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Abstract

In this study, we investigate the use of a facile two-step protocol to develop thermally stable and durable superhydrophobic
(SH) surfaces on stainless steel (SS) that can strongly repel aqueous media. This involves pretreatment to achieve enhanced
surface roughness using hydrofluoric acid etching followed by covalent modification with long-chain fluorosilanes which
form a self-assembled monolayer (SAM) and reduce the surface energy of the SS. Experimental results show that hydrofluoric
acid etching can increase the surface roughness and density of hydroxyl groups, thus enabling successful SAM adsorption.
The SAM coating time, temperature and concentration have also been optimized to achieve dense and uniform coverage on
the surface. It was observed that increasing the SAM concentration and temperature can effectively increase the interaction
rate of SAM molecules with the S.S surface, thus resulting in a denser coverage and faster film formation rate. The proposed
protocol in this study can successfully increase the hydrophobicity of the SS surface with an observed water contact angle
as high as 170° and no significant loss in performance after several months of manufacture and exposure to temperatures
up to 300 °C. Furthermore, we have laser machined an array of microholes in SS sheets and have investigated the feasibility
of our protocol to achieve IPX7 waterproof rating when the sheets are submerged at a depth of 1 m underwater for 30 min.
It was observed that water did not penetrate through the microholes with a diameter of 10 um or less even at hydrostatic
pressures of 1 m, thus highlighting the practical applicability of the proposed protocol to fabricate SH surfaces on SS for
use in healthcare and industry.
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1 Introduction

Stainless steel (SS) in its various forms has several appli-
cations in our modern world ranging from industry to
healthcare (Cobb 2010; Khatak et al. 2002). While SS has
excellent mechanical properties and resistance to high tem-
peratures, it can become contaminated with microorganisms
like bacteria and fungi or can undergo corrosion over time in
the presence of corrosive media (Duarte et al. 2013; Abdal-
lah et al. 2014; Ferroni et al. 1998). A proposed solution

P4 Cheng-Hsin Chuang
chchuang @imst.nsysu.edu.tw

Sustainability Science and Engineering Program, Tunghai
University, Taichung 407224, Taiwan

Institute of Medical Science and Technology, National Sun
Yat-Sen University, Kaohsiung 80424, Taiwan

to address this issue is the fabrication of superhydrophobic
(SH) surfaces on SS which strongly repel water and thus
eliminate bioactivity and corrosion. SH surfaces with a
static contact angle greater than 150° have attracted signifi-
cant attention owing to their suitability for enabling diverse
applications that require self-cleaning, drag reduction, oil/
water separation, anti-bacterial and anti-fouling effects, anti-
reflection and corrosion resistance (Kavalenka et al. 2017,
Wang et al. 2015, 2017a; Zhang et al. 2016, 2017; Yang et al.
2017a, b; Sun et al. 2014; Shen et al. 2012). SH surfaces are
also widely observed in nature with some examples being
the water-strider legs, lotus and rice leaves, butterfly wings
and rose petals (Zhang et al. 2009; Gao and Jiang 2004;
Watson et al. 2015; Feng et al. 2008; Bixler and Bhushan
2012; Bhushan et al. 2009). The low wettability observed in
these biological species originates from the enhanced sur-
face roughness due to the presence of nano/microstructures
and novel surface chemistries (Zhang et al. 2014; Guo et al.
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2011; Liu et al. 2012; Ye et al. 2017). Over the past few dec-
ades, there have been research efforts aimed at developing
scalable, inexpensive, and high-throughput methods to fab-
ricate SH surfaces on a range of substrates including metals,
glass, polymer and fabrics (Ahuja et al. 2008; Bormashenko
et al. 2006; Ma et al. 2005; Nakajima et al. 2000; Qian and
Shen 2005). Metals such as titanium, copper and aluminum
have also been modified to obtain SH properties primarily by
introducing surface roughness and modification with organic
molecules to reduce surface energy (Qian and Shen 2005;
Liu and Jiang 2011).

SS is broadly referred to iron-based metals which contain
a chromium content greater than 12%. The composition of
SS varies depending on the desired application with dif-
ferent alloys resulting in varying mechanical strength and
corrosion. Owing to the extensive applications of SS that
require antifouling and corrosion resistance, fabrication of
thermally stable and durable SH surfaces on SS is urgently
needed. This is particularly applicable for industries and
healthcare facilities where metal-fluid contact commonly
occurs. Several techniques have been utilized to introduce
produce SH surfaces which include plasma/chemical etch-
ing, sol-gel methods, templating, electrodeposition, micro
milling, nanoimprint lithography and femto, pico and nano-
second pulse laser machining (Hsieh et al. 2008; Wu et al.
2013; Peng et al. 2013; Pozzato et al. 2006; Pan et al. 2013;
Nine et al. 2015; Barthwal et al. 2013; Wang et al. 2014,
2017b; Choi et al. 2015; Caldarelli et al. 2015; Li et al. 2014,
Long et al. 2016; Martinez-Calderon et al. 2016; Zheng et al.
2016; Zhao et al. 2019; Dunn et al. 2016; Yang et al. 2017c;
Kwon et al. 2014). However, many of these techniques face
major challenges in the form of either high cost, complex
processes, low production efficiency or inadequate stability
which are all critical for industrial production of SH sur-
faces. For instance, femto and picosecond laser machining
can produce nano/microstructures with high durability but
require expensive instrumentation which hinders scalabil-
ity. Nanosecond lasers are a relatively lower cost alternative
and have been used to pattern roughness structures on SS
surfaces with achievable water contact angles higher than
150° (Dunn et al. 2016; Yang et al. 2017¢). While nano-
second laser machining is promising, further research is
still required to enable optimization and cost reduction as
the lasers and their imaging optics are expensive. On the
other hand, surfaces that are modified simply using chemi-
cal methods or added material to introduce roughness can
achieve superhydrophobicity but are prone to low stability
and durability. In addition, the adhesion strength between the
coating and substrate must be improved to ensure reliable
performance.

In this study, we propose a facile two-step protocol to
create SH surfaces on 304 SS which consists of a pretreat-
ment using hydrofluoric (HF) acid etching followed by
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modification with highly stable fluorosilane based self-
assembled monolayers (SAMs) to achieve a low energy
surface. 304 SS contains 18% chromium and 8% nickel
with the rest being primarily iron. The main goal of the HF
acid etching pretreatment is to introduce surface roughness
and improve hydroxylation of the SS surface. The HF acid
selectively attacks grain boundaries via intergranular cor-
rosion, thus resulting in micro/nano surface roughness. The
benefit of introducing surface roughness by directly etching
the surface as opposed to material deposition is the inherent
mechanical stability that the surface possesses after etching.
We have also compared HF acid etching with a UV Ozone
(UVO) pretreatment which simply hydroxylates the surface,
thus increasing hydrophilicity without affecting the surface
roughness. After pretreatment, we modify the SS surface
with fluorosilane based SAMs which provide a convenient,
simple and low-cost system to tailor the surface properties
of metals, metal oxides, and semiconductors. SAMs are
organic assemblies formed by the adsorption of molecular
constituents from the solution or gas phase onto the surface
of solids and a covalent or semi-covalent interaction can be
utilized. Previously, a range of surface modification tech-
niques including initial pretreatment steps followed by SAM
modification have been utilized to improve the hydrophobic-
ity of SS surfaces (Kim et al. 2018; Li et al. 2012; Zhu et al.
2014). Furthermore, we have also optimized experimental
parameters including HF acid etching pretreatment and SAM
coating time, temperature, and concentration which all influ-
ence the final achievable hydrophobicity of the SS surface.
The proposed protocol is simple and effective and can enable
large-scale fabrication of thermally stable and durable SH
surfaces on SS.

2 Experimental methods
2.1 Materials

304 SS sheets with dimensions of 19 mm X 19 mm X 0.5 mm
were purchased from Tronway Enterprise Co., Ltd. 1H, 1H,
2H, 2H-Perfluorodecyltriethoxysilane and Hydrofluoric acid
were purchased form Sigma-Aldrich. Ethanol and Acetone
were purchased from Echo Chemical Co., Ltd. All chemicals
were used as purchased without further purification.

2.2 Instruments and characterization

The surface morphology of the SS sheets after HF acid
etching was characterized using a scanning electron
microscope (SEM, S-3000 N, Hitachi, Japan) and an
optical microscope (OM, BX53M, Olympus, Japan). The
measurement of surface roughness was performed using
an atomic force microscope (AFM, Innova, Bruker, USA).
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A comparative pretreatment protocol was performed using
a UV-Ozone cleaner (UV-0100, All Real Technology Co.,
Ltd, Taiwan) which cleans the SS304 organic contami-
nants and increases the hydrophilicity without affecting
surface roughness. The formation of OH groups after the
pretreatment steps was measured using an Attenuated
Total Reflection Fourier-transform infrared spectroscopy
(ATR-FTIR, Frontier, Perkin Elmer, USA) in a scanning
range of 650 to 4000 cm™"'. The static water contact angle
was measured at ambient temperature using a contact
angle meter (Theta Lite, Biolin Scientific, Sweden) and
the water droplet size was 4 pL. Finally, a 10 X 10 array
of microholes with different diameters (10, 25 and 30 pm)
was drilled in the SS304 sheets using a laser drilling pro-
tocol made by Crystal Entec Corporation, Taiwan. A1000
grit sandpaper was used to remove the oxide layer that
forms on the SS after laser drilling and enable effective
pretreatment.

2.3 Pretreatment

The SS sheets were first ultrasonicated in 95% ethanol
solution to clean organic contaminants for 10 min then
followed by drying using nitrogen gas. This is followed
by a pretreatment step using either HF acid etching or UV
Ozone to increase the surface OH groups and resulting
hydrophilicity so that the SAM can easily be adsorbed
on the SS surface. The HF acid etching pretreatment was
performed by immersing the SS in 48% HF solution fol-
lowed by vigorous rinsing with DI water and drying using
nitrogen gas. UV-Ozone pretreatment was done by plac-
ing the SS in UV ozone for 30 min. A schematic of the
complete process including pretreatment protocols used
and SAM modification to create SH surfaces on SS is
shown in Fig. 1.

2.4 SAM modification

A 50 mM to 200 mM solution of 1H, 1H, 2H, 2H-Perfluoro-
decyltriethoxysilane solution was first prepared in 95% alco-
hol under constant magnetic stirring. After 15 min, the pre-
treated SS sample was placed in the SAM solution for up to
4 h followed by sequential rinsing with alcohol, acetone and
deionized water and finally drying with nitrogen gas.

2.5 IPX7 waterproof testing

The International Protection (IP) code is a certification that
proves that a product meets certain water/dust proofing cri-
teria. IPX7 which is provided for digital products like smart-
phones is completely protected from dust and is waterproof
tested for a minimum of 30 min underwater at 1 m. We have
tested the reliability of our protocol for possible applications
which may require IPX7 water-proofing capability but allow
air/gas permeation. To simulate IPX7 test conditions, we
first use our two-step protocol to modify SS sheets that have
an array of microholes obtained using laser drilling. We have
made an acrylic vessel using laser cutting to which the SS
sheets can be attached as a cover layer as shown in Fig. 2.
The silica gel beads increased the weight of the vessel while
a filter paper served a calorimetric sensor. The vessel was
then inserted and kept for an hour in a vertical column that
was filled with red-colored water to a height of 1 m. If the
water penetrated through the microholes in the SS sheets, the
filer paper would change color to red. Our goal was to test
the feasibility of the SH coating to prevent water penetration
at pressures of 1 m and optimize the microhole diameter that
would enable IPX7 waterproofing capability while allowing
for air/gas penetration. To the best of our knowledge, this
is the first study of its kind to test industry-standard IPX7
waterproofing for SS surfaces with microholes that possess
SH properties.
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Fig.1 Schematic of the two-step protocol used to fabricate SH surfaces on 304 SS with an image of the water droplet contact angle at each stage
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Fig.2 a SS sheet with a 10x 10 array of microholes obtained using laser drilling and b after HF acid etching pretreatment and SAM modifica-
tion. ¢ Setup used to test the SS sheets with microholes for IPX7 waterproofing feasibility

3 Results and discussion
3.1 Effect of pretreatment protocol

HF acid has commonly been used in the pickling of SS in the
presence of nitric acid (HNO;) to eliminate surface contami-
nation. This process utilizes competing reactions between
HF acid etching and HNO; passivation which continues until
the surface is cleaned. However, when HF acid etching is
used without an oxidizer like HNO; as done in this study, the
corrosive chemical reaction continues without hinderance
which results in the formation of a roughened surface. The
surface roughness after HF acid etching for a duration of
up to 25 min is shown in Fig. 3a while the resulting surface
morphology is shown in the SEM and OM images in Fig. 3b.
We have utilized an optimized treatment time of 25 min in
48% HF solution to obtain the desired surface roughness
without significantly etching the surface and changing the
thickness of the SS sheets. After HF acid etching, the SS
surface turns black as shown in Fig. 2 due to a change in
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surface morphology and chemical composition while the
solution turns green due to the presence of iron and chro-
mium fluorides (Li et al. 2012). The HF concentration and
etch duration define the size, distribution and stability of the
etched structures that result in the surface roughness. Fur-
thermore, it is important to highlight that rigorous rinsing
with DI should be performed after the HF acid etching pre-
treatment to ensure complete hydroxylation of the SS surface
which improves hydrophilicity and is critical for improved
absorption of the fluorosilane SAM.

We have also compared the HF acid etching pretreat-
ment with UVO which is a simple and rapid method to
obtain clean surfaces on substrates like metals, silicon and
glass. The UVO treatment removes contaminants from
the surface and promotes rehydration which increases the
hydrophilicity of the SS. It should be noted that the UVO
treatment is gentle and does not etch the surface of the SS.
The surface morphology of the SS after UVO treatments
for 15, 30 and 60 min are shown in the SEM images in
Fig. 3c. Compared to the blank SS, no significant change
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Fig.3 Effect of a HF acid etching time on the surface roughness of
SS. b The resulting SEM and OM (inset) images of the HF etched
SS surface where the scale bar corresponds to 10 pm. ¢ The resulting
SEM and OM (inset) images of the UVO treated SS surface where

in surface morphology was obtained after the UVO treat-
ment. The resulting water contact angles obtained for
the two pretreatments after exposure to air for different
time durations are shown in Fig. 3d. It was observed that
the water contact angle drops dramatically to below 10°
after 1 min and increases thereafter with exposure time.
This implies that the SAM immobilization should be per-
formed immediately after pretreatment when the surface
is superhydrophilic. Furthermore, ATR-FTIR results as
shown in Fig. 3e confirm the presence of OH functional
groups after both HF acid etching and UVO treatment.
However, the increase in OH peak is significantly higher
after the HF acid etching as compared to the UVO treat-
ment. This suggests that the SS surface becomes more
hydrophilic after HF acid etching and consequently
should adsorb more SAM on the surface. This could be
associated with the increased surface roughness produced
during etching which does not occur during UVO.

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85

Time (min) cm’

the scale bar corresponds to 10 pm. d The observed contact angle of
HF acid etching and UVO pretreatments after exposure to air for dif-
ferent time durations. e The resulting FTIR spectra for blank and pre-
treated SS sheets

3.2 Effect of SAM immobilization time, temperature
and concentration

We have also optimized the experimental parameters during
SAM immobilization which include immobilization time,
temperature and SAM concentration as shown in Fig. 4.
These tests were conducted using 304 SS sheets without
any pretreatment. We tested SAM immobilization time up
to 24 h and found that about 4 h is sufficient to achieve
a dense coverage and a final contact angle of about 110°.
Next, we tested different SAM solution temperatures rang-
ing from 25 to 75 °C. Increasing the temperature increases
the kinetic energy of the SAM molecules and enables them
to interact with SS surface more frequently. It was observed
that a solution temperature of 50 °C was enough to achieve
complete SAM saturation on the SS surface and result in a
contact angle of about 120°. Finally, we have also utilized
different SAM concentrations ranging from 10 to 200 mM.
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Fig.4 Optimization of SAM immobilization protocol using different a Immobilization time b Temperature and ¢ SAM concentration

We observed that a concentration of 50 mM was enough to
achieve SAM saturation and result in a final contact angle
of about 120°. We have used these optimized parameters for
SAM immobilization in the two-step protocol to achieve SH
surfaces on stainless steel.

3.3 Feasibility of the proposed two-step protocol

Finally, we have tested the feasibility of the proposed two-
step protocol to obtain SH surfaces on stainless steel. This
involves the HF acid etching and UVO pretreatments fol-
lowed by SAM immobilization and the final observed water
contact angle was measured as shown in Fig. 5a. SS sam-
ples with UVO treatment of 30 min and HF acid etching for
5 min and 25 min were compared, and the resulting contact
angles observed after SAM immobilization were 119°, 146°
and 170°, respectively. These results confirmed that HF acid
etching pretreatment was more suitable for achieving supe-
rhydrophobicity after SAM immobilization. Furthermore,
to ensure repeatability, each test was performed 5 times
and the photographic images of the water droplets after the
optimized two-step protocol (HF acid etching for 25 min
followed by SAM immobilization) are shown in Fig. 5b. An
average contact angle larger than 160° was observed, thus
confirming the feasibility of the proposed protocol to fabri-
cate SH surfaces on SS.

Furthermore, we have also tested the durability and ther-
mal stability of the SH surfaces on SS after several months
of manufacture and storing in ambient environmental con-
ditions and by heating it up to relatively high temperatures,
respectively, as shown in Fig. 6. Five separate SS sheets
were used for each test to ensure reliability. It was observed
that there was no significant change in the water contact
angle after 10 months of storage and exposure to tempera-
tures ranging from 25°C up to 300 °C, thus highlighting the
durability and thermal stability of the SH surfaces fabricated
using the proposed two-step protocol.
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Fig.5 a Final water contact angle obtained after the two-step proto-
col. b Images of the water droplet on five separate SS sheets that have
been pretreated with HF acid etching for 25 min followed by SAM
immobilization

3.4 IPX7 waterproof testing of SS sheets
with microholes

We have also tested the feasibility of our two-step protocol
to achieve IPX7 waterproofing of 304 SS sheets with micro-
holes. Our goal was to calculate the maximum hole diameter
that would prevent water from entering the microholes at
hydrostatic pressures of 1 m while still allowing for air/gas
permeation. Water would penetrate through the microholes if
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the force exerted on the feed side is larger than the interfacial
force caused by the SH coating on the SS surface. The ability
of the SS sheets with microholes to resist water penetration
can be described by the liquid entry pressure (LEP). LEP is
the pressure that the feed water must overcome for it to pen-
etrate through the holes and can be classically expressed by
the modified Young-Laplace equation LEP = — 2fycos6/D
(Garcia-Payo et al. 2000), where B is the geometric factor
for the microhole shape and is 1 for perfect cylindrical holes,
o represents the surface tension of water (72.8 mN/m), 0 is
the water contact angle on the superhydrophobic SS surface
(150°~170°) and D, is the maximum microhole diameter.
Since we want to test for IPX7, the LEP value was chosen to
be the hydrostatic pressure of water at 1 m (9.81 kPa). The
resulting the d,,, value obtained for water contact angles of
150°, 160° and 170° was calculated to be 12.91, 13.95 and
14.54 pm, respectively.

To confirm our theoretical prediction, microholes with a
hole diameter of 10 pm, 25 pm and 30 pm were laser drilled

in 304 SS sheets which were then modified with our two-step
protocol to enable superhydrophobicity. The resulting water
contact angles for SS sheets with microholes were meas-
ured and an average water contact angle of 159°, 158.6° and
161° was observed for microholes with a diameter of 10 pm,
25 pm and 30 pm, respectively. The side and top view image
of the water droplet on the SS sheets with microholes were
obtained using an optical microscope as shown in Fig. 7.
No significant change in contact angle was observed due to
the presence of the microholes which further highlights the
efficacy of our protocol. Furthermore, the results obtained
after the IPX7 waterproof testing are shown in Table 1. The
SS sheets with a microhole diameter of 10 pm successfully
prevented water penetration during the IPX7 test with a suc-
cess rate of 20% before modification with our protocol which
increased to 100% after modification to obtain SH surfaces.
However, 25 pm and 30 pm hole diameters could not suc-
cessfully complete IPX7 testing with a failure rate of 100%
before and after surface modification.

Fig.7 The a side and b top view OM images of the water droplet on the SS sheets with microholes. The scale bar corresponds to 100 pm
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Table 1 Results obtained after IPX7 waterproof testing for 304 SS sheets with microholes

Before coating

Sample Success/Failure Success rate
10 pm 1/4 20%

25 pm 0/5 0%

30 pm 0/5 0%

After coating

Sample Success/Failure Success rate
10 pm 5/0 100%

25 pm 0/5 0%

30 pm 0/5 0%

4 Conclusion

By utilizing a two-step protocol consisting of HF acid etch-
ing and fluorosilane SAM modification, we can successfully
fabricate SH surfaces on 304 SS with achievable water con-
tact angles up to 170°. The etching pretreatment proceeded
via intergranular corrosion and the surface area increased
with longer etching time due to the formation of iron and
chromium fluorides. The obtained SH surfaces demonstrated
durability and thermal stability with no loss in performance
after several months and on exposure to temperatures as high
as 300 °C. Furthermore, we have successfully demonstrated
the feasibility of our protocol to achieve IPX7 waterproof-
ing for SS surfaces containing microholes with a maximum
diameter of about 10 um. The protocol proposed in this
study is simple, inexpensive and scalable and can enable
effective and stable fabrication of SH surfaces on SS.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10404-021-02499-8.
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