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ABSTRACT
Femtosecond laser surface processing (FLSP) is a powerful technique used to create self-organized microstructures with
nanoscale features on metallic surfaces. By combining FLSP surface texturing with surface chemistry changes, either
induced by the femtosecond laser during processing or introduced through post processing techniques, the wetting
properties of metals can be altered. In this work, FLSP is demonstrated as a technique to create superhydrophobic surfaces
on grade 2 titanium and 304 stainless steel that can retain an air film (plastron) between the surface and a surrounding
liquid when completely submerged. It is shown that the plastron lifetime when submerged in distilled water or synthetic
stomach acid is critically dependent on the specific degree of surface micro- and nano-roughness, which can be tuned by
controlling various FLSP parameters. The longest plastron lifetime was on a 304 stainless steel sample that was submerged
in distilled water and maintained a plastron for 41 days, the length of time of the study, with no signs of degradation. Also
demonstrated for the first time is the precise control of pulse fluence and pulse count to produce three unique classes of
surface micron/nano-structuring on titanium.
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1.

INTRODUCTION

Superhydrophobic surfaces that can retain an air film (plastron) when submerged in liquid have many promising
applications ranging from drag reduction1 to antifouling by creating a boundary between fouling agents and the sample
surface2. One of the greatest challenges to the application of superhydrophobic surfaces for antifouling applications is the
limited lifetime of the generated plastron. Plastrons on insects submerged in water have been observed by other research
groups to be stable for several months3,4, but engineered surfaces have resulted in much shorter lifetimes5. In this work we
demonstrate that the lifetime of a plastron is dependent on the degree of surface micro/nanostructuring as well as the
composition of the base material. The longest plastron lifetime presented in this work is on a 304 SS surface that had an
undisturbed plastron present after being submerged in distilled water to a depth of 30 mm for 41 days.
A superhydrophobic surface requires two critical aspects: the creation of large surface area, and a hydrophobic interfacial
surface. Femtosecond lasers are developing into a common tool for producing high surface area, micro/nanostructured
surfaces on a wide range of materials. Examples of self-organized surface structures that have been demonstrated using
femtosecond laser surface processing (FLSP) include pillars6–9, cones10–12, spikes8,13–15, mounds16,17, and pyramids17,18. We
have previously utilized this technique to study the formation of three unique surface structures on nickel and 304 stainless
steel (SS): above surface growth mounds (ASG-mounds), below surface growth mounds (BSG-mounds) and nanoparticle
covered pyramids (NC-pyramids)16–21. In this work, we present for the first time utilizing precise control of the pulse
fluence and pulse count to create these three unique classes of structures on titanium.
2.

EXPERIMENT

2.1 Sample Fabrication
A Femtosecond Laser Surface Processing (FLSP) technique was used to create quasiperiodic microstructures covered in
layers of nanoparticles on 304 stainless steel (SS) and grade 2 titanium (Ti). Surface features generated using the FLSP
technique are formed through self-organization processes induced by the femtosecond laser ablation pulses. The size and
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shape of the features are controlled through the laser fluence, and the number of laser pulses per area incident on the
sample.
The FLSP setup can be seen in Figure 1a. The laser used for this work was a Spitfire, Ti:Sapphire laser system from
Spectra Physics capable of producing 1 mJ, 80 fs pulses at a 1 kHz repetition rate. The laser pulses were monitored using
a Frequency Resolved Optical Gating (FROG) instrument from Positive Light (Model 8-02). The pulses were focused
using a 152.4 mm focal length parabolic mirror (MPD254762-90-P01). The samples were placed on computer-controlled
3D translation stages and raster scanned through the beam path of the laser in order to process an area larger than the laser
spot size. The number of pulses incident on the sample was controlled by adjusting the translation speed of the sample and
the pitch between raster scans. The samples used in the work were cut to 1 cm x 2 cm rectangles and half of each sample
was processed. An example of a processed Ti sample can be seen in Figure 1b. As a side effect of FLSP, all 304 SS samples
turned black, while the processed Ti samples turned a bluish color. Before processing all samples were given an acetone
rinse followed by a 5 minute ultrasonic bath in distilled water.
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Figure 1: (left) FLSP setup. (right) Optical image of an example FLSP processed titanium sample.

The resulting surfaces after the FLSP procedure were superhydrophilic due to the hydrophilic nature of the 304 SS and Ti
surfaces. In order alter the surface chemistry to produce superhydrophobic surfaces, the samples were stored in a vacuum
chamber at 3 x 10-6 mbar for 18 days. Although the process resulting in the change in wetting properties from the vacuum
chamber is not completely understood, we hypothesize that hydrocarbons from the rotary vane vacuum pumps (Edwards
RV8) are vaporized at low vacuum pressures, below the vapor pressure for the hydrocarbons in the vacuum pump oils,
and enters the chamber via back-streaming. In the vacuum chamber the hydrocarbons are then adsorbed to the sample
surface. The inherently hydrophobic hydrocarbons coat the micro/nanoscale hierarchical structures resulting in a
superhydrophobic surface. The vacuum pumps use Edwards Grade 19 pump oil.
2.2 Surface analysis
The surfaces were characterized with the use of scanning electron microscopes (SEM) and a laser scanning confocal
microscope (Keyence VK-X100). SEM images were taken using both a Philips XL-30 Environmental Scanning Electron
Microscope (SEM), and a Helios 660 both manufactured by FEI Company. EDX measurements were carried out using a
EDAX SDD Octane Super EDS detector in the Helios 660 SEM. Contact angles were taken using a Rame-Hart Model
590 F4 Series Goniometer and Tensiometer.
2.3 Fabricated samples
Through FLSP, three unique classes of textured surfaces were produced on both 304 SS and Ti. The three structure classes
produced, ASG-mounds, BSG-mounds and NC-pyramids, have previously been demonstrated on 304 SS19–21 and nickel16–
18,22
. Although mound-like structures have been demonstrated in the past on Ti23–26, this is the first time to our knowledge
that precise control over the applied laser parameters was used to generate the three unique structure classes presented in
this work. Each of these types of surfaces have been described in detail in previous publications and form through a
combination of preferential ablation processes, capillary flow of laser-induced melt layers, and redeposition of ablation
material in the form of solid material and nanoparticles created during the ablation process. The balance of these formation
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processes leading to unique structures is determined by the fluence of the ablation pulses, and the pulse count on the
sample.
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Figure 2: (a-f) SEM images and (g-l) 3D profiles of FLSP processed surfaces. The 304 SS surface structures types are (a, g)
BSG-mounds (b, h) ASG-mounds, and (c, i) NC-pyramids. The Ti surface structures are (d, j) BSG-mounds (e, k) ASGmounds, and (f, l) NC-pyramids. (m, n) 3D profiles of unprocessed (m) Ti and (n) 304 SS.
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Each structure class has unique physical characteristics and it has been shown that the contact angle for FLSP processed
surfaces is dependent on the specific morphology produced27. Therefore, each structure class was produced on both 304
SS and Ti to determine if the various structure and material combinations would result in different plastron lifetimes when
submerged in both distilled water and synthetic stomach acid. SEM images and 3D profiles of each type of structure
produced can be seen in Figure 2, along with the 3D profiles of unprocessed surfaces. It should be noted that the 3D
profiles in Figure 2 are at different magnifications and can be used to compare structure characteristics (aspect ratio,
density etc.), but not structure sizes. Not visible at the magnifications shown here are layers of nanoparticles that overlay
each surface as discussed in previous publications17,19. NC-pyramids have the thickest layer of nanoparticles on the surface
and has been shown to be as thick as several microns19. BSG-mounds and ASG-mounds are covered in a thinner layer of
nanoparticles17, with BSG-mounds generally having a more uniform coverage than ASG-mounds.
For each of the surfaces produced, the surface roughness, peak-to-valley height, and surface area ratio were measured
using the Keyence laser confocal microscope. Structure peak spacing was determined by taking a 2D Fast Fourier
Transform (FFT) of SEM images in Matlab. The parameters used to produce each surface along with the measured
geometric parameters are included in Table 1. The laser spot size on the sample, used to calculate values in Table 1, was
determined by using the confocal microscope to measure the diameter of the ablation craters produced with 100 incident
pulses at a range of input powers, a method outlined by Bonse et. al.28 Although the physical parameters of the structures
produced on 304 SS and Ti for each structure type are not identical, it is expected that if a full parameter study was carried
out on each material that closer matching structures could be produced.
Table 1: Sample design parameters and physical parameters.

Design parameters

Sample
name

Unprocessed
SS
SS102
SS104
SS201
SS202
SS303
SS304
Unprocessed
Ti
Ti102
Ti103
Ti202
Ti203
Ti302
Ti303

Average
roughness
(μm)

Measured physical parameters
Maximum
structure
Surface area
height
Average (max peak ratio (measured
surface
to max
structure
area/geometric
valley)
height
(μm)
(μm)
area) (μm)

Structure
peak
spacing
(μm)

Structure
type

Peak
fluence
(J/cm2)

Pulse
count

-

-

-

0.0

-

-

1.0

-

BSGmounds
ASGmounds
NCpyramids
-

1.8

328

1.6

6.9

11.0

2.4

8.0

4.4

242

7.4

30.6

42.1

4.8

24.2

0.3

14448

16.0

69.2

81.9

2.9

84.1

-

-

2.2

5.4

14.1

1.2

-

BSGmounds
ASGmounds
NCpyramids

1.6

369

3.7

12.0

28.8

2.5

15.3

4.2

252

14.1

62.0

80.3

4.7

30.2

0.3

14810

7.6

38.1

54.7

3.2

41.7

2.4 Plastron lifetime analysis
A time lapse imaging technique was used to quantify the lifetime of the plastron for each surface. One set of FLSP
functionalized surfaces was submerged in distilled water and another set was submerged in synthetic stomach acid:
Artificial Gastric Juice, item number 470301-128 from Ward’s Science. The experimental setup for imaging the plastron
is diagrammed in Figure 3. The liquid was contained in a clear acrylic box and a lamp, with lens tissue used to diffuse the
light, was used to illuminate the samples on the opposite side of viewing. With this setup the plastron is visible due to a
mirror-like reflection at the water-air interface. As the plastron degrades this reflection decreases, and once the plastron is
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completely degraded the original color of the FLSP functionalized surface is visible. After full plastron degradation the
304 SS samples appeared black and the Ti samples appeared a bluish color. A computer controlled Fuji Film S5 Pro DSLR
camera was used to capture images of the plastron at regular time intervals. The water and synthetic stomach acid levels
were maintained at 30 mm above the top of the sample with liquid added over time to counteract evaporation.
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Reflection
Camera

y
Lens cloth
(diffuser)

FLSP surface

Lamp

Figure 3: Experimental setup for imaging plastron on FLSP functionalized surface.

Once the samples were submerged, the plastron degraded slowly over time and at different rates for each sample. As a
method to compare the plastron degradation between samples, the time for two stages of degradation was recorded.
Examples of the stages of degradation can be seen in Figure 4. When first submerged, all the surfaces produced a uniform
plastron evident by a uniform, highly reflective surface as seen in Figure 4a. The first time stamp noted was for a partially
degraded plastron as seen in Figure 4b, which is discernable by a visible decrease in reflection and a non-uniform plastron
surface. The second time stamp noted was for complete degradation of the plastron. At complete degradation the surface
appeared the color of the FLSP modified surface as seen in Figure 4c. It should be noted that at the time considered as
complete degradation, an air bubble often remained attached to the surface. These air bubbles would also eventually
degrade leaving a completely wetted surface.

Unprocessed
Processed

Plastron
Figure 4: Optical images of plastron degradation over time on sample SS202 submerged in synthetic stomach acid, where
(a) is a fully developed plastron after initial immersion, (b) is a partially degraded plastron and (c) is a fully degraded
plastron.

The contact angle of the surfaces was taken after being placed in the vacuum chamber, and a second time after the samples
were submerged and the plastron had fully degraded. Contact angles were not taken for these surfaces before time in the
vacuum chamber, because immediately after FLSP processing these types of surfaces are
superhydrophilic/superwicking19,20 and checking contact angles could affect the surface chemistry. Each contact angle and
roll off angle included in this paper are the average of measurements taken at three locations on the sample. All contact
angles were taken using 6 μL droplets of distilled water.
3.

RESULTS AND DISCUSSION

Table 2 contains the results for the plastron lifetimes in both distilled water and synthetic stomach acid, as well as the
contact angles before and after submerging the samples. After 18 days in the vacuum chamber, all but one sample was
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determined to be superhydrophobic based on the commonly referenced values of contact angles greater than 150 degrees
and roll off angles less than 10 degrees29. It is unclear why Ti103 had a larger roll off angle and smaller contact angle than
the other samples, but it may have been due to non-uniform coating of samples depending on location within the vacuum
chamber.
Table 2: Contact angles and plastron lifetimes. The contact and roll off angles are stated as the mean ± standard error.

Wetting properties
SAMPLE

After 18 days in vacuum
chamber
Contact
Roll off
angle
angle
(degrees)
(degrees)

SS102
SS201
SS303
Ti102
Ti203
Ti303

168 ± 3
165 ± 3
163 ± 3
162 ± 3
162 ± 3
162 ± 3

SS104
SS202
SS304
Ti103
Ti202
Ti302

161 ± 4
164 ± 2
162 ± 2
158 ± 2
159 ± 2
162 ± 3

After plastron
degradation
Contact angle
(degrees)

Plastron Lifetime
(days:hours:minutes)

Total time
submerged

Submerged in water
1±1
27 ± 6
41 days
3±2
41 days
5±2
121 ± 11
3 days
4±2
17 ± 5
29 days
4±1
111 ± 5
3 days
3±2
67 ± 6
12 days
Submerged in synthetic stomach acid
4±1
99 ± 4
2 days
2±1
122 ± 9
7 min
1±1
51 ± 11
2 days
23 ± 22
115 ± 3
190 min
8±1
114 ± 9
3 days
9±1
81 ± 2
3 days

Partially
degraded

Fully
degraded

27:06:33
>41 days
00:01:20
00:02:01
00:00:28
00:08:53

39:22:41
>41 days
00:04:51
03:23:22
00:01:16
11:08:58

00:00:05
00:00:04
00:00:01
00:00:10
00:00:09
00:00:19

00:00:10
00:00:06
00:00:03
00:00:54
00:00:35
00:01:19

The plastron lifetimes in both distilled water and synthetic stomach acid ranged from minutes to longer than a month,
depending on the sample. Sample SS201 (ASG-mounds on 304 SS), submerged in distilled water, resulted in the longest
plastron lifetime with a full plastron still present after 41 days, the length of time for this study, with no signs of
degradation. For both water and stomach acid the plastron lifetime followed similar trends in the terms of the
performance based on structure class. On 304 SS, the plastron on the ASG- and BSG-mounds lasted the longest and the
plastron on the NC-pyramids had the shortest lifetime when submerged in both distilled water and synthetic stomach
acid. For Ti, the NC-pyramids had the longest lifetime followed by BSG-mounds and then ASG-mounds in both distilled
water and synthetic stomach acid. There is not a clear trend based on the measured parameters to predict this order of
plastron lifetimes. A parameter that could affect this lifetime that is not easily quantifiable is the regularity of structure
peaks in relation to both height and spacing. By comparing SEM images as well as 3D profiles the regularity of the
peaks in terms of height and spacing appears to be for 304 SS: (1) ASG-mounds, (2) BSG-mounds, (3) NC-pyramids and
for Ti: (1) NC-pyramids, (2) BSG-mounds, (3) ASG-mounds. If the plastron is resting on the peaks of the structures30
than a greater regularity of the peaks would result in a more uniform plastron. An irregular plastron, resulting from
irregular peaks, could lead to localized degradation and an overall higher rate of degradation.
Although there is no clear correlation between the plastron lifetime and any of the measured parameters included in this
paper, it is evident that the plastron lifetime is dependent on the morphology of the textured surfaces. There are a number
of factors, not quantified in this study, that vary between individual samples and can affect this lifetime. A few include:
1.
2.
3.

the thickness of the nanoparticle layer overlaying the microstructures: this thickness would affect both the rate
of hydrocarbon adsorption as well as the amount of surface area interacting with the water
the regularity of the peaks in both height and spacing
the sharpness or bluntness of the structure peaks

On average among this series of samples, the 304 SS maintained a plastron for the longest period of time in distilled
water, while the Ti surfaces maintained a plastron longest in the synthetic stomach acid. Since both materials are coated
with the same hydrocarbon layer, it was expected that the relative lifetimes between samples would be similar when
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submerged in the two liquids. However, these results indicate that the liquid is interacting with the base material. It is
unclear if the interaction is immediate or if it only takes place after initial breakdown of the hydrocarbon layer upon
partial depletion of the plastron. The difference in lifetime when submerged in distilled water versus synthetic stomach
acid may be related to corrosion resistance of each material to each liquid. 304 SS is designed to have a passivation layer
resulting in greater corrosion resistant to water than Ti. However, hydrochloric acid (HCL), the active ingredient in
synthetic stomach acid, breaks down both 304 SS and Ti. If upon initial degradation of the plastron, the liquid first
comes in contact with the peaks of the structures30 the reaction that occurs between the liquid and the metal could
accelerate the plastron degradation by progressively breaking down the surrounding hydrocarbon layer. Since grade 2 Ti
is more resistant to corrosion by HCL than 304 SS, it is expected that the Ti samples would result in a longer plastron
lifetime than the 304 SS samples when submerged in synthetic stomach acid.
For a number of experimental reasons, samples were submerged for different periods of time after the plastron was
depleted. Table 2 includes values for the total time submerged for each sample. Based on the data in Table 2, the contact
angle of the samples after being removed from the distilled water was dependent on the time submerged. There were
also four similar samples, not included in the data for this paper, that had a contact angle of zero degrees after being
submerged in distilled water for 29 days. This indicates that the distilled water is slowly degrading the hydrocarbon layer
after depletion of the plastron. For the samples submerged in stomach acid the contact angle did not appear to have a
similar correlation between contact angle and time submerged. However, no samples were submerged in the stomach
acid for up to 29 days to make a direct comparison. A more complete study on contact angle as a function of time
submerged is needed to provide better correlations.
Table 3 contains results for contact angles on unprocessed 304 SS and Ti after the initial sample cleaning, after 18 days
in the vacuum chamber and after being submerged in distilled water. Contact angles are not included for the unprocessed
surfaces after being submerged in synthetic stomach acid because the results varied. After submerging in stomach acid a
film was present on the surface that would partially wash off with when rinsed with distilled water, and the contact
angles varied from 60 degrees to 95 degrees across the unprocessed 304 SS and Ti samples after being submerged in
stomach acid. This may also explain the inconsistent contact angles as a function of time submerged in stomach acid for
the processed surfaces. As expected, the contact angle increases a small amount for the unprocessed surfaces after time
in the vacuum chamber due to the addition of the hydrocarbon layer. The small contact angle increase on the
unprocessed surfaces supports the critical need for the micro/nanostructured surfaces in producing the superhydrophobic
property on the surfaces.
Table 3: Contact angles for an unprocessed 304 SS and Ti samples. The contact angles are stated as the mean ± standard error.

SAMPLE

Before vacuum
chamber

Unprocessed SS
Unprocessed Ti

81 ± 2
78 ± 1

Contact angle (degrees)
After 18 days in
After submerging
vacuum chamber
in synthetic
stomach acid
84 ± 5
80 ± 4

-

After submerging
in water for 3 days
72 ± 8
84 ± 6

In order to better understand the surface chemistry changes induced by the vacuum chamber, EDX analysis was performed
on a BSG-mound 304 SS and Ti sample. The analysis was completed immediately after laser processing and again after
18 days in the vacuum chamber. The results can be seen in Table 4 for both the FLSP processed and unprocessed samples.
For all four samples the amount of carbon increased after 18 days in the vacuum chamber. This carbon is likely in the form
of a hydrocarbon introduced to the vacuum chamber as a result of back streaming of vaporized vacuum pump oil at the
low vacuum pressures. It has been shown that various carbon based coatings on micro/nanostructured surfaces can result
in superhydrophobic surfaces31–34.
Table 4 also shows that the oxygen content increases from the time the EDX measurements were taken before and after
time in the vacuum chamber. This is likely due to oxidation of the surface over time. It should be noted that the samples
were exposed to open atmosphere when being transported between the SEM used for EDX measurements and the vacuum
chamber. The estimated time of exposure to open atmosphere is about 3 hours. Oxidation is supported by the fact that the
oxygen increase was greater on the titanium than the 304 SS. The chromium in the 304 SS acts to limit corrosion by
reducing oxidation rates. After FLSP processing, the resulting nanoparticles covering the surface are made of a metal oxide
and would have a low rate of further oxidation17. Since the initial EDX measurements were taken within a few hours after
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processing, the oxidation likely takes place on the surface below the nanoparticles, which would be in a chemically unstable
state after the laser ablation processes31. When submerged in liquid, the hydrocarbons coating the nanoparticles would be
the surface interacting with the liquid, providing the hydrophobic interfacial surface and resulting in a superhydrophobic
surface when combined with the high surface area of the micro/nanostructures on the surface. The increase in both carbon
and oxygen is much lower on the unprocessed surfaces due to the lower surface area and an undisturbed passivation layer
resulting in slower oxidation rates than the processed samples.
Table 4: EDX analysis of an FLSP surface covered with BSG-mounds before and after hydrocarbon adsorption.

SAMPLE
SS101
Ti101
Unprocessed SS
Unprocessed Ti

Carbon (atomic %)
Before vacuum
After 18 days in
chamber
vacuum chamber
9.6
3.5
8.0
5.0

25.7
13.4
12.6
8.0
4.

Oxygen (atomic %)
Before vacuum
After 18 days in
chamber
vacuum chamber
16.0
33.7
1.2
2.3

19.9
44.5
2.1
4.6

CONCLUSION

The lifetime of a plastron on a series of 304 SS and Ti surfaces when submerged in distilled water and synthetic stomach
acid was studied. The surfaces were functionalized, to different degrees, through an FLSP technique which produces selforganized, micro/nanostructured surfaces. By placing the FLSP modified surfaces in a vacuum chamber for 18 days the
surfaces became superhydrophobic. EDX measurements showed an increase in the carbon content after time in the vacuum
chamber. It is hypothesized that the hydrocarbons from the vacuum pump oils vaporize at low pressures, enter the chamber
through back streaming and adsorb onto the sample surfaces. It was found that the plastron lifetime was dependent on the
specific type of surface texturing and that the 304 SS surfaces fared better in distilled water while the Ti surfaces fared
better in the synthetic stomach acid.
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