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Here  we  report  a simple  and  cost-effective  technical  route  for constructing  superhydrophobic  surfaces
with  excellent  abrasion  resistance  on various  substrates.  Rough  surface  structures  were  fabricated  by
thermal  spray  deposition  of  a variety  of inorganic  materials,  and  further  surface  modification  was  made
by  applying  a thin  layer  of  polytetrafluoroethylene.  Results  show  that the  Al,  Cu,  or  NiCrBSi  coatings
eywords:
uperhydrophobicity
hermal spraying
olytetrafluoroethylene
echanical stability

with  the  surface  roughness  of up  to 13.8  �m  offer  rough  surface  profile  to  complement  the  topographical
morphology  in micro-/nano-scaled  sizes,  and  the  hydrophobic  molecules  facilitate  the  hydrophobicity.
The  contact  angles  of  water  droplets  of  ∼155◦ with  a sliding  angle  of up to 3.5◦ on  the  samples  have
been  achieved.  The  newly  constructed  superhydrophobic  coatings  tolerate  strong  abrasion,  giving clear
insight  into  their long-term  functional  applications.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Superhydrophobic surfaces with water contact angle (CA)
reater than 150◦ and sliding angle (SA) lower than 10◦

ave attracted extensive research attention from both scien-
ific and industrial communities owing mainly to their potential
pplications [1,2], including self-cleaning [3], anti-corrosion [4],
nti-fogging [5], microfluidic [6], anti-icing [7], anti-fouling [8],
rag-reducing [9], etc. A variety of artificial superhydrophobic sur-
aces have been developed. Selection of appropriate processing
pproaches that offer the ease of fabrication and efficiency in cost
s one of the major concerns. The construction of the surfaces by
he emerging routes usually involves creating rough surface struc-
ures in the first place [10], followed by further modification with
ow surface energy materials such as fluorocarbons, fluoroalkyl-
ilane and hydrophobic silica [11–13]. Many processing techniques
or example lithography patterning [14], layer-by-layer deposition
15], anodic oxidation [16], electrodeposition [17], sol–gel [18],

old fabrication-hot embossing process [19], electrospinning and
hemical vapor deposition [20] have been attempted for fabricating

ydrophobic surfaces. Regardless of the success of the abovemen-
ioned methods, large-scale fabrication of the surfaces with suffi-
ient mechanical strength yet remains elusive. In addition, most of

∗ Corresponding author.
E-mail address: lihua@nimte.ac.cn (H. Li).

ttp://dx.doi.org/10.1016/j.apsusc.2015.08.156
169-4332/© 2015 Elsevier B.V. All rights reserved.
the nowadays methods are confined to specific materials. Searching
appropriate techniques for making various engineering materials
superhydrophobic with enhanced long-term stability is one of the
current research goals. As one of the key surface techniques, ther-
mal  spray has been widely used to make coatings against wear,
oxidation and corrosion together with other multifunctional pur-
poses [21,22]. The technique offers the advantages of simplicity and
cost-effective mass production of coatings of engineering materials
on various substrates with desired microstructures [23].

In this study, we report a new technical route for construct-
ing superhydrophobic metal surfaces on various substrates. The
metal layer was deposited by thermal spray, followed by diffusion
processing of low surface energy molecules (polytetrafluoroethy-
lene, PTFE) into the porous coatings. By using this approach, the
inorganic coating provides rough base structure, and the hydropho-
bic molecules facilitate the hydrophobicity. The newly constructed
superhydrophobic coatings are durable against strong abrasion,
showing long-term stability of superhydrophobicity. This research
opens a new window for constructing superhydrophobic engi-
neered surfaces for versatile applications.

2. Experimental setup
Commercial aluminum wire (Al, ∅2 mm), copper powder (Cu,
−45 + 15 �m),  NiCrBSi powder (Ni60, −75 + 15 �m)  were used
as received (Beijing General Research Institute of Mining &
Metallurgy, China). Polytetrafluoroethylene (PTFE, 60 wt.%, Aladdin

dx.doi.org/10.1016/j.apsusc.2015.08.156
http://www.sciencedirect.com/science/journal/01694332
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hemistry Co., China) was used for attaining the hydrophobicity.
everal typical substrate materials, ceramic tile, glass, magnesium
lloy (AZ91D), Cu, 316 stainless steel and titanium alloy (TC4)
lates, were used for the coating deposition. Prior to the spray-

ng, the substrates were surface grit blasted using 60 mesh black
used alumina sand. The high velocity arc spray (HVAS) system
TLAS-500C, China) was employed to deposit the Al coatings on the
eramic tile, glass, magnesium alloy (AZ91D), Cu, 316 stainless steel
nd titanium alloy (TC4) plates. For the arc spraying, the current and
oltage of the arc were 100 A and 25 V respectively, and the standoff
istance between the gun exit and substrate surface was 150 mm.
ompressed air with the pressure of 0.5 MPa  was used as auxiliary
as. Cu coatings were fabricated by flame spray (Wuhan Institute
f Materials Protection, China) on 316 stainless steel plates. For
he flame spraying, acetylene was used as the fuel gas with the
ow rate of 25 l/min and working pressure of 0.1 MPa. Pressure
nd flow rate of oxygen were 0.5 MPa  and 42 l/min respectively.
he powder feed rate was 50 g/min and the spray distance was
50 mm.  The APS-2000K plasma spray system (Beijing Aeronau-
ical Manufacturing Institute, China) was used to deposit NiCrBSi
oatings on 316 stainless steel plates. A net energy of 30 kW was
sed for the coating deposition. The primary gas and the powder
arrier gas was argon with the flow rate of 42 l/min and 4 l/min,
espectively. Hydrogen was used as the auxiliary gas (11 l/min).
he powder feeding rate was 50 g/min and the spray distance was
20 mm.  The coated samples were immersed in 5% PTFE solution at
oom temperature for 1 h, and then sintered for 2 h. For optimiza-
ion purposes, the sintering temperatures, 25 ◦C, 100 ◦C, 150 ◦C,
00 ◦C, 250 ◦C, and 300 ◦C were attempted for making the PTFE

ayer.
Microstructure of the coatings was characterized by field emis-
ion scanning electron microscopy (FESEM, FEI Quanta FEG250,
he Netherlands). Surface roughness of the coatings was mea-
ured by laser scanning confocal microscope (LSCM, Zeiss LSM
00, Germany). The water contact angle and slide angle values

ig. 1. SEM images of the coatings deposited on 316L substrates by various thermal spra
oating deposited by high velocity arc spray, (c, d) the Cu coating deposited by flame spr
nlarged views of selected area of (a-1), (c-1), and (e-1), respectively. (b-1), (d-1), and (f-1
oatings with a thick PTFE top layer.
ience 356 (2015) 639–644

were determined using a video-based optical system (Dataphysics
OCA20, Germany) by measuring three samples for each type of the
coatings and five points were tested for each sample. The chem-
ical composition of the samples was  investigated with a diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS, model
6300, Bio-Rad Co. Ltd., USA). The mechanical stability of superhy-
drophobic samples was evaluated by scratch testing. The testing
was carried out using 800 grit Al2O3 sandpapers as the abrasion
surface. The superhydrophobic surfaces were tested facing the
sandpaper surface with varying applied pressure and distance with
a speed of 3 cm/s.

3. Results and discussion

The metallic coatings with rough surfaces were prepared via the
three thermal spray processes. Their topographical morphologies
and surface roughness are tunable as accomplished by using alter-
native thermal spray methods (Fig. 1a, c, and e). Micron-sized holes
and micro-/nano-protuberances are clearly seen on the surfaces of
the as-sprayed coatings, which are further clarified by the LSCM
characterization (Fig. 2). The surface roughness as measured by
LSCM shows the Ra value of 13.8 �m,  11.1 �m, and 8.9 �m for
the Al coating, the Cu coating, and the Ni60 coating, respectively.
The coatings provide in the first place the rough surface profile to
complement the topographical morphology in micro-/nano-scaled
sizes for various substrates to attain hydrophobicity. The rough
nature of the coatings gives rise to extremely hydrophilic nature
of their surfaces (Table 1). After modification with a very thin
PTFE layer (Fig. 1b-1, d-1, and f-1), the surfaces displayed super-
hydrophobic properties with contact angles greater than 150◦.
However, the contact angle decreased with the increase of thick-

ness of the PTFE layer. It is noted that the thick PTFE layer already
completely covered the micro-/nano hybrid structures (Fig. 1b-2,
d-2, and f-2), which could weaken the contribution of the base
structure to the superhydrophobicity. Furthermore, it is noted that

y approaches without (a, c, e) and with (b, d, f) the PTFE modification. (a, b) The Al
ay, and (e, f) the Ni60 coating deposited by plasma spray. (a-2), (c-2), and (e-2) are
) are the coatings with a very thin PTFE top layer, and (b-2), (d-2), and (f-2) are the
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ig. 2. Surface profile of (a) the Al coating, (b) the Cu coating, and (c) the Ni60 coati

he sintering temperature for PTFE plays crucial roles in making

he hydrophobicity (Fig. 3). For the typical Al-PTFE coating on 316L
late, the sintering temperature of 25 ◦C results in hydrophilic
eature of the coating with a water CA of ∼24◦. CA increases with
he increase in the sintering temperature. The coating attains
e roughness of the coatings were measured by laser scanning confocal microscope.

superhydrophobicity (∼151◦) after the sintering at 200 ◦C. And

there is a slight increase in CA after the sintering at 250 ◦C, but no
significant increase in CA is seen after the sintering at 300 ◦C. The
temperature of 250 ◦C was  therefore selected for the treatment
of all the coating samples. After the modification by PTFE, CA
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Table 1
Contact angle and sliding angle of water droplets on the coatings with/without the
PTFE  modification.

Samples Contact angle (◦) Sliding angle (◦)

Al coating 0 –
Al  coating-PTFE 152.5 3.5
Cu  coating 62 –
Cu  coating-PTFE 151 7.0
NiCrBSi coating 26 –
NiCrBSi coating-PTFE 150 8.5
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Fig. 5. Digital photos of (a) the water droplets standing on the superhydrophobic
surfaces of the coated substrates, and (b) the dynamic repelling of a water droplet
by  the superhydrophobic surfaces. The 5 �L water droplet was hung at a syringe
ig. 3. Variation of water contact angle of the Al-PTFE coating on 316L plate with
intering temperature.

easured at room temperature increased sharply to the value
reater than 150◦ and SA turns to be less than 10◦ for all the coatings
Al, Cu, and Ni60). The contact angles and sliding angles of water
roplets on the surfaces of the samples are listed in Table 1. This
uggests the superhydrophobic nature of the treated surfaces. It is
orth to notice that CA of pure smooth PTFE surface is ∼120◦, much

ower than the CA observed in this study. This indicates a synergis-
ic effect achieved by both the pre-constructed rough structure and
he low surface energy PTFE. Moreover, thermal sprayed coatings
irtually possess certain amount of porosity, low surface energy
olecules can therefore easily diffuse into and colonize inside the

ores within the coatings. This offers the advantages of preventing
ffectively the loss of PTFE, in turn giving rise to enhanced service
uration of the surfaces under strong abrasion conditions [24–26].

To clarify the effect of sintering temperature on the surface

hemistry of the coatings, the sintering temperature of 20 ◦C and
50 ◦C were typically investigated. The modification of the coat-

ngs with PTFE was confirmed by DRIFTS (Fig. 4). The intense peak

ig. 4. DRIFTS spectra detected from the superhydrophobic surfaces of the treated
16 stainless steel samples after drying at 20 ◦C and sintering at 250 ◦C for 2 h.
needle, showing extraordinary resistance to contacting the constructed surfaces.
The  white arrow points to the moving direction of the tested sample.

located at 1000–1500 cm−1 is assigned to stretching vibration of a
variety of CFx species [27]. The band at 1792 cm−1 refers to ter-
minal double bonds ( CF CF2 ) and the band at 2365 cm−1 is
attributed to a combination band of the two  modes associated
with the CF2 backbone [28]. These peaks typically derived from
PTFE are detected from the surfaces of both the coatings treated
with the sintering temperature of 20 ◦C and 250 ◦C. This indi-
cates that the PTFE layer remains intact even after the sintering at
250 ◦C.

To investigate the possibility of constructing the superhy-
drophobic surfaces on various substrates, the typical materials,
ceramic tile, glass, magnesium alloy (AZ91D), Cu, 316 stainless
steel (316) and titanium alloy (TC4), have been used as the sub-
strates in this study. The Al coatings were fabricated as the top
rough layer on these substrates. Fig. 5a shows the photographs of
the water droplets standing on the superhydrophobic coatings. CA
of the droplets on the samples ranges from 150◦ to 155◦, which is
likely attributed to the minor differences in the surface roughness
of the Al coatings. The adhesion between the superhydrophobic
surface and water droplet was assessed according to an established
method [29]. It is clear that the water droplet hung at the needle tip
of the syringe is difficult to be pulled down to the superhydropho-
bic surface, even after tight compression and severe deformation
(Fig. 5b). It is suggested that the adhesive force between the
water droplet and the superhydrophobic surface is extremely
feeble.

The mechanical durability of the superhydrophobic surfaces was
evaluated by scratch testing, which has been used for measuring
the mechanical abrasion resistance of superhydrophobic surfaces
[30–34]. This approach could be appropriate for assessing the anti-
abrasion performances of superhydrophobic surfaces, largely due
to the fact that the surfaces are rarely used under severe wear con-
ditions. In this study, the scratch testing was  carried out using
800 grit Al2O3 sandpaper as the abrasion surface, as illustrated
in Fig. 6a. The superhydrophobic surfaces facing the sandpaper
were tested with a sliding speed of 3 cm/s under varied sliding dis-
tance and applied pressure. The sliding was repeated against the
same surface length to achieve the total distance as a sum. The
evolution of CA of the water droplets on the superhydrophobic
surfaces versus the abrasion length is shown in Fig. 6b. The con-
tact angle decreased with the increase of abrasion length under the
pressure of 2.5 kPa. Surprisingly, the surface still retained the super-
hydrophobicity with a contact angle of 150◦ as the abrasion length
was 1.0 m under 2.5 kPa. After the abrasion for 0.5 m under the pres-
sure of 25 kPa, the hydrophobicity with a contact angle above 140◦
was still realized. The durability of the superhydrophobic coatings
could be predominately attributed to the well-retained rough tex-
tures of the coating surfaces after the scratching (Fig. 6c and d). It
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Fig. 6. (a) Schematic illustration of the scratch testing for evaluating the mechanical durability of the superhydrophobic surfaces, (b) contact angle of the superhydrophobic
s a, an
a  (c, d)
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urface versus the abrasion length under the applied pressure of 2.5 kPa and 25 kP
brasion for 1.0 m at 2.5 kPa and following 0.5 m at 25 kPa. Scale bars are 100 �m in

s believed that the metallic coating offers high strength to resist
he abrasion. In addition, the porous structure already paves the
ay for the diffusion of the low surface energy molecules into the

nside of the coatings. In fact, SEM analysis already disclosed the
TFE debris, which was  likely pulled out by the abrasion from the
oatings (Fig. 6d). The mechanical strength of the coatings and the
resence of PTFE inside the coatings contribute to the continua-
ion of the low surface energy hydrophobic layer and the long-lived
uperhydrophobicity.

. Conclusions

In summary, superhydrophobic inorganic/organic compos-
te coatings were constructed by a simple and new strategy
or long-term functional services. Vast materials can be coated
n engineering materials by thermal spray deposition of met-

ls/ceramics/composites and following additional modification
sing low surface energy molecules. The results open a new win-
ow for cost-effective large-scale fabrication of superhydrophobic
urfaces on engineering structures for various applications.
d (c, d) SEM images of the superhydrophobic surfaces before (c) and after (d) the
. The white arrows in (d) point to the PTFE debris.
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