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Surface engineering methods for wettability modification of 3D-printed metal parts have attracted considerable
attention, in large part due to the applicability of these components in fluid-related fields. In this study, two
processing methods have been developed to produce superhydrophobic surfaces on AlSi1OMg and Ti6Al4V
fabricated using laser powder bed fusion (L-PBF). Surface chemistry and topography are investigated as two
primary determinants of the resulting wettability state. On its own, chemical immersion treatment can impart the
rose petal effect on these additively manufactured metal surfaces, viz. high water contact angle coupled with
high water adhesion. When laser surface texturing is performed prior to chemical treatment, the lotus leaf effect
is achieved instead, with the surface showing high water contact angles and low water adhesion. Surface
chemistry analysis shows that a fluorosilane reagent reacts more favorably with laser textured surfaces, thus
imparting greater hydrophobicity. Surface topography is also shown to play a significant role in the resulting
wetting behavior. By applying surface topography parameters, Sy and r, the topographical distinction between
surfaces displaying the rose petal effect and the lotus leaf effect is quantitatively described.

Surface Functionalization

1. Introduction

Surface wettability engineering for metal additive manufacturing
(AM), or 3D printing, is of great significance. Many of these AM parts are
used in applications involving fluid-surface interactions and fluid flow,
such as marine parts, heat exchangers, battery devices, and bio-
microfluidic devices [1-3]. Among many techniques for metal printing,
selective laser melting (SLM), also defined by the ISO/ASTM as laser
powder bed fusion (L-PBF), is widely applied for fabricating
high-performance metal parts. The metal surfaces produced by L-PBF
are generally rough due to the uneven distribution of laser radiation
during fabrication and are generally hydrophilic, as metal alloys
inherently have a high level of surface energy. However, the wetting
behavior of printed parts is typically unstable and is subject to change
after fabrication and cleaning. For instance, an increase in water contact
angle from less than 10° to over 150° was reported for 3D printed 316L
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stainless steels after exposure to air for two weeks [4]. This wetting
instability is a serious issue plaguing these AM metal parts, preventing
them from meeting the performance standards demanded by fluid ap-
plications. Only a few previous reports [4,5] have studied the instability
of surface wetting behaviors of laser additively manufactured compo-
nents. This study attempts to first evaluate the surface wettability of
L-PBFed parts, and then to develop a surface processing method to
achieve stable superhydrophobicity by engineering the surface topog-
raphy and chemistry.

For ease of reference, we define surface wettability as the following.
The surface is defined as superhydrophobic when the water contact
angle 6,, is higher than 150°, moderately hydrophobic when 6,, is from
120° to 150°, and slightly hydrophobic for 6,, values ranging from 90° to
120°. Similarly, superhydrophilic surfaces have a 6,, value smaller than
10°, moderately hydrophilic surfaces have 6,, values from 10° to 60°,
and slightly hydrophilic surfaces have 6,, values from 60° to 90°.
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Method I: Chemical immersion treatment (CIT)
e As-printed surface texture remains unchanged.
e Rose Petal Effect: High water contact angle (6,, > 150°), while
high water adhesion

e Applications: controlled liquid transport

Method I1: HSN
(combining laser texturing & CIT)
e Surface textures are laser engineered to O(10pm) and
O(100pm) via picosecond and nanosecond laser, respectively.
o Lotus Leaf Effect: High water contact angle (6,, > 150°), while
low water adhesion
o Applications: self-cleaning surface, anti-icing, corrosion

resistance, oil-water separation

Fig. 1. Proposed superhydrophobic surface processing methods for metal 3d printed parts.

For stainless steel, Sun et al. [4] showed that as-printed 316L stain-
less steel without any specially designed surface structure is slightly
hydrophobic (6,,~96°), while a surface with an inverted trapezoidal
structure is superhydrophilic (6,,<10°). Neukaufer et al. [6] reported
that a range of contact angle values from 70° to 92° can be achieved for
raw 316L stainless steel by varying the printing orientation. Addition-
ally, 6, values of 80-100° were found on an L-PBFed 316L stainless steel
surface with square pillars and rectangular channels [7]. For aluminum
alloy, a slightly hydrophilic surface (6,,~70°) was reported for AlSi10Mg
parts made by L-PBF [8]. For titanium alloy, it has been found that an
as-built L-PBFed Ti6Al4V surface is slightly hydrophilic (6,,~70°) [9],
while another group [10] reported the wettability of L-PBFed TA6V ti-
tanium alloy ranging from slight hydrophilicity (6,,~75°) to slight hy-
drophobicity (0,,~105°). Vaithilingam et al. [11] reported that a
polished L-PBFed Ti6Al4V surface is moderately hydrophilic (6,,~24°).
Potential factors responsible for the discrepancy among these studies
include variations in laser operating parameters, post-processing and
cleaning methods, and the storage time in air after fabrication [12,13].

Various surface modification methods have been applied to achieve
desirable wettability behavior on L-PBFed parts [14-16], most of which
are used to create low-adhesion lotus leaf superhydrophobic surfaces. A
popular technique involves treating surfaces bearing a specific surface
morphology using chemical reagents. Sun et al. [4] created inverted
trapezoidal structures on 316L stainless steel by L-PBF, then applied
chemical immersion treatment using a FAS-17 ethanol solution to ach-
ieve superhydrophobicity. A similar process has also been used by Xing
et al. [17] to achieve superhydrophobicity 316L stainless steel by
fabricating a cylindrical array structure using L-PBF and chemically
treating the surface with an ethanol solution of fluoro-silane. Wang et al.
[18] used L-PBF to obtain a mesh structure on ink-printed copper
nanoparticles and achieved superhydrophobicity by chemical treatment
using fluoro-silane. It is clear that this general approach, adopted by
numerous researchers, requires a well-designed surface morphology
prior to the chemical treatment, which limits its application to flat
surfaces.

Other techniques have also been explored in the literature. Wang
et al. [19] also used ink-printed copper nanoparticles via L-PBF to
fabricate a superhydrophobic surface by forming nanostructures of
amorphous carbon through the decomposition of the polymer PVP. The
fabricated surface expressed superhydrophobicity with 6, as high as
160°. Scanning electrodeposition was used [5] to fabricate super-
hydrophobic nickel coatings on stainless steel substrates formed by
L-PBF. The as-built coatings were hydrophilic immediately following
application. However, after one week of air exposure, wettability
ranging from superhydrophobic (6,, = 152.3°) to relatively hydrophobic
(6w = 112.6°) was observed. Post-processing by laser texturing is

another way to alter the surface wettability of L-PBFed parts. Mekhiel
et al. [7] textured 316L stainless steel surfaces made by L-PBF to create
pillar arrays and channel patterns. Their results showed that the
textured surfaces exhibited contact angle values of up to 141°, a sig-
nificant increase over the range (80°-100°) exhibited by the as-built
surfaces. Jiao et al. [9] superimposed femtosecond laser induced
period surface structures (LIPSS) onto L-PBFed Ti6Al4V parts. The
as-built sample displayed hydrophilic behavior (6,~73°), while the
surfaces with LIPSS showed a much larger 6,, (90°-150°) after ten days of
air exposure.

Surface modification is also not limited to hydrophobicity. Hydro-
philicity on L-PBFed alloys can also be achieved. Zhao et al. [20]
addressed the effect of electrochemical anodization post-treatment on
wettability and as a consequence improved cell adhesion in biomedical
applications for L-PBFed Ti6Al4V. They observed that 6,, for L-PBFed
Ti6Al4V decreased from 68° to 11° following anodization
post-processing, along with an increase in protein absorption and cell
adhesion without any distinct effect on the surface roughness. Re-
searchers also used acid etching to modify the surface wettability of
TA6V titanium alloy fabricated by L-PBF [10]. Surfaces treated with a
3% HF/10% HNOs acid bath showed a significant decrease of 6,, (from
75° to 48°) after the first 15 minutes of etching.

While the aforementioned surface engineering methods successfully
modified surface wettability, the fundamental mechanism and coupled
effect of surface topography and surface chemistry on the resulting
wettability regime are poorly understood for 3D-printed parts. In some
studies, the obtained surfaces show unstable wettability, transitioning to
superhydrophobicity following extended exposure to air [5,9,17].
Further, much of the current work is focused on lotus leaf super-
hydrophobicity (high static water contact angle and low contact angle
hysteresis/adhesion). The other main category of superhydrophobicity,
namely the rose petal effect, where the surface exhibits a high contact
angle hysteresis coupled with a high static contact angle, has yet to be
investigated. This study explores a more expanded view of super-
hydrophobicity ranging from low to high surface adhesion by consid-
ering both surface topography and chemistry. To the authors’ best
knowledge, this study constitutes the first attempt at evaluating the rose
petal effect for L-PBFed metal alloys.

2. Methods

We have previously developed a nanosecond laser-based high-
throughput surface nanostructuring (n-HSN) process [21-24], which
simultaneously creates random nanostructures and attains desirable
surface chemistry over large-area metallic alloy surfaces. By altering
processing conditions, n-HSN treated surfaces can be tuned to display
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Fig. 2. Design of L-PBF experiments in this study: (a) vertical surface (surface parallel to the building direction) samples (b) horizontal surface (surface parallel to the

building platform) samples.

different wetting behaviors ranging from superhydrophobicity to
superhydrophilicity. Based on the knowledge gained from n-HSN, two
processing methods are proposed in this work for generating super-
hydrophobicity on metallic surfaces produced by L-PBF.

Asillustrated in Fig. 1, method I attempts to chemically functionalize
the surfaces without actively modifying the as-built (L-PBF) topography.
During the proposed chemical immersion treatment (CIT), the L-PBFed
parts are immersed in an ethanol solution of 0.25 wt% chlorosilane re-
agent [CF3(CF3)9(CH3)SiCls], also known as FDDTS, for three hours.
The surfaces are then cleaned with deionized water, dried with com-
pressed nitrogen, and kept in a vacuum chamber at 80°C for half an
hour. Method I will achieve stable surface chemistry for L-PBF parts
within a facile, one-step process, whereupon treated surfaces will retain
their wetting behavior even following prolonged exposure to air. How-
ever, it is noted that the inherently rough surface texture from L-PBF
remains unchanged during this CIT-only approach, so the capability of
tuning superhydrophobicity via CIT is expected to be limited.

Method II implements the HSN process, simultaneously engineering
both surface topography and chemistry. Method II consists of two steps
as follows: (1) The part surface is first raster-scanned over the designated
region in air using a pulsed laser. Given that 3D printed surfaces have as-
built roughness levels in the tens of microns, the effect of laser surface
texturing on these already rough surfaces needs to be evaluated. Both
nanosecond (n-HSN) and picosecond (p-HSN) lasers are proposed to
induce periodic channel patterns on top of 3D printed parts with a
channel size on the order of hundreds and tens of microns, respectively.
(2) The laser-patterned surface is then subjected to the same CIT as
stated in method I. The coupled changes in surface topography and

chemistry will induce superhydrophobicity and their contributions will
be investigated.

Two representative engineering alloys, AlSi10Mg and Ti6Al4V, are
selected in this study for their good weldability [25] and popularity in
AM. L-PBF will be used to fabricate the parts for its low cost and good
repeatability [26]. Parts for this study are produced by the Quad City
Manufacturing Lab using as EOS M270. Two different build orientations
are adopted, namely horizontal and vertical, to create different surface
topographies as shown in Fig. 2. The horizontal orientation (denoted by
the subscript //) means the inclination of the part surface with respect to
the build plane is 0°, while the vertical orientation (denoted by the
subscript 1) indicates the inclination is 90°. Two basic scan strategies
were employed on each layer: 1) striping scans and 2) contouring scans
(as illustrated in Fig. 2). The bulk of each layer is fused with striping
scans. However, the start/stop points of striping scans cause surface ir-
regularities. The vertical test surfaces are comprised of the cross-section
of the fused powder layers, so a laser contouring scan is used on the
outer edge of each layer to facilitate blending of the irregularities
associated with the start/stop points of the laser striping scan. The L-PBF
operation parameters, including the continuous wave (CW) fiber, laser
are given in Table 1.

In method II, two types of laser source, nanosecond laser (n-HSN)
and picosecond laser (p-HSN), were used to create microchannels of
various sizes. The high-energy nanosecond pulsed laser with one set of
parameters was applied in a single-pass scan for the experiments. Both
channel width and depth were in the hundreds of microns due to the
high energy intensity per pulse. The high repetition rate picosecond
laser was applied in both single-pass and multi-pass scan strategies for

Table 1
L-PBF operational parameters for the aluminum and titanium parts
Surface CW laser power P Scan speed V(mm/  Powder size d, Hatch distance h Layer thickness t . P
E Eq(Ei=—
w) ) (um) (mm) (mm) mergy density Eq | Ea =y, | (0/
mm?)
AlSi1OMg | 150 1250 20-63 0.2 0.03 20
AlSilOMg,, 193.6 800 20-63 0.2 0.03 40.3
Ti6A14V | 150 1250 15-45 0.1 0.03 40
Ti6Al4V,, 170 1250 15-45 0.1 0.03 45.3
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Table 2
HSN laser texturing parameters for the L-PBFed parts

Applied Materials Today 29 (2022) 101630

Laser Laser power P (w)  Laser spot diameter d; (um)  Scanspeed V(mm/s)  Pulserepetitionrate R, (Hz)  Line spacingh(um) Laser fluence F
8
Fe 4P x 1;)
R,nd;

(J/cm?)

Picosecond laser 0.87 15 100 40000 20, 30, 60 12 per pass

Nanosecond laser ~ 0.75 100 0.75 10 300 955

a. As-printed
AlSi10Mg | AlSi10Mg,, Ti6A4V | Ti6Al4V,

Sa =25.7 pm
d;

Sa=25.3 pm

2000 2656pm

1500 1950um -

Sa=13.7 pm

1991pm

2000 2656um

Fig. 3. Surface topography of metal L-PBFed part surfaces: (a) as-printed parts; (b) parts treated by method I: CIT. 3D printing surface defects are noted: d; represents
balling, d, represents partially melted powder, ds represents spatter, and white dash lines correspond to laser scan lines used in L-PBF.

the experiments. The corresponding channel width and depth were in
the tens of microns, an order of magnitude smaller than the channels
created by the nanosecond laser. The effects of channel depth and
spacing were also investigated for the picosecond laser. The picosecond
and nanosecond laser parameters, selected specifically to generate
different surface topographies, are listed in Table 2.

Wetting behaviors of the samples were evaluated by static contact
angle measurement and dynamic water droplet run-off experiments.
Static contact angles and contact angle hysteresis were measured using a
contact angle goniometer (Rame-Hart model 100) coupled with a high-
resolution CMOS camera (6-60 x magnification, Thor Laboratories).
Dynamic water droplet behavior was characterized by droplet run-off
experiments using a low-speed wind tunnel. The surface topography
was systemically characterized using a confocal microscope (Keyence
VK-X1000). Surface functional groups were analyzed using a Kratos Axis
ultrahigh-performance X-ray photoelectron spectroscopy (XPS) system.
Surface topography and chemistry were also characterized by a Hitachi
S-3400N Scanning Electron Microscopy (SEM) combined with a Bruker
Energy-Dispersive Spectroscopy (EDS) system to determine chemical
compositional information such as relative abundance and spatial
distribution.

3. Results and discussion
3.1. Surface topography

The surface topographic characteristics of the as-built parts were first

analyzed using confocal microscopy, as shown in Fig. 3. Though the
surface morphology of horizontal surfaces is predominantly governed by
surface defects and material properties, the surface morphology of
vertical surfaces is predominantly governed by partially fused satellite
particles which are directly adjacent to the vertical surface at the ver-
tical surface/powder interface. When the vertical surfaces are fused by
the contouring laser scans, the satellite particles remain mostly spherical
in shape and are fused to the vertical surface. For horizontal surfaces the
factors that contribute to surface defects include laser-induced evapo-
ration of certain elements from the melt pool during L-PBF, material
conductivity and the resulting thermal gradients, and partially fused
powder particles [27]. Materials containing elements with sufficiently
low evaporation temperatures, such as Mg, Zn, and Mn, can exhibit
spatter due to melt pool volatility. Large thermal gradients can cause
balling, shrinkage/cracking, and the formation of oxide layers. Partially
fused powder particles can also play a role in surface topography.

As shown in Fig. 3a, for titanium alloy, the vertical surface (S, = 13.7
pm) has a larger surface roughness than the horizontal surface (S, = 7.4
pm). In contrast, aluminum alloys have higher surface roughness values
across the board, and the roughness is nearly the same between the
horizontal surface (S, = 25.3 pm) and the vertical surface (S, = 25.7
pm). This is mainly due to the higher thermal conductivity of the
AlSi10Mg powder as excessive heat is transferred away from the melt
pool and the formation of oxide layers on top of the melt track causes
shrinkage during the L-PBF process [28]. Therefore, the AlSi10Mg sur-
face shows higher surface roughness compared with Ti6Al4V.

The surface topography measurements of the parts processed under
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a. Picosecond laser texturing, channel size O(10pnm)
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Fig. 4. Laser surface texturing of flat and smooth (polished to a surface roughness less than 0.5 pm) aluminum 6061 alloy plates. (a) Multiple-pass picosecond laser
scanning and (b) single-pass nanosecond laser scanning. It is noted that the size of the channels, O(100um), created by nanosecond laser is one order of magnitude

larger than the size of the channels, O(10um) by the picosecond laser.

CIT in Fig. 3b show that the surface topography does not significantly
change after the chemical treatment. The vertical surfaces show more
random surface structures, while traces of the laser scanning lines
remain on the horizontal surfaces. Surface roughness values similar to
those of the as-built parts were obtained, indicating that the chemical
etching effect of the FDDTS reagent is minor and does not significantly
alter the surface topography.

Since the as-built surfaces have a relatively high surface roughness
on the order of tens of microns, it is difficult to accurately determine the
channel size resulting from n-HSN and p-HSN texturing of these sur-
faces. In order to accurately measure the channel geometries and
establish the relation between laser processing parameters and channel
size, a set of preliminary experiments were performed on a flat metal
surface with a surface roughness of under 1 pm. As shown in Fig. 4, the
flat aluminum alloy surface clearly showed the microchannels created
by picosecond and nanosecond laser treatment. For the picosecond laser,
the channel depth is on the order of ten microns, which is within a
similar range as the existing surface features from L-PBF. Thus, the
picosecond laser will not remove these original surface features. Instead,
the microchannels will be superimposed on top of the L-PBFed surface,
retaining many of the original asperities. For the nanosecond laser, laser
power levels ranging from 0.6 W to 0.9 W corresponded with 200-400
pm channel depths, which is an order of magnitude larger than the
original surface features of the L-PBFed parts. Therefore, at all tested
power levels, the nanosecond laser will eliminate all original surface

features from L-PBF and create new microchannels. In the following
study, we selected 0.75 W as a typical nanosecond laser power for all the
different L-PBFed parts.

Based on the knowledge gained from the preliminary study, we know
that p-HSN will superimpose microchannels on the original surface
structures, while n-HSN will fundamentally alter the surface topography
of L-PBFed parts to form microchannels. As expected, the picosecond
laser textured surfaces partially maintain their original surface topog-
raphy from the L-PBF process (Fig. 5), with shallow channels present on
top of the existing micro-bumps and micro-valleys. The channel depth
increases for both AlSi10Mg and Ti6Al4V as the number of laser passes
increases from 1 to 5. A denser channel pattern can be obtained when
the spacing between the laser scanning lines is reduced, as shown in
Fig. 5b. The nanosecond laser processed surfaces, on the other hand, are
patterned with microchannels in the hundreds of microns. As shown in
Fig. 6, the scanning line traces from the L-PBF process no longer exist on
the surface since the laser texturing process in n-HSN removed all
original surface features. The same parameters were used on all nano-
second laser processed surfaces, as this method is designed to completely
replace the 3D-printed surface texture with micro-channels.

3.2. Surface wettability

The 6,, results for the untreated parts (Fig. 7a) show that all the as-
built parts are hydrophilic. This is due to the presence of hydroxyl
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Fig. 5. p-HSN laser textured surface profiles of 3D printed parts. (a) Effect of channel depth for aluminum; (b) channel spacing for aluminum; (c) depth for titanium.

groups on the metal surfaces [29]. After storage in air for one month, an
increase of 0, is observed. The increase of 6,, is due to the reduction of
surface energy resulting from the adsorption of organic constituents,
including long-chain hydrocarbons with carbonyl groups, carboxylic
acids, and diol groups [30,31].

Given that the as-built part surfaces are unstable in terms of wetta-
bility, CIT was applied to achieve stable superhydrophobicity (method
I). During CIT, the surfaces were functionalized with fluorocarbon
groups to reduce the surface energy. Prior study has shown this CIT-
induced hydrophobicity to be stable for more than 30 days [32]. The
0,, measurement results for the surfaces under CIT can be found in
Fig. 7b. Both AlSil0MgL and AlSi1OMg,, samples achieve super-
hydrophobicity (6,, > 150°). The Ti6Al4V samples show only moderate
hydrophobicity, with the Ti6Al4VL achieving 6,~140° and the
Ti6Al4V,, having 6,,~120°. For AlSi10Mg, the microstructures gener-
ated in the L-PBF process, along with the nanostructures resulting from
the etching effect of the chlorosilane reagent endow the surface super-
hydrophobicity. For Ti6Al4V, on the other hand, the relatively smaller
surface roughness and scarcity of microstructures created during fabri-
cation led to weaker hydrophobicity. The contact angle hysteresis (6),
defined as the difference between the advancing contact angle and the
receding contact angle, was measured as well to characterize the surface
water adhesion [33]. Samples of all CIT processing conditions display

high 6y (> 60°). Even for the superhydrophobic AlSi10Mg surfaces, a
high 0y (> 90°) was observed, indicating high droplet-surface adhesion,
a classic example of the rose petal effect.

Fig. 8a presents the results of 6,, and 0 for samples processed by n-
HSN (method II). Unlike the CIT-only process (method I), method II
achieved superhydrophobicity in all conditions, including on the tita-
nium alloys. Further, 6y measurements show that the 3D printed metal
surfaces processed by n-HSN have low 6y (~ 10°), indicating that n-HSN
can generate lotus leaf superhydrophobicity on L-PBFed metallic parts,
with both high static contact angle and low contact angle hysteresis. The
wettability of the surfaces treated by p-HSN is shown in Fig. 8b. Similar
to n-HSN, all p-HSN treated surfaces achieved the lotus leaf effect,
exhibiting 6,, values as high as 160° and 6 values lower than 10°. For
both AlSi10Mg and Ti6Al4V parts, the superhydrophobicity is enhanced
when the number of passes increases from one to five. Additionally, the
superhydrophobicity of aluminum increases when the laser scan line
spacing decreases from 60 pm to 20 pm. These results indicate that the
lotus effect can be achieved without completely altering the surface
topography—the superimposition of microchannels on the original
morphology is sufficient to induce superhydrophobicity. When more
and deeper channels are present, the surface superhydrophobicity is
further improved.

The water droplet run-off behavior of the AlSi10Mg!L surfaces was
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Fig. 6. Surface topography of the L-PBFed parts processed by n-HSN, showing that the surface features were completely replaced by the microchannels created by the

nanosecond laser.

studied by wind-driven droplet run-off experiments. Fig. 9a shows a
schematic of the experimental setup used to quantify the dynamic run-
off process for wind-driven water droplets over the test surface.
Droplet displacement in relation to the freestream velocity measure-
ments are shown in Fig. 9b. The results indicate drastically different
behavior for surfaces treated by CIT only and n-HSN. For the CIT-only
surface, the droplet fails to roll off even when exposed to wind veloc-
ities greater than 10 m/s. Instead, the droplet is elongated to about one
millimeter along the freestream direction. In stark contrast, for the n-
HSN surface, the droplet easily runs off the surface at a wind velocity of
just 4 m/s, with negligible droplet elongation. The droplet displacement
results correspond to the g results, denoting the rose petal effect for the
CIT-only surface and the lotus leaf effect for the n-HSN surface.

3.3. Role of surface chemistry

To determine the functional groups present on the treated surfaces,
XPS analysis was performed on a chemically treated flat aluminum alloy
surface. As illustrated in Fig. 10, -CF3 and -CF»- functional groups were
detected in the F1s signal, which originates from the FDDTS reagent
used in CIT. These fluorocarbon functional groups help reduce the sur-
face energy and therefore increase the surface hydrophobicity.

In order to quantitatively measure the surface functional groups, the
surface elemental composition of L-PBFed AlSilOMg was further
examined using EDS analysis. Elements including Al, Si, Mg, F, O, and C

were all detected on these surfaces. The EDS mappings of fluorine as the
main element in the superhydrophobic functional groups were collected
from surfaces treated by CIT, p-HSN, and n-HSN, respectively. For the
CIT treated samples, the fluorine species distribute randomly over the
surface, indicating fluorocarbon functional group (-CF,- and -CF3)
adsorption over the entire surface. The fluorine content measurements
(Fig. 11) show that even though the same chemical treatment process is
applied to the CIT-only surface and HSN surface, the fluorine concen-
tration is not the same for these surfaces. The surfaces treated by n/p-
HSN contain four times more fluorine than the surface treated by CIT
alone. This enormous difference in fluorine content is due to the
enhanced chemical reaction between FDDTS chemical species and the
laser textured surface. Laser texturing induces surface oxidation and
hydroxylation [34], effectively boosting the chemical reaction between
FDDTS and surface oxides. The metal oxides and hydroxyl groups serve
as the potential sites for this chemical reaction, allowing the fluoro-
carbon chains to more easily anchor to the top of the surface [35]. The
difference in surface chemistry contributes to the formation of different
wetting regimes. The surface treated by CIT only does not contain
enough fluorine to sufficiently reduce water adhesion, resulting in the
rose petal effect, while the abundance of fluorine on n/p-HSN surfaces
enhances hydrophobicity, leading to the low-adhesion lotus effect.

For the HSN treated samples, the surface chemistry distribution is
inhomogeneous due to the laser-patterned surface topography, as shown
in Fig. 11. The fluorine species are only detected on the peaks between
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Fig. 7. (a) Surface wettability of as-printed metal parts. Water contact angles
increase after one month storage in air indicating unstable surface wetting for
these metal 3D printed surfaces; (b) Rose petal superhydrophobic parts treated

by CIT.
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adjacent channels. This, however, does not mean that fluorine is not
present inside the channels. The micro-asperities left behind from L-PBF-
induced roughness can interfere with electron beams, causing any
fluorine content in the micro valleys to go undetected by the EDS
analysis. In other words, the surface features around the peaks will block
part of the signal from the troughs, as the feature size of the textured
surface is much larger than the wavelength of the incident and outgoing
radiation for EDS. Therefore, the electron beam is unable to penetrate
into the deeper areas (micro-valleys) [36]. Meanwhile, the channel
depth is on the order of hundreds of microns for nanosecond laser
treatment and tens of microns for the picosecond laser, which is many
orders of magnitude larger than the X-ray penetration depth [37-39].
Hence the emitted X-rays are reabsorbed by the substrate before they
can make it to the EDS detector, which makes the fluorine content in the
channels undetectable. Despite this fundamental limitation of EDS as a
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Fig. 10. Surface chemical functionalization characterized using core-level XPS
analysis of C 1s at the aluminum alloy surface, showing the existence of -CF»-,
-CF3 superhydrophobic functional groups.

surface chemistry analysis technique, EDS is still considered a powerful
semi-quantitative technique to investigate surface chemical composition
[40].

3.4. Role of surface texture

Surface wettability is determined by the coupled effect of surface
chemistry and surface topography [41]. To characterize the rose petal
and lotus effects, two main wetting regimes have been widely used over
the past few decades, i.e., Wenzel [42] and Cassie-Baxter [43]. In the
Wenzel regime, water droplets penetrate the surface asperities and fully
wet the surface, consequently displaying greater water adhesion. The
apparent contact angle (6y) was proposed as:

cos(Gy) = r}lsu — Y )
Vi

F: 0.51 £ 0.03 wt%

F:2.41+0.04 wt%
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where r is the solid surface roughness ratio, which represents the ratio of
solid surface area to the projected area, and vy is the intrinsic surface
energy per unit area, which is influenced by the surface chemistry. The
subscripts sv, lv, and sl stand for solid-vapor, liquid-vapor, and solid-
liquid interfaces, respectively. In the Cassie-Baxter regime, gas is
entrapped between the liquid and solid surface within the troughs of the
surface roughness, preventing complete surface wetting and leading to
lower water adhesion. In this regime, only a fraction f (0 < f < 1) of r
contributes toward the solid-liquid interface. The apparent contact angle
(Ocp) is then given by [44]:

cos(Ocp) = 1f Yw = Va y f-1 @

i

Both of these regimes only account for surface tension and do not
consider the various components and inhomogeneous distribution of
surface chemistry that influence the interfacial surface tension. There-
fore, it is difficult to apply the above equations to real-world surfaces,
particularly L-PBFed surfaces, which feature complex surface topogra-
phies and inhomogeneous surface chemistry. Moreover, both of the
models use r as the only parameter to describe the surface morphology,
accounting only for the magnitude of surface roughness. Information on
the complex shape and curvature of surface topographies is lost when
only using this single parameter.

In our study, we employ an additional parameter, Sy, to capture the
shape of the surface and to quantitatively characterize the surface
topography difference between the CIT-only and n/p-HSN surfaces. Sy
is the arithmetic mean peak curvature of the surface, which is expressed
by the equation:

11 0 &
SP:—Q;ZLI( xy) Z(x,y)) @

o2 02

where 2(x,y) stands for the height measured from the average surface
plane, and n is the number of peaks in the concerned area [45]. Larger
values of Sy, correspond to sharper points of contact (peaks), while lower
values indicate more rounded peaks. In this study, the S,. parameter is
used to characterize the surface structure only at a microscale level, as
wetting of the microstructure is sufficient to enter the rose petal regime,
irrespective of the penetration (or lack thereof) of the nanostructure
[46].

The r and Sy, values of the AlSi1OMg and Ti6Al4V surfaces under
various processing conditions are shown in Fig. 12. It can be clearly seen
that all n-HSN processed samples show relatively larger Sy, values (> 4/

nHSN

F:2.46 = 0.10 wt%

Fig. 11. Fluorine distribution on AlSi10Mg surfaces treated by CIT only, p-HSN and n-HSN, respectively. The orange spots in the images at the bottom row represent

the fluorine species on the surfaces.
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pm), indicating that the surface features are pointier in nature. The
surfaces processed by the picosecond laser have even higher S, values
than the nanosecond laser textured surfaces due to the higher energy
concentration and smaller laser spot size of the former. As the number of
laser passes increases, the S, values also increase, indicating that the
microchannels become sharper and deeper. When the spacing between
laser scan lines increases, the density of the channels is reduced, and the
Spc values decrease accordingly. The untreated and CIT-only surfaces
have more rounded features and less fluctuation, leading to small S, (~
2/pm) and r (< 4) values. Worth noting, however, is that the r value is
not necessarily large for the HSN surfaces. The surfaces processed by n-
HSN have large r values (> 15) as the surfaces show high fluctuation due
to the deep channels created by the nanosecond laser, but the surfaces
processed by p-HSN show similar r values as the untreated and CIT
surfaces. This is because the original surface topography was not fully
removed during p-HSN treatment, as shown in Fig. 5, and only a mild
change in surface morphology was induced by the picosecond laser.
Given that both n-HSN and p-HSN achieved lotus leaf super-
hydrophobicity with drastically differing r values, it is clear that S is a
more effective predictor of wetting regime than simply using the
roughness ratio r. When deep and pointed microstructures are present,
large Sp. values are obtained, and the surface is subject to the Cassie-
Baxter state. Air is entrapped inside the valleys, reducing the contact
area between droplets and surface features, leading to low water
adhesion (lotus effect). When the surface structures are flatter, the water
completely wets the valleys in the Wenzel state, increasing contact area
and adhesion (rose petal effect) [47].

4. Conclusions

This work presented two novel surface wettability modification
methods, CIT and HSN, capable of tuning the surface topography and
chemistry for metal parts fabricated by L-PBF. The research concludes
the following:

1 A wettability transition towards hydrophobicity was observed for L-
PBFed metal parts after exposure to air for over a month. While as-
built parts are hydrophilic immediately following fabrication, an
increase of 5°-45° in 6,, was observed after one month of air expo-
sure. The adsorption of organic molecules in air is responsible for this
phenomenon.

2 Superhydrophobic lotus leaf surfaces exhibiting low water adhesion
were achieved for both aluminum and titanium printed alloy parts by
modifying surface chemistry and topography through HSN post-
processing. Superhydrophobic rose petal wetting with high water
adhesion was achieved on metal printed parts by standalone CIT.
These resulting surface wettabilities are stable in air.

3 Surface chemistry, both qualitative (species present) and quantita-
tive (surface coverage) determines water adhesion levels. More
fluorocarbon functional groups are present on the surface treated by
HSN than on the surface only treated by CIT, resulting in lower water
adhesion for the former. This is due to the enhancement of surface
oxidation during the laser texturing step in HSN. The fluorine species
lower the surface energy and reduce water adhesion.

4 Surface texture also plays an important role in surface wetting
behavior. S, is a more useful parameter than r in the
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characterization of surface topography for lotus leaf and rose petal
wetting regimes. The lotus surfaces displayed larger Sy, values (> 4/
pm), indicating the presence of sharp surface microstructures, while
the rose petal surface had smaller S, (~ 2/pm) and r (< 4) values,
representing a surface with low feature curvature.
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