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ABSTRACT: Extreme wetting activities of laser-textured metal Design of Chemistry for Al
. L. . . . Laser Textured Surface Sodium perfluo c
alloys have received significant interest due to their superior Fluorosilane rododecancate @
performance in a wide range of commercial applications and Cyanosilane p ‘f ;
fundamental research studies. Fundamentally, extreme wettability FEE o
of structured metal alloys depends on both the surface structure FFE @ Na
and surface chemistry. However, compared with the generation of 3 ;

physical topology on the surface, the role of surface chemistry is
less explored for the laser texturing processes of metal alloys to
tune the wettability. This work introduces a systematic design
approach to modify the surface chemistry of laser textured metal
alloys to achieve various extreme wettabilities, including super-
hydrophobicity/superoleophobicity, superhydrophilicity/supero-
leophilicity, and coexistence of superoleophobicity and superhydrophilicity. Microscale trenches are first created on the aluminum
alloy 6061 surfaces by nanosecond pulse laser surface texturing. Subsequently, the textured surface is immersion-treated in several
chemical solutions to attach target functional groups on the surface to achieve the final extreme wettability. Anchoring fluorinated
groups (—CF,— and —CF;) with very low dispersive and nondispersive surface energy leads to superoleophobicity and
superhydrophobicity, resulting in repelling both water and diiodomethane. Attachment of the polar nitrile (—C=N) group with
very high nondispersive and high dispersive surface energy achieves superhydrophilicity and superoleophilicity by drawing water and
diiodomethane molecules in the laser-textured capillaries. At last, anchoring fluorinated groups (—CF,— and —CF;) and polar
sodium carboxylate (—COONa) together leads to very low dispersive and very high nondispersive surface energy components. It
results in the coexistence of superoleophobicity and superhydrophilicity, where the treated surface attracts water but repels
diiodomethane.

KEYWORDS: design, laser texturing, chemical modification, superhydrophobicity, superoleophobicity, superhydrophilicity

B INTRODUCTION corresponds to 0° < @ < 10° which has an extreme affinity
Employing pulsed laser-based surface processing methods to for a liquid. For the lyophobic surface, the roll-off angle
accomplish extreme wettability conditions on engineering (Ocoioft) is also used along with 6. It is a critical inclination
materials has received significant attention over the past few angle at which the liquid droplet trends to slide/roll off the
decades. Processing with a pulsed laser is a maskless and surface.” Extreme wetting interactions at the solid—liquid
contactless material removal method that possesses some interface play a crucial role in mobilizing global markets in
unique advantages over other engineering methods, including many industrial processes and applications. Superlyophilic
flexibility, ease of automation, and a wide range of processing surfaces enhance the performance for catalysts,” fuel cells and

materials." The wettability of the laser-textured solid surface
can be classified into two main categories, i.e., Iyophobicity
corresponding to apathy for a liquid and lyophilicity
corresponding to affinity for a liquid.”>* In general, wettability
of a surface is quantified by contact angle (6), which is the
angle at the solid—liquid interface between gas and solid
through liquid. Lyophobicity and lyophilicity are mostly Received: November 26, 2019
defined by 180° > @ > 90° and 0° < 8 < 90°, respectively. Accepted:  March 25, 2020
To express extreme wettabilities, the word “super” is used as Published: March 25, 2020
prefix in front of lyophobicity and lyophilicity. For example,

superlyophobicity corresponds to 150° < 6 < 180°, which has

extreme apathy for a liquid. Similarly, superlyophilicity

batteries,”” heat pipe wicks,® dental implants,9 etc. Similarly,
superlyophobic surfaces are increasingly used for antibacterial
and antibiofouling,m’11 drag reduction," > 14,15
self-cleaning,'>'” anti-icing, and anti-fogging,"®'® applications.

anticorrosion,
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Surfaces with the coexistence of lyophobicity and lyophilicity
have applications in oil—water separation.*’

The wetting behavior of textured solids varies based on three
major factors at a solid—liquid interface:*" (a) solid surface
topography, (b) solid surface chemistry, and (c) liquid
properties. Extensive knowledge has been obtained on phzfsical
topology generation by laser surface processing"”>*> for
extreme wetting surfaces. Two main physical topologies have
been extensively fabricated by pulsed laser processing where
the laser pulse width ranges from femtosecond to nanosecond:
(1) laser-induced periodic surface structures (LIPSSs), which
possess laser-induced periodic surface ripples,”*~*® and (2)
laser-inscribed hierarchical or dual-scale micro/nanosurface
structures.”**”*® LIPSSs are produced by repetitive irradiation
of the same area by multiple laser pulses at fluence levels in the
regime of surface melting and resolidification. Key geometrical
aspects of LIPSSs, such as periodicity and orientation, were
effectively modulated by changing the laser texturing
parameters including laser fluence, scanning velocity, number
of pulses per irradiation point, angle of incidence, wavelength,
and polarization and target material physical properties such as
optical density, thermal conductivity, specific heat, laser
absorptivity, and emissivity.”” Laser-textured hierarchical
surface structures or dual-scale structures consist of one
structure at the higher scale (micron scale) and another
structure at the lower scale (nanoscale) on top of higher scale
structures. Hierarchical surface structures are often fabricated
on the target substrate using short or ultrashort laser
pulses.’® *° The higher scale structures include micro-
columns,*’ microspikes,32 microtrench,®”** micromatrix,**
and spot array.>>*® On the other hand, nanoscale structures
on top of higher scale features include LIPSSs** or random
nanostructures.”” Few works have also been reported to use a
continuous wave (CW) fiber laser to create hierarchical surface
structures.’’ > However, a large heat-affected zone and an
over-melt area were generated by CW laser pulses longer than
1 ms, which reduces the textured surface structure repeat-
ability.

Surface chemistry plays a critical role in deciding the final
wettability of laser-textured metals and metal alloys. Over the
years, three main surface chemistry modification strategies
have been used for laser-textured metals to change the
wettability to superhydrophobicity to repel water, including
anchoring fluorinated groups such as perfluoroalkanes on the
nanostructured surfac<e,30’40_42 exposing to atmospheric
condition for extended periods,”"*** and low-temperature
heat treatment.*> Researchers frequently used chemical
treatment with fluorosilane after the surface structure
generation in order to achieve superhydrophobicity for laser-
textured metal alloys.*”***"** A monolayer of a functionalized
fluorosilane reagent was coated on top of the textured surface
to reduce the surface energy. Wu et al*’ applied 97%
trichloro(1H,1H,2H,2H-perfluorooctyl)silane
[CF;(CF,)s(CH,),SiCl;] by chemical vapor deposition
(CVD) on top of the laser-fabricated microconical structure
on stainless steel to achieve superhydrophobicity. Pendurthi et
al.* applied heptadecafluoro-1,1,2,2-tetrahydrodecyl trichlor-
osilane [CF;(CF,),(CH,),SiCl;] after the laser texturing
process on titanjum, aluminum, and several stainless steels to
make them superhydrophobic. During the exposing to
atmospheric condition for extended periods, the laser-textured
aluminum surface absorbs airborne organic molecules that lead
to superhydrophobicity."" Adsorption of organic components

on the nanostructured surface alters the surface chemistry with
enrichment of —CH,— and —CHj; groups that contribute to
superhydrophobicity.”" A low-temperature heat treatment
process is also used before exposure to ambient air to
accelerate the organic molecule adsorption, leading to
superhydrophobicity.*> Researchers also immersed laser-
textured brass in different mediums including vinegar, sodium
bicarbonate solution, IPA, and salt water to study its wettability
transition.”” IPA increased the absorption of the organic
substance to accelerate wettability transition from hydro-
phobicity to hydrophilicity, whereas sodium bicarbonate
slowed down the transition.

Similarly, two main chemistry modification strategies have
been used to achieve superhydrophilicity to attract water,
including anchoring the water-affinitive chemical group on the
surface’*” and boiling water treatment.’® The authors’
research group utilized immersion treatment with a 97% 3-
cyanopropyltricholosilane reagent [CN(CH,);SiCl;] in etha-
nol solution® for aluminum and titanium alloys to chemically
attach the polar nitrile (—CN) group on the laser-textured
surfaces to achieve superhydrophilicity. Boiling water treat-
ment also used post-laser texturing to enrich the surface
micro/nanostructures with polar oxide and hydroxide groups
leading to superhydrophilicity.”® However, as the hydrophilic
and superhydrophilic surfaces possessed high surface energy,
they were prone to get fouled by oils and other organic matter.
Those easy-fouling constituents were difficult to remove and
severely affect the long-term applications of superhydrophilic
surfaces.

If oil repellency or superoleophobicity can be combined with
superhydrophilicity, it will provide a useful way to prevent the
fouling of superhydrophilic surfaces. However, the coexistence
of superhydrophilicity and superoleophobicity has never been
investigated on laser-textured surfaces. It also seems unusual
because the classic surface free energy (SFE) theory suggests
that superoleophobic surfaces would also be superhydropho-
bic. Some research groups have developed stimuli-responsive
surfaces by combining oleophobic —CF,— and —CF; groups
with the water-affinitive —C(=0)—ONa group in the same
chemical structure to simultaneously display hydrophilicity and
oleophobicity based on a favorable interaction with polar
liquids and an unfavorable interaction with nonpolar
liquids.””*' ™% Yang et al.*® synthesized a complex polymer
as PDDA-S-PFO, which combines poly-
(diallyldimethylammonium chloride) (PDDA) as a binder
with sodium perfluorooctanoate (S-PFO)
[CF;(CF,)sCOONa]. They spray-coated a glass substrate
with the PDDA—PFO polymer and SiO, nanoparticles to
effectively achieve coexistence of superhydrophilicity and
superoleophobicity. Pan et al.”” further extended this complex
polymer synthesis by producing sodium perfluorododecane (S-
PFD) and copper perfluorododecane (C-PFD). They spray-
coated a glass substrate and steel mesh with a mixture of
titanium oxide nanoparticles, poly(vinylpyrrolidone) (PVP) as
a binder, and those polymers to achieve coexistence of
superhydrophilicity and superoleophobicity.

However, most of these chemistry modification techniques
lack systematic theoretical guidelines for the laser surface
engineering methods to achieve different wettability. A
significant gap in understanding exists in the current literature
to modify the surface chemistry of laser-textured metal surfaces
so that the wettability can be altered for similar surface
structures by changing the surface chemistry. In this work, a
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methodical design approach is presented and demonstrated
through experiments to modify the surface chemistry of laser-
textured metal alloys to effectively alter the wettability. Three
different extreme wettability scenarios, including superoleo-
phobicity and superhydrophobicity, superhydrophilicity and
superoleophilicity, and coexistence of superoleophobicity and
superhydrophilicity, are demonstrated on the same laser-
textured surface. Dual-scale microtrenches are fabricated by
nanosecond laser pulses, and the laser-textured surface was
further immersion-treated with different chemical functional
groups. This study includes analysis of the surface structures,
surface chemistry, wetting characteristics, and mechanism of
achieving extreme wettabilities.

B DESIGN METHODOLOGY

The design strategy to modify the surface functional group to
tune extreme wettability of the same laser-textured metal alloy
can be derived from Young’s equation.

ysv - ysl
- (1)

where y,, and y;, are the SFEs of solid and liquid, respectively,
whereas yy is the interface free energy at the solid—liquid
interface. y, can be expressed in terms of y,, and y, as
demonstrated by Girifalco and Good®’

7/sl = ysv + ylv - 2(0\/ ysvylv (2)

where ¢ is the parameter describing the matching situation of
molecules in solid and liquid phases. In most cases, ¢ is
considered as 1 with negligible errors. Then, eq 1 is reduced to

cos@ =2 L% -1
\ % (3)

Fowkes™® suggested that each component of the SFE of the
liquid and solid surfaces is a combination of interparticle forces
that exist between nonpolar atoms or molecules and the
dipole—dipole force that exists between neutral polar
molecules. Therefore, total SFE had two components based
on their chemical composition, ie., dispersive (y%) and
nondispersive ("), which were attributed to the dispersion
force component and hydrogen bonding/dipole—dipole
interaction, respectively. Therefore

cos O =

d n
Yo TV H 1o (4)

d n
T =Nh T Hh )

where 7% and y?, are the dispersive and nondispersive
components of the SFE of the solid surface whereas, 7{ and
7}y are the dispersive and nondispersive components of SFE of
the liquid.

Depending on the processing condition of the solid surface,
the dispersive and nondispersive components of the processed
solid surface can be controlled to decide the final equilibrium
wetting condition. Then, eq 2 can have a more generic form

d d n n
)/sl=ysv-i_ylv_2 J/svylv -2 J/SVJ/lv (6)

Then, from Young’s equation, @ can be expressed in a more
generic form

d d n_n
2 Yo +2 Yo
d n -
hy Ty (7)

cos O =

Water contains both dispersive and nondispersive compo-
nents. Therefore, the 6, can be expressed as

d d n_n
| 2V + 2

0, = cos” 5 -
+
}/lv }/Iv (8)

On the other hand, yj, is negligible for oils as they are
generally nonpolar; therefore, oil contact angle (6,) can be
expressed as

d d
—-1 2 }/svylv
60=COS 7‘1—1

ylv (9)

Based on this theory, the design approach is developed to
achieve superhydrophobicity, superhydrophilicity, and coex-
istence of superoleophobicity and superhydrophilicity. The
surface functional groups are chosen in such a way that three
different scenarios of chemical composition can be attained, as
shown in Figure 1. For case I, chemical composition with

l}'w" ~0 o Yo very high
Ysvd very low Ysv* high

@ Ysv" very high
Ysvd very low

Superhydrophilic &
Superoleophobic

Superhydrophobic &
Superoleophobic

Superhydrophilic &
Superoleophilic

Figure 1. Designs of surface chemistry with various dispersive and
nondispersive components.

—CH,—, —CF,—, and —CF; groups is known to be a very
balanced chemical configuration with yg, being zero as there
are no polar groups on the solid surface and 3, is very low. The
critical surface tension of those groups, as listed in Table 1,

Table 1. Critical Surface Tension of Low-Energy Chemical
Groups™’

chemical groups —CF; —CF,— —CH; —CF,— —CH,—
CF,— CH,- CH,—
critical surface tension 6 18 22— 25 31
(mN/m) 24

ranks those groups according to their critical surface tension. It
indicates that fluorocarbon groups induce lower SFE
conditions compared to alkyl groups. In general, SFE of oil
is lower than water (7,, < 7,,,); therefore, @ of oil is lower than
water (0, < 6,,). For a specific solid surface with —CF,— and
—CF; groups, if the surface is proved to be oleophobic, then it
would be hydrophobic.

For case II, surface chemistry was chosen to be the nitrile
(—C=N) group, which possesses a highly electronegative

https://dx.doi.org/10.1021/acsami.9b21438
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Table 2. Average Dipole Moment of Polar Chemical Groups®”®'
chemical groups nitrile amide ketone aldehyde carboxyl ester
degree of polarity (Debye) 3.9 3.76 2.88 2.72 1.74 1.72
Table 3. List of Chemicals Used for Immersion Treatment
name acronym chemical formula
1H,1H,2H,2H-perfluorooctyltrichlorosilane FOTS [CF4(CF,)s(CH,),SiCl;; 98%]
1H,1H,2H,2H-perfluorodecyltrichlorosilane FDTS [CF;(CF,),(CH,),SiCly; 97%]
1H,1H,2H,2H-perfluorododecyltrichlorosilane FDDTS [CF4(CF,),(CH,),SiCls; 97%]
3-cyanopropyltricholosilane CPTS [CN(CH,);SiCl; 97%]
perfluorododecanoic acid A-PFDD [CE;(CE,),,COOH; 92%]
poly(vinylpyrrolidone) PVP [(CeHoNO),; 99.5%; powder]
anhydrous sodium acetate [CH3COONa; 99.4%; crystal]

nitrogen atom that makes the functional group highly polar.
The nitrile group is selected in this study as it has the highest
degree of polarity among the polar chemical groups, as listed in
Table 2. Therefore, the treated surface has a very high
nondispersive g, component. The surface does not contain a
long chain of fluorocarbon or alkyl group; therefore, 74 is not
low. Now, as the 72, component is very high in this case, the
right side of eq 8 lies between 0 and 1, resulting in a
hydrophilic surface. Again, as y2, is also relatively high and
surface tension of oils is low, the treated surface is expected to
behave as oleophilic as well.

For case III, the chemical condition is chosen to be a
combination of both low energy —CF,— and —CF; groups and
the highly polar (—COONa) group. Therefore, the surface
contains a very low dispersive component and a very high
nondispersive component. Now, in general, the SFE of oil is
lower than water (¥, < 7). Therefore, from eqs 8 and 9, € of
oil is lower than water (6, > 6,,). For a specific solid surface
with both low energy —CF,— and —CF; groups and the highly
polar (—COONa) group, the surface can behave as both
oleophobic and hydrophilic.

Textured surfaces possess roughness, which is not
considered in the above derivation. Due to the presence of
surface roughness, the 6 measurement by Young’s model is
different from the actual 6. According to Wenzel’s mode,®* the
real surface area increased due to the presence of surface
roughness and the apparent contact angle (6*) can be
expressed as

cos(0*) = rfu = 1; cos(0)

Ny (10)
where r¢ (r; > 1) is the solid surface roughness factor, which

signifies the ratio of solid surface area to the projected area.
Therefore, the 6,, and 6, from eqs 8 and 9 can be expressed as

[ d d n,_n
R B A s
0. = cos |1 T -
| Iv/lv (11)
7 ; }’dyd
* -1 sv/lv
6 = cos |1 a -1
i v (12)

Therefore, from eqs 11 and 12, both hydrophobicity and
hydrophilicity are improved further in the presence of surface
roughness.

18035

Cassie and Baxter® introduced a composite contact model
where liquid droplets did not move inside the surface
roughness. Some gas is trapped in between the liquid and
solid. Therefore, the solid—liquid interface is a combination of
the solid—liquid and solid—gas interfaces and only a fraction of
e (0 < f < 1) contributed toward the solid—liquid interface.
After introducing the roughness factor into the Cassie—Baxter
model, the apparent contact angle (0**) can be given as

cos(6*) = rfcos(6) + f - 1 (13)
Therefore, the 6,, and 6, can be expressed as
[ d d n_n
* A ySVyV + } ]/SV]/V
o =c0s_1rff+—1 +f-1
Ny
i (14)
[ d d
x Ve
oF =cos_1rff—dl—1 +f-1
[T (1)

Therefore, from eqs 14 and 15, surface roughness improves
hydrophobicity and oleophobicity further when the liquid

droplet does not penetrate the roughness.

B EXPERIMENTS

nHSN Process for Surface Fabrication and Chemistry
Modification. The author’s group™®* has developed a unique
nanosecond laser-based high-throughput surface nanostructuring
(nHSN) process using a nanosecond laser for metal alloys to texture
metal alloys for wettability modification. Previously, they have applied
this process to achieve superhydrophobicity.>*® This nHSN process
involved two sequential steps: (a) nanosecond laser texturing in air
(aNLT) during which the AA6061 surface was irradiated with a
nanosecond pulse laser and (2) chemical immersion treatment (CIT)
during which the laser-treated surface was immersed in a chemical
solution to attach the chemical functional group on the textured
surface. In this study, AA6061, procured from McMaster-Carr, USA,
is used as the substrate material. AA6061 samples were ultrasonically
cleaned in acetone, ethanol, and deionized (DI) water for 15 min
successively. The samples were subsequently rinsed in DI water for 15
s and dried at room temperature for 24 h.

The laser texturing setup consisted of a Nd:YAG nanosecond laser,
a galvanometer laser scanner, several mirrors, a cooling system to cool
down the laser scanner during experiments, an XYZ stage to hold the
workpiece, and a computer with a microcontroller. More detail about
the process setup can be found in the work of Samanta et al.*” During
the laser texturing, the laser beam was Gaussian in nature, the pulse
width was kept as 120 ns, and the experiments were performed at
ambient conditions. A 0.6 W laser power was used, and the laser beam

https://dx.doi.org/10.1021/acsami.9b21438
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Table 4. Chemical Solution Preparation for the CIT Process

designed wettability ~ case I: superhydrophobicity and
superoleophobicity

0.25 g of solid FDDTS/1.5 mL of FDTS/1.5 mL
of FOTS + 100 mL of absolute toluene

chemical solution for
the CIT process

case II: superhydrophilicity
and superoleophilicity

1.5 mL of CPTS + 98.5 mL 6.7 g of A-PFDD + 100 mL of absolute ethanol + 0.82 g
of absolute ethanol

case III: coexistence of superhydrophilicity and

superoleophobicity

of anhydrous sodium acetate + 0.2 g of PVP

aNLT
w/o chemical treatment

a Superhydrophobic &
Superoleophobic

o Superhydrophilic &

0 Superhydrophilic &
Superoleophilic

Superoleophobic

(8)

()

Figure 2. Comparison of the surface structure on AA6061 at low and high magnifications for (a, b) only aNLT-treated, (c, d) superhydrophobic
and superoleophobic, (e, f) superhydrophilic and superoleophilic, and (g, h) coexistence of superhydrophilicity and superoleophobicity.

diameter was kept as ~100 um (see the Supporting Information,
Section S1). The laser scanner irradiated the workpiece top surface in
a predesigned zig-zag pattern. The laser scanning was selective, which
means that some area was textured, whereas some area was left
untextured.

After the aNLT process, the textured AA6061 specimens were
immersed in different chemical solutions at room temperature for 3 h
during the CIT process to achieve the designed wettability scenarios.
Chemical reagents, as listed in Table 3, were obtained from Alfa Aesar
and Sigma-Aldrich for chemical treatment. Ethanol (C,H;OH;
99.5%) and toluene (C4H;CHj; 99.8%), procured from Sigma-
Aldrich, are used as solvents to prepare the solution for chemical
treatment. The chemical solutions used to achieve different
wettabilities are listed in Table 4. All the solutions were stirred for
30 min in a magnetic stirrer at room temperature to assure a uniform
mixture. Details of the preparation of each chemical solution can be
found in the Supporting Information, Section S2. After 3 h, the
specimens were taken out of the solution and cleaned with DI water
and subsequently dried using compressed air. After that, specimens
were dried in a vacuum oven at 80 °C for 1 h.

Post-Process Characterizations. Morphology of the laser-
irradiated and chemical-treated rough samples was analyzed using
scanning electron microscopy (SEM; Hitachi S-4800). Surface
chemical composition was obtained using a Kratos Axis ultrahigh-
performance X-ray photoelectron spectroscopy (XPS) system using
an Al Ka (1486.6 eV) line excitation source. Both survey spectrum
analysis and core-level spectrum analysis were performed. Before and
after the CIT process, chemical analysis was performed using
inductively coupled plasma-optical emission spectroscopy (ICP-
OES) to analyze the trace of the substrate material into the chemical
solution. The dynamic spreading of the water droplet on the
superhydrophilic surfaces was measured using a high-speed imaging
system (PCO Tech, Dimax) using a high-magnification 12X zoom
lens system (LaVision). The images were captured at 1000 frames/s
to trace the spreading of a water droplet.

Contact angle measurements were performed using a Rame-Hart
model 100 contact angle goniometer at ambient temperatures. Four
different liquids including, DI water, glycerol (C;HgOs; 99.5%),
diiodomethane (CH,L,; 99%), and ethylene glycol (OH(CH,),OH;
99.8%) were procured from Sigma-Aldrich and employed for
wettability testing. During the 6 measurement for those liquids, 4
puL of liquid droplet was micropipetted on the treated surface. For
each specimen, six @ measurements were obtained at different
locations, and the average value is reported. Liquid droplet roll-off

18036

tests for superhydrophobic and superoleophobic samples were
conducted using an in-house designed roll-off angle (6,4
measurement apparatus, which consisted of a rotable stage to hold
the nHSN-treated surface horizontally and tilted the stage with a
resolution of 0.1°. For each 6, .+ measurement, a 4 uL of liquid
droplet was micropipetted onto the treated surface, and the stage
started rotating until the water droplet rolled off the surface. The
critical angle that the liquid droplet began to slide down on the
inclined stage was recorded as the 8, .

B RESULTS AND DISCUSSION

Dual-Scale Surface Morphology. In this study, the
identical laser processing condition was applied across all three
case studies to keep the surface topography similar. Micro-
trenches have been fabricated using the nHSN process with
process parameters. Figure 2a shows SEM images of that the
processed surface consisted of multiple parallel microtrenches
with a width of ~100 um and a period of ~250 um after the
aNLT process step. Those microtrenches were formed by
connecting a series of blind holes ablated by laser pulses. The
higher magnification SEM micrograph (Figure 2b) shows that
the ridges of the microtrenches were covered with burrs. The
burrs were formed by the redeposition of the ablated material
around the edges of the microtrenches. This burr formation
was not suitable for conventional products, but it was essential
for surfaces with extreme wettabilities. The SEM micrographs
were also analyzed after the CIT process for all the three kinds
of extreme wettabilities achieved in this study, ie., super-
oleophobicity and superhydrophobicity, superhydrophilicity,
and coexistence of superhydrophilicity and superoleophobicity.
Figure 2c—h demonstrates surface morphologies for all three
wettability conditions. Dual-scale surface morphologies with
microtrenches covered with micro/nanoscale burrs/ripples/
protrusions were observed. This indicates that the micro-
structures were similar for all the three wettability conditions.

Design and Processing Mechanism for Case I:
Superhydrophobicity and Superoleophobicity. The
designing intent of creating superoleophobic and super-
hydrophobic AA6061 was to anchor the fluorocarbon chain
on top of the dual-scale surface structures created by the aNLT
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Figure 4. Surface chemistry at different stages of producing the superoleophobic/superhydrophobic AA6061 surface. (a) XPS survey analysis after
the aNLT process. (b) XPS survey analysis after the CIT process with the FDDTS reagent. (c) Core-level analysis of C 1s.

step. The target processing intent was achieved as a
combination of aNLT and CIT processes. The aNLT process
created parallel microtrenches covered with randomly
distributed micro/nanoscale structures on the AA6061 surface,
and the CIT process attached FDDTS molecules in the peaks
and valleys of microtrenches. The mechanism of chemical
attachment of FDDTS molecules on the processed surface is
hypothesized in Figure 3a. The FDDTS reagent consisted of
two distinct groups, ie., the reactive group, which includes
—SiCl;, and the functional group, which provided for
—(CH,),(CF,)yCF;. During the CIT process, chlorine atoms
of the reactive group were replaced by —OH through
hydroxylation, and HCI was generated during the intermediate

18037

chemical reaction of fluorosilane molecules. Each FDDTS
molecule produced three molecules of HCI during the process.
HCI contributed to etch some of the AA6061 as aluminum
chloride (AICly) during the CIT process. The etching effect
enhanced the nanostructure generation on the surface (see the
Supporting Information, Section $3).** Simultaneously, the
FDDTS molecule linked with surface hydroxide of the laser-
treated surface and got itself anchored by releasing three
molecules of water.

Attachment of the FDDTS molecule led to surface
fluorination resulting in very low dispersive and nondispersive
parts of the solid SFE. Consequently, the treated surface can
repel both oil and water, as shown in Figure 3b. Liquids in
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water and oil category, i.e., water, coffee, coke, glycerol,
diiodomethane, and ethylene glycol, have been tested on the
treated surface, and they formed spherical droplets on the
surface, as shown in Figure 3c. The @ for all the liquids is more
than 150°, as shown in Figure 3d. To further validate the
superoleophobicity achieved on treated AA6061 surfaces, the
0110 Of all the above-mentioned liquids was measured. The
experimental results demonstrate that the 6, . for water,
coffee, and coke are between 8—11° with an uncertainty of
0.8°. The 6. of diiodomethane, glycerol, and ethylene
glycol are consistently less than 30°. Both water and
diiodomethane droplets rolled off the surface immediately
after coming into contact with the processed superoleophobic
and superhydrophobic surface (see Movie S1).

The surface chemistry of the superoleophobic and only
laser-treated AA6061 surface was investigated by XPS analysis,
as shown in Figure 4. It can be observed that immediately after
aNLT, the AA6061 surface contains Al, O, C, and Si. The
origin of Al and Si belonged to the composition of AA6061,
and O came from the oxidation/hydroxylation that occurred
during the aNLT process (Figure 4a). C came from adsorption
of biomolecules on the treated surface in between the surface
preparation and XPS analysis. After the completion of the CIT
process with FDDTS, F was detected along with previous
peaks (Figure 4b). The F and Si peaks belonged to the FDDTS
reagent [CF;(CF,)o(CH,),SiCl;]. Detailed core-level analysis
of the C 1s peak was performed based on the binding energy of
different carbon-related chemical groups, as listed in Table S.

Table 5. List of Binding Ener%ies of Different Chemical
Functional Groups in C 1s*°7"*

binding energy (eV)

carbon compounds

-C-C-, -C-H 284.7-285.3
—CF, 293.5-293.8
—CF,— 292.5-293.2
—C—Si— 281.8—283.2
—-CN 286.0—286.5
—C(=0)—0— 289.0—289.1

The study shows that the C 1s peak was a combination of the
—CH,—, —CF,—, and —CF; chemical groups (Figure 4c). It
also shows the presence of —Si—C— at 283.1 eV. Those
functional groups were present on the FDDTS structure, which
indicates that the FDDTS molecules were successfully attached
to the laser-textured surface after the CIT process, leading to
surface fluorination. Surface fluorination led to a reduction in

SFE®®® of the textured solid surface resulting in super-
oleophobicity. The absence of the Cl peak in the XPS survey
spectrum also confirmed the occurrence of the chemical
etching event during the CIT process that dissolved some part
of the AA6061 substrate as aluminum chloride in the solution.

Effect of Fluorocarbon Chain Length. The effects of
length of the fluorosilane reagents were also studied in this
work. Three different fluorosilanes were used, including FOTS,
FDTS, and FDDTS. The difference between three fluorosilane
reagents was the length of the —CF,— chain in the functional
group in their chemical structure. The lengths of —CF,—
groups for FOTS, FDTS, and FDDTS were five, seven, and
nine, respectively. The comparison of the 6 for water and
diiodomethane is shown in Figure 5a. The 6 is above 150° for
both liquids; however, the € value was increased when the
length of the functional group was increased. @,y . was also
compared, as shown in Figure Sb. Increasing the length of the
—CF,— group resulted in lower 6, 4 for both water and
diiodomethane. Increasing the length of fluorosilane put more
—CF,— groups on the laser-treated surface, as confirmed by
XPS analysis (Figure Sc). More —CF,— on the processed
surface led to a lower dispersive component of SFE, resulting
in lower 0,.¢ and higher 6. These experimental results clearly
illustrated the influence of the length of the functional group
on the surface superhydrophobicity and superoleophobicity.
An increase in the silane tail group length improved both
superhydrophobicity and superoleophobicity for similar surface
microstructures.

Design and Processing Mechanism for Case II:
Superhydrophilicity and Superoleophilicity. The design-
ing intent of creating superhydrophilic AA6061 was to attach a
highly polar nitrile (—C=N) group on top of laser-textured
dual-scale surface structures. It was achieved by immersion
treatment of laser-textured AA6061 specimens with the CPTS
reagent during the CIT process. The mechanism of chemical
attachment of CPTS molecules on top of laser-irradiated
structures is presented in Figure 6a. The reactive part of the
CPTS molecules (—SiCl;) is the same as the silanes used to
make the superoleophobic surface in the Design and
Processing Mechanism for Case I: Superhydrophobicity and
Superoleophobicity section . Therefore, the chemical reaction
for attachment of the CPTS molecules was similar. During the
CIT process, both chemical etching and attachment of the
functional group happened simultaneously. During the
chemical event, HCI was also generated by hydroxylation of
CPTS molecules leading to surface chemical etching. After the
attachment of CPTS molecules to the textured surface, the
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Figure S. Variation of superoleophobicity and superhydrophobicity depending on fluorosilane chemistry. (a) Variation of 6 of water and
diiodomethane on surfaces depending on the length of the fluorocarbon chain. (b) Variation of 6,4+ of water and diiodomethane on surfaces
depending on the length of the fluorocarbon chain. (c) Core-level analysis of C 1s for surfaces treated with different lengths of fluorocarbon chain.
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Figure 7. XPS analysis of the surface layer for AA6061 with superhydrophilicity and superoleophilicity. (a) Survey analysis after the CIT process.

(b) Core-level analysis of C Ls.

functional nitrile group was aligned outward from the treated
surface.

CPTS molecules contained a nitrile group, which was highly
polar due to the triple covalent bond of carbon with highly
electronegative nitrogen. Nitrogen pulled the electrons of the
—C=N bond toward itself and induced polarity. On the other
hand, water was a polar molecule due to the presence of highly
electronegative oxygen. The oxygen atom drew electrons
toward itself, making the regions around two hydrogen atoms
more positive than the area around itself. It resulted in H" and
OH™ groups inside each water molecule. The slightly positive
hydrogen atom in a water molecule was drawn toward the
slightly negative nitrogen atom in the surface nitrile group, and
a temporary hydrogen bond was formed, as schematically
illustrated in Figure 6b. The treated surface contained a
monolayer of CPTS molecules on top of the surface structures.
The resultant hydrogen bonding and dipole—dipole attraction
contributed toward superhydrophilicity. Surfaces with dual-
scale structures with water-affinitive chemistry were known to
enhance superhydrophilicity by allowing a liquid trail through
the higher scale trenches, whereas the capillary pressure was
maintained at the comparatively lower scale structures. Water
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droplets spread immediately at a very fast rate after coming
into contact with superhydrophilic surfaces (see Movie S2). As
the surface chemistry does not have long-chain hydrocarbon or
fluorocarbon, the dispersive component of the SFE is also
relatively high. On the other hand, diiodomethane has low
surface tension compared to water. Therefore, diiodomethane
also spread on the surface effectively (see Movie S2). To
elucidate the dynamic wetting effect on the treated surface over
time, a deionized water droplet and a diiodomethane droplet
with § pL volume were dropped on the processed surface, and
the evolution of droplet spreading is captured as a function of
time using a high-speed camera. The liquid front propagated
through the dual-scale structure resulting in a rapid spreading,
as shown in Figure 6¢. Apart from surface polarity, the treated
surface has a strong capillary effect due to the presence of
microtrenches.”> Therefore, they can draw the water and
diiodomethane molecules very fast through the surface
hierarchical structures. Superhydrophilicity is additionally
attributed to the capability of hydrogen bond formation with
the polar nitrile group (Figure 6b).

The surface chemistry of the superhydrophilic AA6061
surface was characterized by XPS analysis. XPS survey
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surface and retaining of diiodomethane in droplet form.

spectrum shows the presence of Al, Si, C, N, and O on the
surface (Figure 7a). The intensity peaks of Al and Si came
from the composition of AA6061, and the O peak was
attributed to the surface oxidation during the aNLT process. C,
N, and Si peaks belonged to CPTS reagent. Detailed core-level
analysis shows that the C 1s peak was a result of —CH,—,
—CN, and —C-Si— peaks (Figure 7b). This XPS analysis
confirmed the successful attachment of the CPTS molecule on
the surface.

Design and Processing Mechanism for Case IlI:
Coexistence of Superhydrophilicity and Superoleopho-
bicity. The designing intent of creating an AA6061 surface
with the coexistence of superoleophobicity and superhydro-
philicity was to attach the fluorocarbon chain as well as the
polar —COONa group in the same chemical structure on top
of the dual-scale surface morphology created by the aNLT
step. The mechanism of chemical attachment of sodium
perfluorododecanoate (S-PFDD) molecules on the processed
surface during the CIT process is shown in Figure 8a. During
the process, sodium acetate reacted with A-PFDD and created
S-PEDD. Unlike the superoleophobic and superhydrophilic
scenarios, there was no reaction between the S-PFDD and the
AAG6061 substrate. Therefore, an external binder, PVP, was
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used to anchor the S-PFDD molecules to the substrate. Once
the ethanol solvent dried up, the PVP firmly attaches the S-
PEDD on top of the laser-treated surface structures.

The S-PFDD contained —CF,— and —CF; groups that led
to a low dispersive component of solid surface energy. It also
contained a highly polar sodium carboxylate group
(—~COONa), which comprised of highly electronegative
oxygen and highly electropositive sodium. As a result, the
treated surface had a very high nondispersive component of
solid surface energy. Due to the presence of low dispersive and
high nondispersive components, the surface behaved as
superoleophobic and superhydrophilic simultaneously, as
demonstrated schematically in Figure 8b. Droplets (4 uL) of
water and diiodomethane were introduced on the treated
surface. When 4 uL droplets of water and diiodomethane were
introduced into the tilted surface, the water droplet stretched
immediately after contact, whereas the diiodomethane droplet
rolled off the surface (see Movie S3). Photos of diiodomethane
and water droplets are shown in Figure 8c. The treated surface
showed good repellence to diiodomethane while the water
wetted the surface. Dilodomethane forms a spherical droplet
on the treated surface, whereas water spread on the surface.
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The Ogiodomethane Was consistently above 150° whereas the 6,
drops down from 100 to 0° within 20 s.

The XPS survey analysis shows that the surface contains Al,
Si, C, N, O, F, and Na (Figure 9a). The source of Al and Si
intensity peaks belongs to the composition of AA6061. The
source of the F and Na belonged to the S-PFDD reagent
[CF;(CF,),,COONa]. O comes from laser texturing, as well as
the S-PFDD molecules. N was coming from the PVP binder.
Core-level analysis of the carbon element shows that the
carbon peak was a combination of the —CF,— and —CF;,

18041

—COO—, and —C—C— chemical groups (Figure 9b). Further,
the core-level analysis of the sodium element confirmed the
presence of the —COONa group, as illustrated in Figure 9c.
Thus, it can be concluded that S-PFDD molecules were bound
on the treated surface by PVP.

Wetting Behaviors with Different Dispersive and
Nondispersive SFE Components. The evolution of 8,, was
measured on treated surfaces with different A-PFDD/S-PFDD
ratios, as shown in Figure 10a. A-PFDD/S-PEDD ratio was
varied from 5:0 to 0:5 across six samples processed with the
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same aNLT process condition. With only A-PFDD on the
surface, the 0, remained above 150°. The 0,, dropped down to
0° when the A-PFDD/S-PFDD was decreased. The rate of 6,
dropping increased when the A-PFDD/S-PFDD was decreased
from 4:1 to 0:5. When the surface was treated with only A-
PFDD, the treated surface contained only the dispersive
component leading to superhydrophobicity. However, with the
increase in the A-PFDD/S-PFDD ratio, the nondispersive
component of the solid SFE started to increase, resulting in a
gradual stretching and spreading of the water droplet. On the
other hand, 4. 4omethane remained above 150° for all the A-
PFDD/S-PEDD ratios, as illustrated in Figure 10b. The 0,y g
of the diiodomethane remained less than 10° for all the A-
PEDD/S-PEDD ratios. As the wetting interaction of diiodo-
methane was only dependent on the dispersive components of
the solid SFE, there was no obvious change in @ ;oqomethane du€
to constant dispersive components for all the A-PFDD/S-
PEDD ratios. These results firmly supported the proposed
design principle for the coexistence of superhydrophilicity and
superoleophobicity.

Stability of nHSN Surface Wettability. The untreated
surface had a 6,, of 92° + 0.5°, and it was very stable over a 30
day period in air. On the other hand, the wettability condition
of the only aNLT-treated surface was not constant.
Immediately after the aNLT process, the treated surface
performed as superhydrophilic with 8,, = 0°. Upon exposure to
ambient conditions, the wettability underwent a transition
from hydrophilicity to hydrophobicity as a function of time, as
shown in Figure 11a. The contact angle becomes 152° within
30 days (Figure 11b). Similar wettability transition was
observed by other researchers for several engineerin§ materials
including stainless steel,”*’ aluminum alloys,*>*" titanium
alloys,”” copper,”® brass,””” and inconel.*’ The transition time
usually varies from 10 to 30 days. As laser processing of metal
in air is a high-energy processing, it generates high temper-
atures locally. As a result, the textured metal reacts with
atmospheric oxygen and generates metal oxide on the textured
surface. Metal oxides are typically hydrophilic because their
electronic structure favors the formation of hydrogen bonds.”'
Metal oxides possess higher surface energy. For instance,
immediately after laser treatment, the AA6061 surface contains
AL, O3 and the surface aluminum atoms form hydrogen bonds
with interfacial water molecules due to electron deficiency.*”*’
The presence of those unsaturated oxide polar sites resulted in
hydrophilicity. However, when the textured surface is exposed
to the atmosphere, it undergoes wettability transition. The
earth’s atmosphere consisted of several categories of organic
constituents, including long-chain hydrocarbons with carbonyl
groups, carboxylic acids, and diol groups.”* The polar sites on
textured AA6061 interacted favorably with the polar groups on
volatile organic constituents. It resulted in adsorption of those
organic constituents and absorbance of airborne hydrocarbon
contamination.”** Adsorption of organic constituents reduced
the surface polarity leading to wettability transition to
superhydrophobicity.

On the other hand, when the surface was treated with aNLT
followed by CIT with different chemical reagents, the
wettability of water was stabilized, as shown in Figure 1la.
The AA6061 surface treated with aNLT and CIT with the
FDDTS reagent remained superhydrophobic over a period of
30 days (Figure 11c). Conversely, the AA6061 surface treated
with CPTS after the aNLT process continued to be
superhydrophilic, as shown in Figure 11d. Treatment with A-

PFDD and CH;COONa also resulted in stable super-
hydrophilicity, as shown in Figure 11e.

B CONCLUSIONS

In this study, a systematic methodology is presented to design
the surface chemistry of laser-textured metal alloys to alter
their extreme wettabilities. All the processed surfaces contain
laser-irradiated dual-scale structures with microtrenches
covered with micro/nanoscale random features. Laser-textured
surface with different combinations of dispersive and non-
dispersive components of SFE resulted in three categories of
extreme wettabilities.

I. Surface chemistry that has very low dispersive and
nondispersive components of SFE leads to super-
oleophobicity and superhydrophobicity. This surface
energy condition is achieved by attaching —CH,—,
—CF,—, and —CF; groups on top of surface structures.

IL. Surface chemistry with a very high nondispersive
component and a high dispersive component of SFE
leads to superhydrophilicity and superoleophilicity. The
water-affinitive nitrile group (—C=N) is attached to
the laser-textured surface to achieve the energy
condition. Water molecules tend to create temporary
hydrogen bonds with the nitrile group and spread into
the microchannel due to the capillary effect leading to
superhydrophilicity. On the other hand, diilodomethane
spreads on the surface due to the strong capillary effect
and relatively higher dispersive SFE.

III. Surface chemistry that has a very high nondispersive
component and a very low dispersive component of SFE
leads to the coexistence of superoleophobicity and
superhydrophilicity. This surface energy condition is
achieved by combining both low-energy —CF,— and
—CF; groups and water-affinitive sodium carboxylate
(—COONa) in the same surface chemistry.

The insights from this study will provide design guidance to
engineer future surfaces with extreme wettability for emerging
applications.
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