
High Spatial Frequency LIPSS (HSFL). LSFL is formulated as a result of
the periodic spatial distribution of the laser pulse energy. According to
the classical theories [137,140], LSFL is generated due to the interfer-
ence between the incident laser beam and rough surface-induced sur-
face electromagnetic waves, including the excitation of the surface
plasmon polaritons [141–143]. Its periodicity (ΛLSFL) is usually close to
the laser wavelength (λ) or λ/n (ΛLSFL ≈ λ orλ/n), where n is the refrac-
tion index of the material. Table 2 lists down a summary of fabricated
LSFL on different metal and metal alloys with their periodicity and
threshold fluence used to generate the features. On the other hand,
Table 2
LIPSS reported on different metals and metal alloys with their fluence and periodicity (λ/
n).

Material Fluence (J/cm2) Periodicity ratio (λ/n) Reference

AISI 316L steel 0.08–0.2 1.60 [145]
2.04 1.45 [147]

SS304 0.4–1.1 1.33 [148]
Al 0.05 1.48 [149]
Cu 0.15–2 2.00–1.18 [150]
Ti 0.25 1.14 [151]

0.09–0.45 1.6–1.14 [152]
0.067–0.084 1.51 [127]

Ti Alloy 2.04 1.33 [147]
Ni 0.12 1.33 [153]

0.97–1.42 1.82–1.43 [141]
HSFL has a periodicity smaller than half of the laser wavelength
(ΛLSFL b λ/2) and can be either perpendicular or parallel to the polariza-
tion of the incident laser beam. Fundamentally, the formation of LIPSS is
a complex process that comprises a sequence of physical movement of
materials during inter- and intra-pulse duration. The laser radiation is
absorbed by the electronic system of the target material and the deliv-
ered energy transferred into the lattice system of the solid, leading to
thermal, hydrodynamic, and chemical events [135]. Those events even-
tually affect the formation of periodic structures through spatially mod-
ulated material ablation and re-solidification. There are conflicting
theories on some aspects of that physical phenomenon. Due to the com-
plexity and interdependency of all the physical events in a short span of
time of laser irradiation, a comprehensive theory of LIPSS formation is
not present at this point of time.

From the processing point of view, the fabrication of LIPSS is
straightforward compared with the complexity of the formation mech-
anism. In one step, nanostructures are generated that facilitates the
functionalization of the surface towards optical, mechanical, biological
surface properties. The formation of LIPSS is affected by both laser tex-
turing parameters and target material physical properties [144]. Li
et al. [76] and Bo et al. [145] studied the effect of laser fluence on
LIPSS formation using femtosecond laser on pure titanium and stainless
steel, respectively. At lower laser fluence, only LIPSS is observed; how-
ever, at higher fluence, the surface structures transform from LIPSS to
hierarchical/dual scale shape. Fig. 5a illustrates the transformation of
LIPSS structures to conical-shaped spikes covered with LIPSS as laser
fluence increased.With the increase of laser fluence, the height and dis-
tance between spikes are also increased [76,145]. No. of pulses also
plays a crucial role in the LIPSS formation for femtosecond laser
[127,146]. At a lower number of laser pulses, only LIPSS is observed,
whereas, at a higher number of laser pulses, bimodal roughness can
be fabricated, where microcolumns are covered with LIPSS (Fig. 5b).
For all the fabricated LIPSS structures, surface chemistry modification
is required to achieve extreme wettability.

Nanostructure plays a very important role in establishing the final
wettability. Laser fluence, no. of pulses, and the processing environment
play a very important role in deciding the nanostructure size and distri-
bution.With very low laser fluence and no. of pulses, the nanostructures
are random. With increasing laser fluence and no. of pulses, the ran-
domness disappears, and periodic LIPSS emerges. Beyond a certain
threshold value of laser fluence and no. of pulses depending on the tar-
get material, LIPSS disappears, and dual scale microspikes or
microcolumns covered with LIPSS shows up. Without chemistry modi-
fication treatment, θw on the LIPSS structure decreases as the laser
fluence increased and eventually becomes superhydrophilic with
θw = 0° [76] after a threshold laser fluence. After chemistry modifica-
tion, θw on LIPSS increases with laser fluence [76] to more than 150°.



Fig. 5. LIPSS formation at different processing parameters and transformation to hierarchical structures; (a) change of LIPSS to hierarchical structures with increasing laser fluence.
Reproduced from [145] with permission of the Elsevier. (b) change of LIPSS to hierarchical structures with increasing no. of pulses at the target location. Reproduced from [127] with
permission of the Elsevier.
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2.2. Hierarchical surface structures

Hierarchical structures or dual-scale micro/nano surface struc-
tures are also fabricated on the target substrate through various
laser texturing strategies. The hierarchical surface structure typi-
cally consists of one structure at a higher scale (micron scale) and
another structure at a lower scale (nanoscale) on top of higher
scale structures. Those structures can be categorized into four
main classes based on their fabrication strategies, as shown in
Fig. 6. They are (a) microcolumns or spikes covered with LIPSS,
(b) microcolumns or spikes covered with random nanostructures,
(c) microtrenches, or micromatrix covered with LIPSS and
(d) microtrenches or micromatrix or laser spot array covered with
random nanostructures. When the laser fluence is very high, much
above the ablation threshold value of the target material, a disrup-
tive modification occurs, resulting in microcolumns or spikes cov-
ered with LIPSS structures [76,142,145,154]. Wu et al. [145] show
that stainless steel surface textured with cone-shaped spikes cov-
ered with LIPSS structures had enhanced wetting performance
compared to only nanoscale LIPSS. Long et al. fabricated cone-
shaped microprotrusions or microcolumns covered with random
nanostructures using femtosecond laser at a very low scanning
speed [45,155]. They scan the surface in the horizontal direction,
followed by in transverse direction to create a hierarchical structure
at the intersection region. They needed to do chemistry modifica-
tion after the surface structure generation to achieve both
superhydrophobic lotus and rose petal effect. The third kind of hier-
archical surface structure is created by laser irradiating the surface
in two separate passes. In the first pass, microtrenches/micro-
grooves or micromatrix/crosshatch were created on the metal sub-
strate, and in the second pass, LIPSS were generated on the micron-
scale structures [131,132,156]. The textured surface also required
chemistry modification after the texturing process to achieve
superhydrophobicity. The fourth kind of hierarchical structures
were created by single-step laser irradiation
[68,69,72,129,157,158]. Microscale surface features like
microtrenches/microgrooves [68,72] or micromatrix/crosshatch
[69,158] or spots array [129,157] were created by pulsed laser irra-
diation. The random nanoscale features on top of the microscale
features were created by solidified ablated materials.



Fig. 6.Different types of laser texturedhierarchical surface structures; (1)Microcolumns/spikes coveredwith LIPSS, Adapted from [154]with permission of the Elsevier. (2)Microcolumns/
spikes coveredwith randomnanostructure, Adapted from [45] with permission of the ACS. (3)Micro-trench/micro-matrix coveredwith LIPSS, Adapted from [132] with permission of the
Elsevier. (4) Micro-trench/micro-matrix/spot array covered with random nanostructure. Adapted from [157] with permission of the Elsevier.
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2.3. Random nanostructures

Random nanostructured surface produced by top-down approach
normally consists of nanocavities, nanoholes, nanobumps, and
nanoprotrusions. Due to the very short interaction of metals with ultra-
fast lasers, localized nanoscalemelt, bubble cavitation, and nanoparticle
redeposition happen, which leads to random nanostructure generation
[127,159]. Random nanostructures were generated at a low laser
fluence which is near the ablation threshold of the target material and
at a very low number of pulses at the irradiation spot [127,130]. The
size of nanoscale surface features increases with increasing fluence
with fixed laser pulses and increasing number of pulses with fixed
laser fluence [127,130]. However, after chemistrymodification, the con-
tact angle stays below 150° on this kind of random structures prepared
by the top-down approach [145].

Recently, a combined approach has been developed to generate ran-
dom nanostructure using the Nanosecond Laser-based High-
throughput Surface Nanostructuring (nHSN) process [124,133]. nHSN
consists of two sequential steps. The first stage performswater confined
nanosecond laser texturing (wNLT) to prepare the metal surface both
chemically and mechanically. This stage does not generate the final to-
pological patterns. The second stage is chemical immersion treatment
(CIT). In this stage, the chlorine atoms in the chlorosilane reagent
react with the laser textured metal surface to induce simultaneous
chemical etching and attachment of functional groups [124]. As a result,
the generation of surface nanostructure and surface chemistry occur si-
multaneously within the CIT stage. These results show that surface
nanostructuring with proper chemical attributes results from a com-
bined effect of chemical etching and attachment of functional groups
during the CIT phase of nHSN. The metal surface treated with the
nHSN process exhibits a unique surface structure consisting of random
nanostructures of various protrusions and cavities ranging from several
tens to several hundreds of nm, as shown in Fig. 7. The final nanostruc-
ture was not generated after the completion of thewNLT process. It was
generated after the completion of the CIT process. These surface struc-
tures are fundamentally different from those discussed in Sections 3.1
and 3.2. In this technique, random nanostructures and desirable surface
chemistry were generated simultaneously over large-area metal alloy
surfaces [124,133,160,161]. Water confined nanosecond laser texturing
generates randomly distributed microscale surface ripples and pores.
Following chemical immersion treatment with chlorosilane on the
laser textured AISI 4130 steel produce random structures of various
shapes of protrusions, rods, cones, platelets, and pores (Fig. 7)with fluo-
rination chemistry. This simultaneous generation of nanostructure and
fitting chemistry is a combined effect of chemical etching and attach-
ment of functional groups during the chemical immersion treatment
of laser textured metals/metal alloys [124,133]. Increasing the laser
power intensity during the nHSN process results in a feature size de-
crease and an increase in nanoscale feature density.

It can be concluded that both microscale and nanoscale surface
structures play an important role in the final wettability. Only micro-
scale or only nanoscale features usually increase the contact angle hys-
teresis even for a Cassie state wetting scenario [162,163]. This contact
angle lag is assigned to an increase in surface energy, resulting from
the changes in microtopography. On the other hand, hierarchical struc-
tures with both micro and nano features usually lead to better
superhydrophobic wettability with lotus effect [164]. However, all
those surface structures on metal and metal alloys single-handedly
could not achieve the target wettability. A chemistry modification step
was always required to achieve the target wettability.

3. Surface chemistry modification

Favorable chemistry of the nanostructured surface is critical to
achieving desired (super) hydrophobic or hydrophilic wetting condi-
tions [165–168]. There are several surface chemistry modification tech-
niques to achieve superhydrophobicity, including anchoringfluorinated
groups such as perfluoro-alkanes on the nanostructured surface
[98,169], exposing to atmospheric condition for extended periods
[100,118,170], and low-temperature heat treatment [171]. On the
other hand, the presence of polar sites on top of surface topography is
essential to achieve superhydrophilicity. Immediately after laser textur-
ing, oxide or hydroxide layers can form spontaneously on top of nano-
structures and significantly increase the surface energy increasing
hydrophilicity [100,172]. Several other chemical groups, such as acetoxy
group (CH3-C(=O)-O-R), carbonyl (-C(=O)-), carboxyl (-COOH) and
nitrile (R-CN) can also increase hydrophilicity in nature. When those
groups are attached to the nanostructured surface, surface behaves as



Fig. 7. Randomly distributed nanostructure with various shapes of protrusions, rods,
cones, platelets, and pores on AISI4130 steel with increasing laser power intensity.
Adapted from [124] with permission of the Elsevier.
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superhydrophilic due to a strong permanent dipole-dipole attraction
force and van der Waals dispersion forces between molecules
[173–175]. Boiling water treatment [172] and high-temperature heat
treatment [100] are also used on a laser textured surface to achieve
superhydrophilicity.

A complex combination of surface chemistry and surface micro/
nanostructures affect the surfacewettability. This complex combination
is summarized in Fig. 8; by controlling the chemical groups on top of the
surface nanostructure, wettability can be varied from
superhydrophilicity to superhydrophobicity for the same underlying
nanostructured surface. As depicted in the left column of Fig. 8, these
are the typical top-down laser texturingmethods to create LIPSS and hi-
erarchical surface structures using nanosecond, picosecond, and femto-
second lasers. The middle column lists selected surface chemistry
modification techniques applied after the laser texturing step. The
right column represents the wettability scenario after the surface corre-
sponding to each surface chemistry modification technique.

As shown in Fig. 8A(i) and 7A(ii), hierarchical structures are created
on copper by a nanosecond pulsed laser [158]. Large scale (100 μm)
cross-hatch designs along with small scale (b 10 μm) ablated debris
can be seen on this processed surface. LIPSS feature on Ti-6Al-4V [138]
(Figs. 8B(iii) and 7B(iv)) and hierarchical structures on copper [154]
(Figs. 8B(v) and 7B(vi)) can be created by a picosecond laser treat-
ments. 10 μmstructures arranged inmicro-cone arrays and smaller, sin-
gle micron to nanoscale structures that represent LIPSS [154] are both
observed in the resulting surface. LIPSS on titanium [127] (Figs. 8C(vii)
and 7C(viii)) and hierarchical structures on austenitic stainless steel
[156] (Figs. 8C(ix) and 7C(x)) can be created by femtosecond laser
treatments. The hierarchical structures also contain micro-scale cross-
hatch patterns covered with nano-scale LIPSS features. Generally, the
size of the surface features trendwith the time of the laser pulse. Larger
surface features created by nanosecond lasers and smaller features cre-
ated by pico- or femtosecond lasers. Combining a nanosecond and pico-
second laser pulses were reported to fabricate hierarchical cross-hatch
patterns on Ti-6Al-4V alloy [131], as shown in Figs. 8D(xi) and 7D
(xii). Similarly, a nanosecond and femtosecond laser fabricated hierar-
chical cross-hatch patterns on Ti-6Al-4V alloy is shown in Figs. 8E(xiii)
and 7E(xiv) [132].

Among the surface chemistrymodification techniques, extended ex-
posure to ambient air is one of the most popular techniques to achieve
superhydrophobicity. During the storage in air, laser textured alumi-
num surface absorbs airborne organic molecules that lead to
superhydrophobicity [100], as shown in Fig. 8F. Adsorption of organic
components on the nanostructured surface alters the surface chemistry
with enrichment of –CH2– and –CH3 groups that contribute to
superhydrophobicity [100]. Hydrophobic chemical treatment is also
used to attach low energy long-chain fluoro-silane molecules with
-CF2- and -CF3 groups leading to superhydrophobicity, as shown in
Fig. 8G [76]. Low-temperature heat treatment process is also used be-
fore exposure to ambient air to increase the organic molecule adsorp-
tion, leading to superhydrophobicity (Fig. 8H) [171]. Chemical
treatment with a hydrophilic functional group is one of the techniques
to achieve superhydrophilicity where the hydrophilic group increases
surface polarity to facilitate water affinity (Fig. 8I) [176]. High-
temperature heat treatment is often carried out to burn out the
absorbed organic constituents to render superhydrophilicity (Fig. 8J)
[100]. Boilingwater treatment is also used post-laser texturing to enrich
the surface micro-/nano-structures with polar oxide and hydroxide
groups leading to superhydrophilicity (Fig. 8K) [172].

In summary, the relationship between surface chemistry modifica-
tion methods (middle column) and corresponding surface wettability
(right column) is row-wise; however, the relationship between laser
texturing methods (left column) and surface chemistry modification
methods (middle column) is not row-wise. Theoretically, any combina-
tion between the left column and the middle column is possible to
achieve thedesiredwettability; however, only a few cases are presented
in Fig. 8. A summary of chemistry modification methods and corre-
sponding laser patterned surface structures for different materials is
provided in Table 4. It also lists the characteristics of each combination
of the two processes to achieve target extreme wettability. The follow-
ing subsections detail the work done using the surface chemistry mod-
ification methods mentioned in Fig. 8.

3.1. Long time exposure in air

Thewettability of laser-texturedmetal surfaces can change fromhy-
drophilic to hydrophobic if the textured surface is exposed to air for ex-
tended periods of time. Similar transitions are observed for stainless
steel [117,118,177,178], aluminum alloys [72,100,118,179], titanium al-
loys [117], copper [71], brass [71,157], nickel [209] and Inconel [180].
This wettability transition is also observed for micro/nanostructures
generated by all three main categories of pulsed lasers,
i.e., nanosecond [71,72,157,177–180], picosecond [100], and femtosec-
ond [117,118]. This group of studies generally shows that surfaces are
superhydrophilic, θw b 30°, immediately after the laser texturing treat-
ment. Within one week of exposure in air, the wettability changed to
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hydrophobic (θw ~90°), and within two weeks, the surfaces become
superhydrophobic with θw N 150° (Fig. 9a). The surfaces exhibit stable
superhydrophobicity thereafter. θRoll-off and θH are reduced with expo-
sure time, and thefinal value remains b10° afterwettability is stabilized.
Summary of θw, θRoll-off, and θH can be found in Table 3 for different ma-
terials after exposure to air for a specific period of time. Researchers
have studied the contributing factors to this wettability transition and
generally concluded that the exposure to air does not change the
micro/nanostructures. However, the surface is influenced by surface
chemistry changes [100,117,118]. Different processing environments
were also studied during laser texturing of AISI 304 stainless steel, in-
cluding oxygen, air, carbon dioxide, nitrogen, and argon [126]. After
that, textured samples were kept in sterile individual plastic bags filled
with air for 7 days. It shows that surface textured in argon environment
achieves θw = 125° whereas surfaces processed in oxygen, air, carbon
dioxide, nitrogen had θw = 31°, 46°, 50°, and 83°, respectively after
7 days. Although the authors did not explain the chemical modification
explicitly due to storage in air, their XPS study shows a significant
amount of carbon carbon on the surface, indicating adventitious adsorp-
tion of organic or biomolecules during storage in sterile individual plas-
tic bags. It indicated that laser processing environment could also
influence the wettability transition rate.

Long et al. [100] did a thorough analysis of aluminum to identify the
mechanism contributing to this wettability transition. Immediately
after laser texturing, aluminum oxide surfaces are known to have
many polar sites composed of unsaturated aluminum and oxygen
atoms, which lead to an overall hydrophilic surface [181,182]. When
the textured samples are kept inN2, O2, and CO2 atmosphere, the surface
remained as superhydrophilic, showing that these gasses do not cause
the wettability transition of aluminum. However, the Earth's atmo-
sphere consists of several categories of organic constituents, including
long-chain hydrocarbons with carbonyl groups, carboxylic acids, and
diol groups [183–185]. Long et al. [100] observed that separate surfaces
kept in air and an atmosphere with volatile polar organics (4-
Methyloctanoic acid) showed a significant transition of wettability
(Fig. 9b) to superhydrophobicity within thirty or eight days respec-
tively. XPS analysis shows that the amount of carbon on these surfaces
(Fig. 9c) and the carbon to aluminumratio (Fig. 9d) increaseddrastically
over the same time periods. Further detail analysis of C 1s peak shows
(Fig. 9e) that the textured aluminum surface stored in air has a high per-
centage of nonpolar C-C(H) bond, polar -C-O-, polar -C=O and polar
-COO– content which agrees with the functional groups expected to
be present in the ambient air environment. This indicates that adsorbed
organic compounds from likely to form a hydrophobic coating on the
otherwise hydrophilic metal-oxide surface. We believe the presence of
polar sites in both laser textured surface and organic constituents of
the atmosphere works as a driving force for organic adsorption. The
polar sites on textured aluminum interact favorably with the polar
groups on volatile organic that are otherwise rich with alkyl groups
(Fig. 9f). Adsorption reduces the surface polarity of aluminum oxide.

There are other theories to explain the surface chemistry change, in-
cluding partial surface deoxidation on textured copper [71,158,169],
and catalyzed decomposition of CO2 into carbon with active magnetite
Fig. 8. Summary of combinations of typical top-down laser textured micro/nanoscale surface s
Hierarchical surface structures in two different magnification generated on copper by nanosec
nanoscale surface ripples and pores on AISI4130 steel after nanosecond laser texturing unde
different magnification generated by picosecond pulsed laser. Reproduced from [138] with p
cone-array and (viii) LIPSS on top of microscale structures. Reproduced from [154] with p
femtosecond pulsed laser. Reproduced from [127] with permission from Elsevier. (xi, xii) Hie
and (xii) LIPSS on top of microscale structures. Reproduced from [156] with permission from
surface structures by nanosecond laser and (xiv) LIPSS on top of microscale features genera
(E) Hierarchical surface structure by hybrid laser process with (xv) microscale surface stru
femtosecond pulsed laser. Reproduced from [132] with permission from Elsevier. (F) Mechan
air for an extended period leading to superhydrophobicity. (G) Mechanism of change of surfa
groups leading to superhydrophobicity. (H) Mechanism of the change of surface chemistry du
change of surface chemistry during hydrophilic chemical treatment with hydrophilic silanes
high-temperature heat treatment leading to superhydrophilicity. (K) Mechanism of the chang
[117] for steel. Chun et al. [158] and Ta et al. [71] proposed partial sur-
face deoxidation on textured copper for achieving superhydrophobicity
for copper during exposure in air. During laser texturing, the textured
surface consists of cupric oxide (CuO), which is hydrophilic in nature
[169]. Chun reports the processed surface is superhydrophilic immedi-
ately after laser texturing. When the textured copper surface is exposed
to ambient condition, partial deoxidation converts cupric oxide (CuO)
into cuprous oxide (Cu2O), increasing the ratio of Cu2O to CuO over
time. Cuprous oxide (Cu2O) is reported to be hydrophobic [169]. There-
fore, the deoxidation process could be responsible for a change of wet-
tability. However, copper is known to be fully oxidized in the presence
of air and is unlikely to be spontaneously reduced in an ambient envi-
ronment. Kietzig et al. [117] proposed a theory based on the catalyzed
decomposition of atmospheric CO2 into carbon with active magnetite.
CO2 is a very stable molecule with significant barriers to activation, so
any decomposition reaction would proceed very slowly if at all. Kietzig
did report an accumulation of non-polar carbon on the textured steel
surface, but it is likely to be from similar sources mentioned above
rather than reduced carbon from CO2.

Our review indicates that themostwidely accepted theory of surface
chemistry modification by exposing to ambient air is the adsorption of
airborne organics with aliphatic groups [100]. There is no influence of
CO2, O2, or N2 in wettability transition. However, this air-exposure is
not well controlled or reproducible; the wettability transition varies
from location to location due to the disparity in concentration and com-
position of airborne species. It also takes a very long time for the wetta-
bility transition to occur, and the time required is material dependent
with aluminum alloy, brass, and copper achieving stable
superhydrophobicity within 10 days whereas steel, titanium alloy, and
Inconel take more than 15 days [71,132,178–180].

3.2. Chemical treatment

Chemical treatments in the form of chemisorbed monolayers are
well established as a method to alter surface wetting behaviors
[108,163,186]. Laser texturedmetals can also be tuned to desiredwetta-
bility conditions using this approach. For chemical treatments, silanes
are one of the most widely applied materials because they offer direct
modification with both superhydrophobic and superhydrophilic func-
tionalities [125,145,187–189]. Silane surface treatment is typically
achieved by coating the laser textured surfacewith amonolayer of func-
tionalized silane reagent, thus inducing the change of chemical compo-
sition on the laser textured surface. Fluorinated groups with low
binding energy such as –CF2- and –CF3 and alkyl (CH2)n groups on a
nanostructured surface can reduce the surface energy and lead to
superhydrophobicity. In contrast, due to their high polarity, attaching
nitrile (-CN), carbonyl (-C(=O)-), and carboxyl (-COOH) groups, so a
surface via silane chemistry creates significant shifts to hydrophilicity
[190–193]. In the following paragraphs, we review chemical methods
to achieve superhydrophobicity and superhydrophilicity.

In order to achieve hydrophobicity for laser textured metal alloys,
researchers use chemical treatment after the laser texturing process
[76,100,187,194]. Typical chemical formulae of these chemicals include
tructures and surface chemistry modification methods led to wettability change. (A) (i, ii)
ond pulsed laser. Reproduced from [158] with permission from Elsevier. (iii, iv) Random
rwater. Reproduced from [124] with permission from Elsevier. (B) (v, vi) LIPSS in two
ermission from ACS. Hierarchical surface structures by picosecond laser (vii) microscale
ermission from Elsevier. (C) (ix, x) LIPSS in two different magnification generated by
rarchical surface structures by femtosecond pulsed laser with (xi) microscale structures
Elsevier. (D) Hierarchical surface structure by hybrid laser process with (xiii) microscale
ted by picosecond pulsed laser. Reproduced from [131] with permission from Elsevier.
ctures by nanosecond laser and (xvi) LIPSS on top of microscale features generated by
ism of the organic molecule adsorption to change of surface chemistry when exposed to
ce chemistry during hydrophobic chemical treatment with fluorinated groups and alkyl
ring low-temperature heat treatment leading to superhydrophobicity. (I) Mechanism of
leading to superhydrophilicity. (J) Mechanism of the change of surface chemistry during
e of surface chemistry during boiling water treatment leading to superhydrophilicity.



Fig. 9.Wettability transition by storing the laser texturedmetal surface in air for a long time: (a) change of θwwith exposure time in air for differentmetal alloys, plotted by the author from
data reported in [71,132,178–180] with permission from Elsevier and RSC; (b) change of θwhen the textured aluminum alloy is kept in different environment, plotted by the author from
data reported in [100] with permission from Elsevier; (c) XPS spectra over the binding energy range from 0 to 900 eV for different laser textured aluminum samples kept in different
environments. Reproduced from [100] with permission from Elsevier. (d) Change in C/Al ratio when laser textured aluminum samples kept in different environments, plotted by the
author from data reported in [100] with permission from Elsevier. (e) C 1s spectra on the laser textured aluminum surface that is kept in air for 30 days. Reproduced from [100] with
permission from Elsevier. (f) Hypothesized absorption of organic constituents from air on to the laser textured aluminum. Reproduced from [100] with permission from Elsevier.
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Table 3
Wettability measurement parameters for laser textured materials after exposure to air.

Material Exposure days θw (°) θRoll-off (°) θH (°) Reference

SS304 18– 22 155 N.R.a ~4 [178]
Aluminum 15 158 3– 5 b5 [72]
Copper 44 152 ~2.0 3– 4 [71]
Brass 44 153 ~2.9 3– 4 [71,157]
Inconel 35 156.8 6.5 N.R. [180]

a N.R. = not reported.
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fluoro-silanes expressed as X1SiR1 [195] (where X1 stands for chlorine
or a C1–C6 -alkoxy group and R1 is a C8–C20 -fluoro-substituted alkyl
group [(CH2)2CnF2n+1]) or alkyl groups which are [CnH2n+1]. Other
chemicals used can be expressed as Y1R1, where Y1 stands for thiol (-
SH), carboxyl (-COOH), etc. In those chemical reagents, X1 and Y1

serve as a reactive group that reacts with the laser textured Surface
and gets the molecules attached to the textured surface. In contrast,
the R1 group serves as the functional group to alter the surface en-
ergy/wettability [195]. Researchers routinely utilize chemical vapor de-
position (CVD) [125,138], vacuum oven treatment [76,145], or
immersion in dilute ethanolic solutions of these surface modifying
agents [188,189] to attach them chemically to laser-textured surfaces
(Fig. 10a). Chemical treatment processes achieve superhydrophobic
wetting conditions for a wide range of engineering metal alloys includ-
ing steel [98,125,138,145,187,189,196], aluminum alloy [100,187,194],
titanium alloy [76,138,187,197,198], copper [155,211], and zinc [199].
Long-chain alkanethiols are also used as self-assembled monolayers
on coinage metals such as palladium [200,201], gold, and silver
[202–207], to create a passivating and wetting resistant surface.

Kam et al. [125] applied tridecafluoro-1,1,2,2,-tetrahydrooctyl-1-
trichlorosilane [CF3(CF2)5(CH2)2SiCl3] by the chemical vapor deposition
Table 4
Summary of different characteristics related to the combination of top-down laser patterned s
wetting conditions.
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(CVD) on top of laser-fabricatedmicro-conical structure on AISI 316L to
make it superhydrophobic. Wu et al. [145] applied 97% Trichloro (1H,
1H, 2H, 2H-perfluorooctyl) silane [CF3(CF2)5(CH2)2SiCl3] by CVD pro-
cess on femtosecond laser textured LIPSS on stainless steels to achieve
superhydrophobicity. Pendurthi et al. [187] applied heptadecafluoro-
1,1,2,2-tetrahydrodecyl trichlorosilane [CF3(CF2)7(CH2)2SiCl3] after the
laser texturing process on the titanium, aluminum, several stainless
steels to make them superhydrophobic. Through XPS analysis, they
showed the presence of fluorinated groups (–CF2- and –CF3) with a
low binding energy that contributed to the superhydrophobicity, as
shown in Fig. 10b.

It is well known that a surface needs to be polar to exhibit
superhydrophilic wetting. Researchers also use chemical treatments to
enhance hydrophilicity, such as those with nitrile (-CN), carbonyl (-C
(=O)-), and carboxyl (-COOH) functional groups. These groups are
known to be highly polar due to the presence of highly electronegative
nitrogen and oxygen atom in the chemical structure. As electronegativ-
ity of nitrogen and oxygen is very high, they attract electron density
from the covalent bond, inducing a net dipole moment. Nitrile (-CN),
carbonyl (-C(=O)-), and carboxyl (-COOH) groups, therefore, can par-
ticipate in significant dipole-dipole interactions with water as well as
van der Waals dispersion forces [173–175]. The authors' research
grouputilized immersion treatment in dilute solutions of hydrophilic si-
lanes in ethanol solution [176] for aluminum and titanium alloys to
chemically attach silane reagents on the laser textured surfaces as
shown in Fig. 11a. As mentioned earlier, during the process, the hydro-
philic functional groups are chemically attached to the surface and con-
tribute towards a polar surface. In this case, the textured surface, as
shown in Fig. 11b, had nitrile (-CN) group attached on the surface as
proved by XPS analysis (Fig. 11c) that contributed to
superhydrophilicity. The processed surface shows stable
urface structures and corresponding chemistry modification methods to achieve extreme
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Table 5
Heat treatment conditions of different materials for achieving specific wetting conditions.

Material Heat treatment condition Wettability References

Ti and Ti alloy 100 °C for 24 h
200 °C–300 °C for 2 h

Superhydrophobicity
θw N 160°, θroll-off b 5°

[171,212,214]

Stainless steel 100 °C–150 °C for 24 h Superhydrophobicity
θw N 160°, θroll-off b 7°

[78,212,213]

Mg alloy 160 °C for 1 h Superhydrophobicity
θw = 158° θroll-off = N.R.

[23]

Al and Al alloy 100 °C for 24 h
200 °C for 2 h

Superhydrophobicity
θw N 160°, θroll-off b 5°

[171,172,212]

250 °C for 20 min Superhydrophilicity
θw b 10°

[100]

Cu and Cu alloy 100 °C for 24 h
200 °C for 2 h

Superhydrophobicity
θw N 160°, θroll-off b 8°

[158,171,212]

350 °C for 20 min Superhydrophilicity
θw b 10°

[100]

14 A. Samanta et al. / Materials and Design 192 (2020) 108744
superhydrophilicity with θw = 0° for a tested period of 30 days as
shown in Fig. 11d. When the water droplet comes in contact with the
processed surface, it immediately spread on the surface as shown in
Fig. 11e.

The silane reagent with chlorine as the reactive group produces an
etching effect during the chemical treatment [124]. These chlorine
atoms reacted with the metal substrate during the chemical treatment
and dissolved in the chemical solution as metal chloride, which en-
hances the surface structuring process [124,133]. The silane molecule
also gets itself attached to the surface structures simultaneously during
the process as well.

Chemical treatment provides additional pathways to modify surface
wettability by controlling the surface functional groups. Low energy
functional groups like -CH2-, -CH3, -CF2- and -CF3 leads to
superhydrophobicity,whereas polar groups like -CN contribute towards
superhydrophilicity. Themechanismof attachment of functional groups
on the laser textured surface and the effect of their length on the final
wettability is not explained systematically in existing works, providing
an opportunity for future studies. Further, only a few hydrophilic func-
tional groups are investigated as monolayers on these surfaces for
Table 6
Comparison of corrosion resistance of different laser textured metal alloys [98,222,225].

Material SS 316L S45C steel AA7075

Laser treatment
[structure type]

Nanosecond
[microcolumns]

Nanosecond
[spot array]

Nanosecond
[spot array]

Chemistry
modification

Fluoropolymer Fluoropolymer Fluoropolymer

θw (base/treated) 95°/155° 70.6°/161.5° 70.6°/155.6°
θRoll-off (base/treated) Pinned/3° Pinned/N.R. Pinned/3.8°
Ecorr (mV) (base
material)

292.4 480 714

Ecorr (mV) (treated) 169.9 250 524
Icorr (Acm−2) (base
material)

5.01 × 10−7 5.97 × 10−6 4.96 × 10−6

Icorr (Acm−2)
(treated)

3.16 × 10−9 1.16 × 10−7 8.87 × 10−8

Table 7
Comparison of abrasion resistance of different laser textured metal alloys [188,226,227].

Material Titanium SS 12X18H10T

Pre-laser treatment None None
Laser treatment [structure type] Femtosecond [microcolumns] Femtosecond [m
Chemistry modification Fluoropolymer Fluoropolymer
Standard of abrasion test None ASTM F735
Abrasion test time/cycles 200 cycles 2 h
θw (before/after) 165°/120° 170.9°/155.0°
θRoll-off (before/after) 6.5°/Pinned 1°/14.7°
θH (before/after) 7°/N 50° N.R.
achieving superhydrophilicity, and these are studied on a similarly lim-
ited number of metal alloys [176]. Other metal/metal alloys and hydro-
philic chemicals need to be investigated for the broad application of this
process.

3.3. Heat treatment

The surface wettability of the laser textured metal surface is also in-
fluenced by heat treatment. After the heat treatment, the laser textured
metals/metal alloys were kept in air, and their wettability changes rap-
idly. Depending on the heat treatment temperature, wettability can
vary from hydrophobicity [78,158,171,172,214,215] to
superhydrophilicity [100]. Low-temperature annealing after the laser
texturing process led to superhydrophobicity, whereas high-
temperature annealing led to superhydrophilicity. After the heat treat-
ment, the surface micro/nanostructure remained the same [100,171].
Therefore the wettability transition occurred due to surface chemistry
change during or after the heat treatment process [100,171]. Annealing
conditions for different materials are listed in Table 5 for achieving
superhydrophobicity and superhydrophilicity.

Ngo and Chun [171] performed a comprehensive analysis of low-
temperature annealing after the laser texturing process for aluminum,
copper, and titanium to find out the mechanism of wettability transi-
tion. The heat treatment process is schematically shown in Fig. 12a.
After the heat treatment, the treated surfaces were stored in air. Con-
trolling the heat treatment temperature influences the transition period
to achieve superhydrophobicity, as shown in Fig. 12b. This annealing
process is also material dependent, as shown in Fig. 12c. Titanium
reached superhydrophobicity over a shorter time than aluminum and
copper. It has been hypothesized that the annealing process accelerated
the organic absorption from the atmosphere when it was kept in the air
after the treatment. However, the analysis has not been carried out sys-
tematically to support the hypothesis. FT-IR measurement showed
strong -OH functional group on the laser textured surface whereas
after the heat treatment and exposure to ambient air for several
hours, -OH group disappeared and hydrophobic groups (-CH3 and –
CH2-) can be observed on the treated surface for all three materials
SS X6Cr17 SS X6Cr17

None Carburizing
icrotrenches] Nanosecond [microtrenches] Nanosecond [microtrenches]

Fluoropolymer Fluoropolymer
ISO 11998:2006 ISO 11998:2006
300 cycles 300 cycles
171°/ 110° 172°/146.0°
N.R. N.R.
N.R. N.R.



Fig. 10. Superhydrophobicity on laser textured metal surface by chemical treatment: (a) Schematic representation of chemical treatment by immersion in silane-ethanol mixer solution,
chemical vapor deposition (CVD), or vacuum oven treatment and subsequent wettability change; (b) XPS spectrum on fluoro-silane treated superhydrophobic metal alloys showing the
existence of –CF2- and –CF3 on the treated surface. Reproduced from [187] with permission from ACS.
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(Fig. 12d, e and f) [171,172]. However, no FT-IR measurement was car-
ried out immediately after heat treatment to understandwhat chemical
transformation happens due to heat treatment alone. More likely, the
heat treatment drives off -OH functional group from the laser textured
surface and accelerates the oxidation of the surface. The heat treatment
process most likely opens active surface sites for adsorption of organic
species by removing water and makes more terminal oxide groups.
Those terminal oxide groups intensify the adsorption of the polar func-
tional groups of the hydrophobic organic species when heat-treated
specimens are stored in air. These two chemical events presumably
help to accelerate the organic molecule absorption from ambient air.
This proposed mechanism is supported by the FT-IR results, as in
Fig. 12d–f. There is an increase in carbon content with strong -CH2-
and -CH3 peaks for all three materials. It indicates that the long-chain



Fig. 11. Superhydrophilicity on laser texturedmetal surface by chemical treatment: (a) Schematic representation of chemical treatment by immersion in silane-ethanolmixer solution and
subsequentwettability change; (b) SEM images of the treated aluminumsurface; (c)XPS spectrumon silane treated superhydrophilic aluminumalloy showing the existence of –CNon the
treated surface that contributed to superhydrophilicity; (d) stability of hydrophilic wettability on the only laser-treated aluminum and laser + chemical treated aluminum in air;
(e) interaction of water droplet with the processed surface showing superhydrophilicity. Reproduced from [176] with permission from Elsevier.
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hydrocarbon present in organic molecules in ambient air are adsorbed
on the heat-treated surface. Those hydrophobic hydrocarbon groups re-
duce the surface energy of the heat-treated surface leading to
superhydrophobicity. There is one additional theory to explain thewet-
tability transition for laser textured copper after heat treatment. CuO
nanoparticles trends to slowly convert to Cu2O by reduction upon
heating over 150 °C [216]. As mentioned earlier, CuO and Cu2O are
known to hydrophilic and hydrophobic, respectively [169]. After the
heat treatment of laser textured copper at 200 °C for 2 h, x-ray diffrac-
tion results show an increase in the ratio of Cu2O to CuO [158,171].
This confirms the transition of CuO to Cu2O on the surface layer.

On the other hand, high-temperature annealing (250 °C for alumi-
num and 350 °C for copper) leads to transition of wettability from
superhydrophobicity to superhydrophilicity [100,169,217]. There was
no change of morphology on the pre- and post-heat treatment
processed surface [100]. Therefore, this transition was also due to the
change in surface chemistry. The carbon content reduced on the surface
after the high-temperature heat treatment, which implies that some of
the organic molecules could not sustain high temperatures. Some of
them were converted into CO2 and removed from the surface resulting
in a lower C/metal ratio [100]. This suggests an increase of polar func-
tional groups after the heat treatment, which leads to
superhydrophilicity. However, the authors suspect that this transition
is not sustainable. After exposing this to ambient air for a few days, it
will presumably regain superhydrophobicity due to organic molecule
adsorption.

Although there is significant research carried out on low tempera-
ture heat treatment to achieve superhydrophobicity, the underlying
mechanism of wettability change is not well established. Although it
has been claimed that the airborne organic molecule adsorption is



Fig. 12. Stable superhydrophobicity on laser texturedmetals by heat treatment: (a) Schematic representation of the heat treatment process. Reproduced from [171] with permission from
Elsevier. (b) Change of θw with exposure time in air for aluminum heat treated at different temperatures, plotted by the authors using data from [171] with permission from Elsevier.
(c) Change of θw with exposure time in air for aluminum, copper, and titanium heat-treated at 200 °C, plotted by the authors using data from [171] with permission from Elsevier. (d,
e, f) Fourier transform infrared spectroscopy (FT-IR) comparison of untreated, laser-textured, heat-treated aluminum, copper, and titanium respectively, Reproduced from [171] with
permission from Elsevier.
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accelerated after the low-temperature heat treatment [171], systematic
analysis has not been carried out. The textured metal should be kept in
CO2, O2, and N2 atmosphere after heat treatment to investigate whether
these components of the atmosphere has any influence on wettability
change. Research on high-temperature heat treatment to achieve
superhydrophilicity is limited to a fewmetals [100]. This process should
be applied to other metals/metal alloys for wide acceptance of the pro-
cessingmechanism. At the same time, high-temperature heat treatment
might lead to some recrystallization and grain orientation change of the
substratemetals, whichmight have an effect onwettability transition as
well.

3.4. Boiling water treatment

Boiling water treatment after the laser texturing step resulted in
prolonged superhydrophilicity for aluminum [172]. Ngo et al. [172]
demonstrated that boilingwater treatment on laser textured aluminum
could produce stable superhydrophilicity for 60 days of testing by con-
trolling the micro/nanostructure and surface chemistry. As demon-
strated in Fig. 13a, the laser textured aluminum is treated with boiling
water for 10 min to 120 min, and the samples show a θw of ~0°. The
processed sample can retain its superhydrophilicity for two months,
as shown in Fig. 13c [172]. Longer boiling treatment provides better sta-
bility of surface superhydrophilicity on a non-textured surface, but the
textured surfaces that are boiled for 10 or 120 min do not lose the hy-
drophilic property even after 60 days. A water droplet of 1 μL volume
can completely spread on the processed surface within 0.5 s for the
sample treated for 120 min and 1.5 s for the sample treated for 10 min.

2Alþ 4H2O→2AlOOH þ 3H2 ð4Þ
When the laser textured aluminum surface is treated with boiling
water, a pseudoboehmite nanostructure is generated as the boiling
water reacts with the aluminum [218], as expressed in eq. 4. After the
boiling water treatment, the surface nanostructure changes due to the
appearance of new pseudoboehmite (AlOOH) nanostructure Fig. 13b.
At the same time, the surface chemistry was alsomodified significantly.
More Al2O3 peaks along with new AlOOH were observed in the XRD
study, as shown in Fig. 13d. Fourier transform infrared spectroscopy
(FT-IR) further confirmed the appearance of new chemistry and
pseudoboehmite microstructure appearance, as shown in Fig. 13e. The
intensity of the -OH group is increased after boiling water treatment
compared to only laser textured aluminum surface. AlOOH and Al2O3

surface chemistry and microstructures are well-known to have strong
polar properties, which lead to an overall stable superhydrophilic
surface.

Boilingwater treatment is an exciting and straightforward avenue to
achieve superhydrophilicity; however, this process is only explored on
aluminum. Moreover, the mechanism, as explained, cannot be extrapo-
lated to other materials. It is expected that other metal andmetal alloys
will be explored using this process to achieve superhydrophilicity in fu-
ture. It is also worth investigating whether this process has any detri-
mental effect on specific metal alloys.

3.5. Discussion on durability of laser textured surface with chemistry
modification

Wettability of a laser textured surfaces can degrade when they are
exposed to a harsh environment through mechanical abrasion and
chemical corrosion. Long-term durability and mechanical wear robust-
ness are essential for large scale acceptance of laser-based surface tex-
turing in industrial and commercial applications [219]. There have
been few literature reviews discussing the durability and stability of



Fig. 13. Stable superhydrophilicity on laser textured aluminum by boiling water treatment: (a) schematic representation of boiling water treatment process. Reproduced from [172] with
permission from Elsevier. (b) Difference inmicrostructure after the boilingwater treatment. Reproduced from [172] with permission from Elsevier. (c)Wettability and stability of flat and
laser-ablated aluminum with and without boiling water treatment, plotted by the authors using data from [172] with permission from Elsevier. (d) XRD comparison on untreated
aluminum, laser-textured aluminum, heat-treated aluminum, and boiling-water-treated aluminum. Reproduced from [172] with permission from Elsevier. (e) Fourier transform
infrared spectroscopy (FT-IR) comparison of laser-textured aluminum, heat-treated aluminum, and boiling-water-treated aluminum. Reproduced from [172] with permission from
Elsevier.
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nanostructured superhydrophobic surfaces in a harsh environment
[107,220]. In this section, the focus will be only on the durability of
laser texturing and chemical modification to corrosion and mechanical
abrasion.

3.5.1. Corrosion resistance
Non-wetting behavior of surfaces often results in reduced corrosion

rate of metals as it limits the interactions between surface and corrosive
species in water [221]. Retention of corrosion resistance prolongs the
lifecycle of the surface in a harsh environment. Therefore, it is very im-
portant to study the corrosion resistance of laser textured metal sur-
faces to retain surface features and surface chemistry for longer
exposure time in a corrosive environment. There have been several cor-
rosion studies on laser textured steel [98,210,222,223] and aluminum
alloy [224,225] substrates.

Laser textured and fluorosilane treated metal alloys maintain
superhydrophobicity in strong acidic (pH = 1), alkaline (pH =
13–14), and 3.5% NaCl solutions over a period of 24 h [98,225] as
shown in Fig. 14a. However, strong acid and alkaline solution start to af-
fect the wettability after 6 h, and slowly θw decreases, and θRoll-off in-
creases over time. For AA7075, θw reduces to 145° after 5 and 8 days
in acidic and alkaline solution, respectively [225]. Tafel polarization
curves in Fig. 14b clearly shows the importance of the surface chemistry
modification process after the laser texturing to have better corrosion
resistance. The laser and fluorosilane treated surfaces have better anti-
corrosion capability in 3.5% NaCl aqueous than untreated and only
laser-textured surfaces for stainless steel, AA7075, and aluminum
[98,210,222–225]. It has higher corrosion potential and lower corrosion
current compared to untreated and only laser-textured surfaces. The
improvement of corrosion resistance by laser texturing and
fluoropolymer treatment is summarized in Table 6. C\\F bonds in
fluorosilane surface chemistry are known to have strong chemical inert-
ness and low surface energy, which can repel corrosive medium and
prevent electron transfer from and into the substrate. Additionally,
due to surface structure, air is trapped between a corrosive medium
and substrate, as shown in Fig. 14c providing an effective barrier to
avert corrosive media to chemically react with the substrate. The laser
textured and fluorosilane treated 316L stainless steel also shows excel-
lent durability to retain its corrosion resistance after one week of im-
mersion in 3.5% NaCl aqueous solution, as shown in Fig. 14d. The
corrosion potential and corrosion current did not change much after
long time storage in saline solution. Ma et al. [222] show excellent
healability for S45C steel even it lost its superhydrophobicity in 3.5%
NaCl aqueous solution by further fluorosilane treatment. The above
studies show that the chemical modification process after laser textur-
ing provides excellent chemical stability and corrosion durability. How-
ever, most of these studies only consider fluorosilane treatment as a
chemistry modification process and have not researched the other sur-
face chemistry modification methods for comparison.

3.5.2. Abrasion resistance
Researchers have studied abrasion resistance of laser textured

superhydrophobic metal surface chemically treated with fluorinated
groups [188,226,227]. Steele et al. [188] selected titanium as substrate
material as it inherently possesses outstanding mechanical durability.
They textured it using a femtosecond laser followed by fluoropolymer
coating. The abrasion test was performed with pressure conditions
ranging from 108.4 to 433.7 kPa. θw reduces faster when higher pres-
sure was applied. After 200 abrasion cycles, the surface features were
destroyed. It was also observed that θRoll-off and θH degraded at a very
fast rate within the first 10 cycles. Fatigue caused by repeated plowing
by the abradant contributed as the primary mechanism of the abrasive
wear. Secondly, the small particles separated from abradant during
the test caused damage on the laser textured surface structures.
Emelyanenko et al. [226] textured stainless steel with a femtosecond
laser followed by fluorosilane coating and performed oscillating sand
abrasion test according to ASTM F735 standard. After 2 h of abrasion
test, the θw deteriorated from 170.9 ± 2.2 to155.0 ± 1.2°and θRoll-off



Fig. 14. Stability and durability of laser textured and chemicallymodifiedmetal surface for corrosion resistance: (a) Variation of θw and θRoll-off against time for acidic (pH=1), alkaline (pH
=13– 14) and NaCl (3.5%) solution, plotted by the author from data reported in [98,225] with permission from RSC and American Scientific Publishers (ASP); (b) The Tafel polarization
curves of the base material, only laser textured and laser textured + fluorosilane treated for SS 316L and AA7075 alloys, plotted by the author from data reported in [98,225] with per-
mission from RSC and ASP; (c) Schematic illustration of the effect of the chemistry modified layer and surface textures to improve corrosion resistance; (d) Tafel polarization curves
laser textured and fluorosilane treated SS 316L surfaces after different immersion time in 3.5% NaCl aqueous solution, Reproduced from [98] with permission from RSC.
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increased from 1 ± 0.5 to 14.7 ± 1.3°. However, even after such a long
abrasivewear test, the coating still showed a heterogeneouswetting re-
gime with high water repellency. Only a tiny number of nanoparticles
were removed after the abrasion test. One important factor contributed
towards improved abrasion resistance is related to higher hardness of
stainless steel compared to pure titanium. Garcia-Giron et al. [227]
later showed that surface hardening prior to laser texturing can im-
prove the abrasion resistance. They performed low-temperature plasma
surface carburizing to improve the hardness of stainless steel from 172
to 305 HV. After that, they performed nanosecond laser texturing
followed by coating with fluoropolymer. According to the ISO
11998:2006 abrasion test for 300 cycles, carburized stainless steel can
retain its wettability better compared to untreated specimens. A com-
parison of abrasion resistance for laser textured with fluoropolymer
coated metal is shown in Table 7.

Several other abrasion tests were reportedwhere superhydrophobic
metal surfaces were rubbed against sandpaper at different abrasion dis-
tance and applied pressure. However, the type of sandpaper varies
across different research groups, including 260 grit [98], 400 grit
[222], and 800 grit [225]. Over an abrasion distance of 3 m, laser tex-
tured and fluorosilane treated stainless steel, carbon steel, and AA
7075 retained superhydrophobicity after the abrasion test, as shown
in Fig. 15a. SS 316L was able to retain its superhydrophobicity till
12.5 kPa pressure for an abrasion distance of 2.5 m. However, AA7075
quickly degrade when the applied pressure was 5 kPa for 3 m abrasion
distance (Fig. 15b). During the abrasion test, surface nanostructures
were worn out for SS 316L, as shown in Fig. 15c–e. As the abrasion dis-
tance increased from 1 m to 2.5 m, more worn out nanostructures can
be observed. On the other hand, AA7075 undergoes severely worn
tracks when applied pressure increased from 1.5 kPa to 3.0 kPa, as
shown in Fig. 15f–h. One shortcoming of the existing abrasion studies
lies in the lack of a single standard method to characterize abrasive
wear on laser textured surfaces. It makes it challenging to interpret
the effect ofmaterials, laser texturing processes, and chemicalmodifica-
tion processes on abrasion resistance.

4. Conclusions and future perspective

Emerging laser-based surface texturing methods demonstrate sig-
nificant potential for manufacturing nanostructured surfaces, with the
additional advantages of maintaining high precision and process flexi-
bility. In this review paper, a thorough review of the fundamentals of
wettability and different schemes for achieving different categories of
wettability through a combination of laser texturing methods and sub-
sequent surface chemistry modification methods is presented. This
paper startswith the fundamental theories analyzing that laser textured



Fig. 15.Durability of laser textured and chemicallymodifiedmetal surface for of abrasion resistance: (a) Variation of θw against abrasion length for SS 316L, AA7075, and S45C steel, plotted
by the author from data reported in [98,222,225] with permission from RSC, ASP, and Elsevier; (b) Variation of θw against applied pressure for SS 316L and AA7075, plotted by the author
from data reported in [98,225] with permission from RSC and ASP; Abraded SS 316L surface (c) before abrasion, (d) after abrasion 1.0 m at the applied pressure of 12.5 kPa and (e) after
abrasion 2.5 m at the applied pressure of 12.5 kPa. Reproduced from [98] with permission from RSC; Abraded AA 7075 surface after abrasion for 3.0 m (f) before abrasion, (g) at applied
pressure 1.5 kPa and (h) at applied pressure 3.0 kPa. Reproduced from [225] with permission from ASP.
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micro/nanostructures alone cannot achieve the desired wettability, and
surface chemistry modification plays a critical role as well to decide the
final wetting condition. Subsequently, the transition of surfacewettabil-
ity as a complex function ofmicro/nanostructure generated by laser tex-
turing methods and surface chemistry imposed by the subsequent
chemistry modification methods is discussed.

The fabrication of the laser-based processing of micro/nanostruc-
tured metal surface with desired wettability is a two-step process:
(1) micro-scale, nano-scale or dual-scale surface feature creation
by femtosecond/picosecond/nanosecond pulsed lasers and (2) sub-
sequent surface chemistry modification by exposure to air, chemical
treatment, boiling water treatment or heat treatment. This paper
concisely summarizes that two types of surface features are created
by laser texturing: (a) nanostructures by femtosecond and picosec-
ond laser and (b) hierarchical structures by femtosecond, picosec-
ond, nanosecond and hybrid laser texturing processes. The size and
shape of those surface structures are controlled by varying the laser
fluence, laser scanning speed and laser spot size. Immediately after
laser texturing, the treated surface behaved as superhydrophilic
due to a large amount of polar oxide and hydroxide sites accumu-
lated on the treated surface. However, this wetting state is very un-
stable and changes over time.
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Several different surface chemistry modificationmethods to achieve
superhydrophobicity are discussed. Firstly, superhydrophobic wettabil-
ity can be created on these structured surfaces by storing in air for a long
time (10– 30 days), which absorbs airborne organic constituents with
polar functional end into the active polar sites of the textured surface.
Secondly, superhydrophobicity can be achieved on the laser textured
surface by chemical treatment with fluoro-silane and long-chain alkyl
groups to attach low energy functional groups on top of fabricated
micro/nanostructures. Thirdly, superhydrophobicity can be achieved
by low-temperature heat treatment to accelerate this absorption pro-
cess. In addition to superhydrophobicity, surface chemistry is also criti-
cal for achieving a superhydrophilic metal surface. Chemical treatment
with highly polar nitrile (-CN), carbonyl (-C(=O)-), and carboxyl (-
COOH) groups after the laser texturing process helped to achieve
superhydrophilic behavior. Stable superhydrophilicity can achieve on
the textured aluminum surface by boiling water treatment to create
highly polar pseudoboehmite nanostructure on top ofmicro/nanostruc-
tures or high-temperature heat treatment which burns out the
absorbed organic constituents.

A combination of laser processing and chemistry modification to
achieve various wettabilities still faces several issues that need to be re-
solved in the future research study. Firstly, existing research on laser
texturing mostly focused on surface structure generation and has a de-
ficiency of appreciation of the roles of surface chemistry for laser tex-
tured surfaces. Some of the chemistry modification methods lack a
thorough investigation of the processing mechanism. The relationship
between surface structures and surface chemistry is still under discus-
sion, upon which the researchers can accurately adjust their combina-
tion to achieve desired wettability. Secondly, on the theoretical
understanding front, the relationship between surface roughness, fea-
ture density, size of multiscale structures, and the surface chemical
properties in terms of dispersive and non-dispersive components still
requires further investigation. In addition, whether the combination of
laser texturing and chemical modification can produce surfaces that
can sense external agents like glucose level in the blood, biological sens-
ing, etc. Laser texturing has been recently used to modify the surface
structure and surface chemistry of polymers for biomedical applications
[228]. Therefore, it could be explored for texturing polymer-coated
metals. These will open more direction for future research for laser
texturing.

Another important issue of laser texturing is associated with the im-
provement of processing speed and poor process throughput. The laser-
texturing community has welcomed exploration of an alternate ap-
proach for a long time to improve processing efficiency and reduce pro-
duction cost [18] while keeping the performance compared with the
existing methods. Recent effort [124] has provided a pathway to im-
prove the processing efficiency of single beam laser texturing by
defocusing the laser beam and scanning large surface area underwater
in each pulse. It is expected that future approaches inspired by this or al-
ternate approaches will be explored, which can significantly improve
the processing efficiency and generate both nanoscale and hierarchical
structures. Another strategy can be explored by means of a multi-
laser/multi-beam approach or a single-laser/multi-beam approach or a
combination of both [229]. The multi-laser/multi-beam concept is
based on a lateral arrangement of multiple lasers and pulse pickers,
whereas a single-laser/multi-beam concept is based on a lateral split-
ting of one laser and one multi-channel pulse picker.

Durability and stability are the other two crucial aspects that need to
be investigated thoroughly. Existing studies show that a laser textured
surface combinedwithfluorosilane treatment shows excellent chemical
stability, corrosion, and abrasion resistance. Other chemistry modifica-
tion methods should also be investigated for stability and durability so
that the optimum surface chemistry modification method can be prac-
ticed for future research. Other durability studies, including particle
contamination, bacterial contamination, and biofouling, should be stud-
ied. More exploration of these new approaches, durability, and stability
studies will be beneficial for future acceptance of laser texturing for
commercial usage to process large surface areas for industrial
applications.
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