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ABSTRACT

A Ni20Cr coating surface with a micro-nano hierarchical structure was successfully prepared by
shrouded plasma spraying method in the present study. By adjusting the spraying parameters to control
the heating degree of the powder particles and using a designed shield deposition method, we confirmed
that the nanostructures were the products of vapor deposition by vaporization of the material during the
spraying. In addition, an interesting phenomenon was found that, without any additional chemical
modification, the surface with micro-nano structures underwent a wettability transition from super-
hydrophilicity to super-hydrophobicity during the storage in air. The results show that the selective
spontaneous adsorption of the nanostructures can effectively reduce the surface free energy. The
nanostructures deposited on the top of the surface made the surface form a unique hierarchical structure,
which can effectively reduce the contact area of the droplet with the surface. Nanostructures affected the
wettability of the coating surface both in the chemical composition and the structural aspects, which
demonstrated that they were the key to obtaining super-hydrophobic property on the coating surface.

Hydrocarbons

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Atmospheric plasma spraying is an extensively used coating
preparation method currently. With its high deposition rate and
relatively low costs, the method has good application prospects,
especially in the preparation of functional metals and alloy coatings
[1]. The coating preparation in this process is based on the feed-
stock being heated in a high temperature plasma jet to a molten or
partially molten state, impacting on the substrate surface at high
speed and then flattening and solidification [2]. Surface
morphology can significantly affect the properties of the coating
surface, so controlling the surface microstructures by adjusting the
spraying parameters is important for regulating its performance.
The solid powder particles with micron size typically larger than
5 um are commonly used as feedstock, the typical morphology of
the coating surface usually presents micron convex structures,
accompanied by a small amount of sub-micron splashes. According
to the current researches, the presence of nanostructures was rarely
observed on the coating surface prepared by atmospheric plasma
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spraying [3—6].

Wettability is one of the most important properties of solid
surface, which is influenced by geometrical structure and chemical
composition of the surface [7,8]. Generally, when the contact angle
of a droplet on the surface is lower than 90°, the surface is hydro-
philic. On the contrary, when the contact angle is greater than 90°,
the surface is hydrophobic [9]. Among them, super-hydrophobic
surface with contact angle greater than 150° and sliding angle
lower than 10° has attracted much attention of researchers because
of its potential application prospects in anti-fouling, anti-corrosion
and so on [10]. However, there are very few reports focus on the
study of coating surface wettability in the field of atmospheric
plasma spraying [5]. As a simple and fast coating preparation
method, the research on the coating surface wettability especially
the super-hydrophobic property can not only develop a new
application for the plasma spraying method, but also provide an
effective and feasible way for the preparation of super-hydrophobic
surface.

Metals and alloys are the widely used engineering materials
which have a high surface free energy [11]. When these hydrophilic
materials are used to prepare super-hydrophobic surfaces, it is
necessary to reduce the surface free energy by chemical modifica-
tion. However, the high cost and the complex process of the
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modification process made it highly desirable for researchers to
find methods without chemical modification [4]. The preparation of
super-hydrophobic surfaces directly through hydrophilic materials
is an innovative research with full of challenges. In recent years, a
small number of related researches have been emerged. However,
the methods were diverse and the authors held different views. The
research in this area was not yet mature. In some studies, the au-
thors believed that the suitable rough structure on the surface was
the key to directly achieving super-hydrophobicity [12—14]. In
other researchers’ point of view, the surface with a rough structure
prepared by hydrophilic materials can achieve super-
hydrophobicity by reducing the surface free energy through
spontaneous adsorption or reaction with the substances from the
surrounding air, such as oxygen, carbon dioxide and hydrocarbons
[5,15—18].

In the present work, a micro-nano hierarchical Ni20Cr coating
surface was prepared by shrouded plasma spraying method.
Shrouded plasma spraying is one of atmospheric plasma spraying
method, which is characterized by the installation of a gas shroud
in front of the nozzle during the spraying. The nanostructures were
successfully deposited on the surface by this method. Without any
additional chemical modification, the coating surface can obtain
super-hydrophobic performance after storage in air for a period of
time. We achieved the purpose of using a simple one-step method
for preparing super-hydrophobic surface. However, the formation
process and control factors of the nanostructures in plasma
spraying remained unclear, and the reasons for the surface wetta-
bility transition were yet to be identified. Therefore, there are two
objectives of the present work. One is to investigate the formation
mechanism of the nanostructures on the coating surface. Another is
to clarify the reason of spontaneous acquisition of super-
hydrophobic performance on the coating surface. This work
intended to provide a theoretical basis for the one-step preparation
of super-hydrophobic surfaces by atmospheric plasma spraying.

2. Experimental
2.1. Materials

A commercially available Ni20Cr powder (PR2111, XianDao,
China) mainly composed of spherical particles was used as feed-
stock. Typical morphology of the powder is shown in Fig. 1(a). The
size distribution of the powder was measured by particle size
analyzer (Toshima MFG Co., Ltd, Japan) as shown in Fig. 1(b). The
powder had an essential lognormal distribution with characteristic
particle sizes of 47 pm (dqp), 58 pm (dsp), and 79 pm (dgg). 304
stainless steel and copper plates with dimensions of ®20 x 2 mm
were used as substrates. Prior to spraying, the 304 stainless steel
substrate was sandblasted and then ultrasonically cleaned with
alcohol and acetone. For copper substrate, the surface was mirror
polished, followed by ultrasonic cleaning with alcohol and acetone
before deposition.

2.2. Coating preparation method

Shrouded plasma spraying (SPS) was used for coating deposition
in this study. A plasma spraying system (GDP-80, Jiujiang, China)
was employed to deposit coatings on the substrates. The plasma
torch fixed on a six-axis robot was operated to generate an Ar-H;
plasma jet. N, gas was used as a powder carrier gas. The powder
was fed into the plasma jet using an internal powder injection. A
gas shroud of argon attached in front of the plasma torch was uti-
lized to minimize the oxidation of particles during in-flight process.
The concentration of argon was 99.99%. The gas shroud has an inner
diameter of 50 mm and a length of 110 mm. Internal Ar gas flow
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Fig. 1. Characterization of the feedstock Ni20Cr powder. (a) The typical morphology
and (b) the particle size distribution.

was employed to form a gas cone between the shroud wall and the
plasma jet. The separation distance from the shroud exit to the
substrate surface was set as 15 mm. Table 1 shows the detailed
spraying parameters. The deposition process was performed in the
atmospheric environment under room temperature. Three sets of
parameters were used for the deposition and the effect of spraying
power and hydrogen flow rate on the morphologies of coating
surfaces was investigated, respectively. After spraying, the freshly
prepared samples were stored in air in an ordinary plastic sample
box.

2.3. Characterization methods

The morphologies of the feedstock powder and coating surfaces
were characterized by field emission scanning electron microscopy
(FESEM, MIRA3 LMH, TESCAN, Czech Republic). Further detailed
structural information was characterized by transmission electron
microscopy (TEM, Tecnai G2 F30, America) and the elemental
analysis was performed using an energy dispersive X-ray spec-
troscopy (EDX) which was attached to the TEM equipment. X-ray
photoelectron spectrometry (XPS, K-Alpha, Thermo Scientific,
America) with a standard Al Ko radiation of 1486.68 eV was used to
determine the valence states and the content of the elements
present on the coating surface. The binding energy was calibrated
using C 1s peak (284.6 eV). The contact angle (CA) and sliding angle
(SA) of the water droplet on the coating surface were used to
evaluate the wettability of the surface, detected by a contact angle
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Table 1
Deposition conditions and parameters of shrouded plasma spraying.
Parameters Unit Value
SPS-1 SPS-2 SPS-3
Primary gas (Ar) flow rate L-min~! 50
Secondary gas (H-) flow rate L-min~! 6 3 6
Spraying power kw 40 20 20
Carrier gas (N;) flow rate L-min~! 8
Gun travelling speed mm-s~! 50
Spraying distance mm 125
Powder feeding rate g-min~"! 20
Protective gas (Ar) flow rate L-min~! 20
Anode-nozzle internal diameter mm 8

instrument (JC2000C4, Shanghai Zhongchen Digital Technic
Apparatus Co., Ltd., China). The volume of a freshly distilled water
droplet used for the measurement was 5 pL. The static contact angle
was measured using a typical sessile drop method by dropping a
water droplet on the surface. While the sliding angle was measured
by putting a water droplet on the horizontal surface and then tilting
the surface until the droplet began to move. The inclination angle of
the surface was considered as the sliding angle. At least 5 droplets
were used to measure each sample at different locations. The
chemical composition of the samples was investigated by a Fourier
transform infrared spectroscopy (Vertex70, Bruker, Germany) with
aresolution of 4 cm™~! and 64 scans. The substrate temperature was
measured by a non-contact infrared thermometer (AR892+, Smart
Sensor, China) during spraying.

3. Results and discussion
3.1. Surface morphology of the coatings
Fig. 2 shows the surface morphologies of Ni20Cr coating (SPS-1)

under different magnification deposited by shrouded plasma
spraying. As can be seen from Fig. 2(a), the surface presented a

typical rough morphology of plasma sprayed coating consisted of
splats and convex structures, which was formed by the random
stacking of the molten or partially molten particles. However, it is
worth noting that, unlike the conventional surface morphology
deposited by atmospheric plasma spraying, the densely distributed
nanostructures were found on the whole as-sprayed coating sur-
face as shown in Fig. 2(b). Under a high magnification shown in
Fig. 2(c—d), it can be seen that the nanostructures had fluff-like
features, and the size of which was much smaller than that of the
feedstock particles. The as-sprayed surface showed a unique micro-
nano hierarchical structure.

When the spraying power was reduced to 20 kW and the
hydrogen flow rate was reduced to 3 L/min during the deposition
process, the nanostructures completely disappeared on the as-
sprayed coating surface (SPS-2) as shown in Fig. 3(a, c). The sur-
face was entirely consisted by micron-scale structures. On the basis
of the process parameters of SPS-2, when the auxiliary gas flow rate
of hydrogen was increased to 6 L/min, the fluffy nanostructures re-
appeared on the whole prepared coating surface (SPS-3) especially
on the convex positions, as can be seen in Fig. 3(b, d).

During the plasma spraying, both of the spraying power and the
auxiliary gas flow rate of hydrogen are the important parameters

Fig. 2. Typical morphologies of Ni20Cr coating surface under different magnification deposited by shrouded plasma spraying using the parameter of SPS-1.
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Fig. 3. Surface morphologies of the shrouded plasma sprayed coating surfaces deposited by different parameters. (a, c¢) Depositing with the hydrogen flow rate of 3 L/min and
spraying power of 20 kW (SPS-2); (b, d) Depositing with the hydrogen flow rate of 6 L/min and spraying power of 20 kW (SPS-3).

that affect the morphology of the coating, since they can influence
the melting behavior of the particles. Hou et al. [19] used to report
that the feedstock powder was more fully molten at a higher
spraying power due to a higher temperature of the plasma jet.
Therefore, as the spraying power increases, the temperature of the
plasma jet increases, which will improve the melting degree of the
in-flight powder, and vice versa. For the auxiliary gas hydrogen, the
presence of hydrogen in the plasma can enhance the heat transfer
coefficient by increasing the thermal conductivity of the gas, thus
the melting degree of the particles can be improved during the
spraying [20,21]. It has been reported that the enthalpy input to the
gas can be increased by 1.4—2 times by the addition of a small
amount of hydrogen [22]. Comparing the coating surface SPS-2 and
SPS-1, when the spraying power and the flow rate of hydrogen
increased, the nano-structures appeared on the coating surface as
the plasma jet temperature increased. The same rule can also be
found when comparing the coating surface SPS-2 and SPS-3, the
nano-structures appeared on the surface when the heating and
melting degree of the particles increased with the increasing of the
gas flow rate of hydrogen. In addition, the increase in spraying
power was beneficial to the improvement of the coverage density
of the nanostructures on the coating surface as can be seen from
Figs. 2(b) and 3(b). Based on the above results, increasing the
temperature of the particles in the plasma jet facilitated the for-
mation of nanostructures on the coating surface.

3.2. Wettability transition of the coating surface in ambient air

The freshly as-sprayed coating surfaces all exhibited super-
hydrophilicity with a water contact angle of 0° in the initial stage
after spraying. The droplet infiltrated the surface immediately
when dropped on the surface. An interesting phenomenon was
observed on the coating surface that the surface wettability can
change over time when they stored in ambient air. That is the
wettability transition from super-hydrophilicity to hydrophobicity
or even super-hydrophobicity can occur on the coating surface

without any treatment. This phenomenon was repetitive and has
been verified several times. Fig. 4 shows the evolution of water
contact angle on the coating surfaces with two typical micro-
structures, including micro-nano structured surface (as the surface
shown in Fig. 2) and micron structured surface (as the surface
shown in Fig. 3(a)), respectively.

As can be seen from Fig. 4, the surface with a micro-nano hier-
archical structure can change from super-hydrophilicity to hydro-
phobicity (contact angle larger than 90°) after storage in air about
30 days. After 60 days, the surface can achieve a super-hydrophobic
performance. With the storage time extended, the hydrophobic
performance remained essentially unchanged. The contact angle of
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Fig. 4. The evolution of water contact angle of the coating surface with different mi-
crostructures in ambient air. The surface with micro-nano hierarchical structures
corresponded to the coating SPS-1, and the surface with micron structures corre-
sponded to the coating SPS-2.
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the water droplets on the surface was as high as 152.6 + 1.5° and
the sliding angle was as low as 2.0 + 0.3°. The images of static
contact angle of the droplet on the surface and the sliding process
of the droplet are shown in Fig. 5(a and b). However, the transition
was not very significant on the surface with only micron structures.
The surface required at least 75 days to allow the surface to be
converted from super-hydrophilicity to hydrophobicity. After about
105 days, the contact angle reached the maximum value, and with
the storage time being extended, the hydrophobic performance
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remained unchanged. The contact angle of the water droplets on
the surface was only 115.6 + 1.2°. Water droplets pinned to the
surface and can not slide when the surface was tilted or even
rotated with 180°, as the images shown in Fig. 5(c and d).

Under the same storage condition, the degree of change in
wettability on coating surfaces was different, indicating that the
surface structure had an important effect on the transition process.
The wettability transition rate of the surface with nanostructures
was higher and a better hydrophobic performance can be obtained
on the surface. Therefore, the formation of the nanostructures and
the effects of nanostructures on surface wettability will be studied
systematically in the following sections.

3.3. Formation of the nanostructures

In this section, a designed shield deposition method was used
for surface deposition. The schematic diagram of the setting is
presented in Fig. 6. During the deposition process, the separation
distance from the shroud exit to the substrate surface was still set
as 15 mm. A mirror polished copper was used as the substrate, and
a baffle having a width of 40 mm was placed in front of the sub-
strate. The distance between the baffle and the substrate surface
was 5 mm. The process parameters were consistent with that used
in the preparation of the coating surface of SPS-1.

As can be seen from Fig. 7, the surface formed entirely by pure
nanostructures was successfully obtained on the shadowed

Substrate
Baffle

Shroud gas Shroud Ar-H, plasma jet

Fig. 6. A schematic diagram of deposition process on a shadowed substrate during the
shrouded plasma spraying.

substrate surface. A large number of convex cluster-like structures
randomly distributed on the surface were formed by the agglom-
eration of the nanostructures. The morphology the nanostructures
was consistent with that observed on the shrouded plasma sprayed
coating surface with fluffy features. The detailed structural infor-
mation and composition of the nanostructures was characterized
by transmission electron microscopy. The result shown in Fig. 8(a)
revealed that the nanostructures were composed by a large number
of nearly spherical-like particles of less than 100 nm in size. The
particle size distribution was not uniform, the size of the larger
particles was above 50 nm while the size of the smaller one was
below 10 nm. EDX analysis (in Fig. 8(b)) on the nano particles shows
the presence of the Ni and Cr element, which demonstrated that
the nanostructures obtained by the shield deposition method was
derived from Ni20Cr powder.

According to the observation from SEM and TEM, the size of the
nanostructures was much smaller than that of the original feed-
stock particles, so the nanostructures should not be formed from
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Fig. 5. The optical images of water droplets on the coating surfaces after storage in ambient air for more than 120 days. The coating surface (SPS-1) consisted with micro-nano
hierarchical structures with (a) a water contact angle of 152.6° and (b) sliding angle of 2°. The coating surface (SPS-2) consisted with micron structures with (c) a water con-
tact angle of 115.6° and (d) the water droplet pinned to the surface without sliding when the surface was tilted with 25° (the maximum tilt angle of the device).
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Fig. 7. SEM images of the surface nanostructures formed by shield deposition on the
shadowed substrate under different magnification.

liquid deposition of the molten particles with micron size. In at-
mospheric plasma spraying, the temperature of the plasma jet
center is as high as 10000—15000 K. Powder materials are heated
during the in-flight stage in the plasma jet. At high temperatures,
vaporization of the materials is an inevitable phenomenon, espe-
cially for metals and alloys with high thermal conductivity. Vardelle
et al. [22,23] used to report the vaporization phenomenon of
metallic materials in plasma spraying. Generally, physical

vaporization can occur between the free stream and the particle
surface at temperatures below the boiling point of the materials
[20,22]. During the spraying, molten or semi-molten particles with
large size flew in a straight line in the plasma jet due to inertia.
When a baffle was placed in front of the substrate, liquid particles
cannot be able to pass around the baffle and to deposit on the
shadowed substrate, the particles will be filtered out by the baffle.
For the vapors with a light quality, due to the plasma jet belongs to
turbulence, with the effect of thermal agitation, they can transport
in the plasma gas stream. The gas stream was able to flow around
complex geometries with high velocity and was forced to go
through the shadowed areas. Since vapors transported inside the
gas stream, they can deposit on the shadowed substrate. This
process had a non-line-of-sight deposition feature [24—26].
Therefore, the nanostructures containing nickel and chromium el-
ements obtained on the shadowed copper substrate should be the
products of vapor deposition during the spraying. The nano-
structures appeared on the coating surface should also be formed in
the same way. Furthermore, the results shown in Section 3.1 indi-
cated that increasing the temperature of the particles in the plasma
jet facilitated the formation of nanostructures. This was another
strong evidence for the nanostructures came from vapor deposi-
tion, since the increase in temperature can promote vaporization of
the material and accelerate the process of vapor deposition, which
increased the content of nanostructure deposited on the coating
surface. The above studies demonstrated the nanostructures
appeared on the surface was formed by vapor deposition during the
shroud plasma spraying.

The enthalpy of vaporization of metal nickel and chromium is
377.5 and 339.5 kJ-mol "}, respectively [27]. Since the difference in
the enthalpy of vaporization was small, both nickel and chromium
can evaporate at high temperatures and deposit, as shown in the
detection result of EDX. Generally, a flat surface structure can be
obtained when atoms in vapor phase deposited on a smooth sub-
strate surface. However, the vapor deposited surface in this
research presented a rough surface morphology of micro-nano
structure (in Fig. 7). This suggests that, in addition to the atoms,
clusters were formed by aggregation of the atoms in vapor phase.
Atoms and clusters were co-deposited on the substrate surface
during the plasma spraying, creating a rough morphology [28]. In
the vapor phase, the magnitude of the atomic diameter is about
1071 m, while the cluster is usually composed of several or a dozen
atoms [24]. The result of TEM showed that the vapor deposited
nanostructures were constructed by the nano particles with the
diameter less than 100 nm. These nano particles should be formed

15000

(b)

2 4 6 8 keV

Fig. 8. The results detected by transmission electron microscopy. (a) TEM image of the nano particles which formed the nanostructures. (b) EDX spectrum taken from the nano

particles shown in (a).
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by the growth of the atoms and clusters.

The substrate temperature has an important effect on vapor
deposition. In this research, the average temperature of the sub-
strate was detected as 265 °C during the coating deposition process,
which was much lower than the melting point of Ni20Cr, that it
favored vapor condensation. Meanwhile, the low substrate tem-
perature as well as the atmospheric environment resulted in a high
cooling rate after vapor deposition. It is reported that the estimated
cooling rate of the melted particles is in order of 10° K/s [23]. High-
speed cooling conditions inhibited the growth of grains, thus the
fine nano particles were produced. A large number of vapor phases
accumulated on the surface continuously, forming the nano-
structures with a fluff-like feature.

EDX result showed the presence of the Ni, Cr and O elements on
the nano particles. XPS was used to get further detailed information
about the nanostructures composition. The high resolution XPS
spectra of Ni 2p, Cr 2p and O 1s are shown in Fig. 9. The Ni 2p1/2
and Ni 2p3/2 peaks in Fig. 9(a) at 879.7, 873.8, 861.5 and 855.5 eV
can be assigned to NiO. The peaks in Fig. 9(b) at 586.0 and 576.3 eV
can be assigned to Cr,0s. The existence of metallic nickel and
chromium on the surface can be excluded since their characteristic
features were not detected. In addition, the O 1s spectrum in
Fig. 9(c) was resolved into two peaks at 530.6, and 531.2 eV, cor-
responding to oxide and hydroxyl, respectively [16]. The above
assignments matched very well with the XPS handbook [29]. The
results show that the nanostructures were mainly composed of
oxides.

During the spraying, the shroud had a great effect on restricting
the entrance of the air into the shroud and the non-oxidizing gas
argon was used for the protection inside the shroud, the oxidation
of the material can be effectively prevented during the in-flight
stage inside the shroud. However, due to the high temperature of
plasma jet and the large amounts of oxidizing gas presented in
ambient air, metallic materials usually accompanied by oxidation
even with the shroud protection. When the plasma jet left the
shroud exit zone and sprayed into the open air, the air was
entrained in the short 15 mm gap between the shroud and the
substrate, which can cause the metal to be oxidized. Furthermore,
oxidation of the metal vapors can occur during the post-
depositional stage when the vapors full contacted with the sur-
rounding air environment before cooling down [30]. Further
detailed investigation into the oxidation mechanism is still
required in future research.

3.4. Effect of nanostructures on surface wettability

Numerous studies showed that surface chemical composition
and geometrical structure are the two crucial factors influencing
the wettability of the surface [7]. The effect of nanostructures on
surface wettability transition and degree of hydrophobicity will be
discussed based on these two factors, respectively.

A Fourier transform infrared spectroscopy (FT-IR) was used to
analysis the chemical composition of the pure nanostructures
formed by the shield deposition method. Two states of nano-
structures were used for the detection, including the freshly as-
sprayed state and the state after storage in air for 120 days.
Fig. 10 shows the spectra results which were normalized using the
peak of the oxide as a standard before contrasting.

As can be seen from the spectrum of the freshly as-sprayed
nanostructures, only the peaks representing the oxide and the
hydroxyl group appeared, where the peak at 521 cm™! corre-
sponded to the oxide and the peak at 3489 cm~! was the stretching
vibration absorption of the O-H [31,32]. This result was consistent
with the XPS detection. For the nanostructures after storage in air,
in addition to the peaks appeared in the freshly as-sprayed state,
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Fig. 9. The XPS result of the nanostructures deposited by the shield deposition
method. The high resolution XPS spectra of (a) Ni 2p1/2 and Ni 2p3/2, (b) Cr 2p1/2 and
Cr 2p3/2 and (c) O 1s.

the new absorption peaks of hydrocarbons and carboxylates were
detected. In the high-frequency region near 3000 cm™', the peaks
at 2927 cm~! and 2856 cm~! were attributed to the asymmetric



J. Li et al. / Journal of Alloys and Compounds 735 (2018) 430—440 437

—— Freshly as-sprayed
—— After storage

% Transmittance

Metal oxide —» 521 —

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)

Fig. 10. The FT-IR spectra of the nanostructures at two states, the freshly as-sprayed
state and the state after storage in air for more than 120 days.

and symmetric stretching vibrations of the saturated CHj, respec-
tively [33]. In the low-frequency region, the two peaks detected at
1579 cm~! and 1421 cm~! were ascribed to the asymmetric and
symmetric stretching absorptions of the carboxyl (COO), respec-
tively [34]. Since the hydrocarbon was the only detected group in
addition to the carboxyl group, saturated hydrocarbon chains
should present in the carboxylates. The results of FT-IR showed that
the nanostructures were capable of spontaneously adsorbing hy-
drocarbons and their derivatives during the storage in air.

Metal oxide and the hydroxyl group are hydrophilic, the surface
free energy of which is higher than that of water (~72.8 mJ m~2 at
295.15 K) [35,36]. TEM image shows that the nanostructures were
consisted with a large number of nano particles with the size less
than 100 nm, which can lead to the presence of a large number of
defects. Thus, the oxide nanostructures had a high surface free
energy at the initial stage. Due to the nanostructure surface need to
maintain a more stable state, the adsorption of the materials with
low surface free energy occurred. It is reported that the hydrocar-
bon groups are intrinsically hydrophobic, since the surface free
energy of the hydrocarbon-only chain is as low as 24 mN/m [37].
Hydrocarbons and their derivatives were reported that exist almost
everywhere and their concentration in air is typically parts-
perpmillion, so they become the most preferred materials for the
adsorption [16,38]. As a result, the adsorption of nanostructures
was a spontaneous process and had a selective characteristic in air.
The phenomenon of spontaneous adsorbing airborne hydrocarbons
on the surface was consistent with some published research
[15,16,39].

For the micro-nano hierarchical structured coating surface
deposited by vapor-liquid co-deposition, the results of XPS shown
in Figs. S1(a and c) in the supplementary material reflected that the
nanostructures on the coating surface was composed of NiO and
Cr,03, indicating that the vapor deposited nanostructures obtained
by the coating deposition process can be considered the same as
that obtained by the shield deposition method, although the
deposition conditions of them were slightly different. The oxide
nanostructures appeared on the top of the coating surface. Changes
in the adsorption state of the nanostructures directly lead to the
change in the chemical composition of the coating surface. As the
surface morphology remained virtually unchanged during the
storage, the newly emerging hydrophobic groups on the

nanostructures were the main cause of the surface wettability
transition. For the micron structured coating surface deposited by
liquid deposition, the results of XPS shown in Figs. S1(b and d) in
the supplementary material showed that the surface layer was
covered by the oxides, including NiO and Cr,O3 even with the
absence of nanostructures. The rough surface structure indicated
that defects were inevitably present on the surface. This means that
the surface also required and had the ability to adsorb hydrocar-
bons and their derivatives to reduce its surface free energy. Thus,
the surface wettability can change as shown in Fig. 4.

The amount of low surface free energy adsorbates had an
important effect on the hydrophobicity of the coating surface. As
can be seen from Fig. 4, when the two coatings after storage in air
for a certain period of time, the contact angle of water droplets on
both of the surfaces no longer changed with the extension of the
storage time, the hydrophobicity tended to be stable. This phe-
nomenon indicated that the content of surface adsorbates reached
saturation.

XPS was used to detect the two coating surfaces where the
adsorption reached a saturated state, and the results are shown in
Fig. 11. The decomposition of the high-resolution C 1s peak was
performed to analyze the state and relative content of carbon-
containing adsorbates on the surface. Fig. 11(c and d) represent
the deconvoluted spectra from the C 1s, which were resolved into
three contributions with binding energies of 284.6, 286.3, and
288.6 eV, corresponding to C-C/C-H, C-0, and COO™, respectively
[40]. C—C/C—H was corresponded to the hydrocarbon groups
detected in the infrared spectrum. By calculating the area occupied
by the spectral peak in the deconvoluted spectra, the relative
content of C—C/C—H was 85.8% on the micro-nano hierarchical
structured surface (Fig. 11(c)) and was 87.3% on the micron struc-
tured surface (Fig. 11(d)), respectively. The results indicated that the
content of hydrocarbons and their derivatives were predominant in
carbonaceous substances on the both coating surfaces. Based on the
above analysis, the C atomic content relative to the metal (nickel
and chromium) atomic content, represented by the atomic ratio C/
M, can be used to evaluate the relative content of hydrocarbon
adsorbates on the coating surface. By calculating the results of
element content listed in Fig. 11(a and b), the ratio of C/M on the
micro-nano structured surface was 2.55, the value of which was
larger than the value 1.48 on the micron structured surface. The
result indicated that the content of adsorbed hydrocarbons on the
coating surface which had the vapor deposited nanostructures was
relatively higher. As a result, a high content of low surface free
energy adsorbates was one of the reasons that the hydrophobicity
of the micro-nano hierarchical structured coating surface was
better than that of the micron structured surface.

As can be seen from Fig. 4, the time required for the wettability
transition of the nano structured surface was significantly less than
that of the micron structured surface, which indicated that the
adsorption rate of the nanostructures was faster than the micron
structure. Comparing with the relatively flat micron structures, the
nanostructures may have more defects, resulting in a higher surface
free energy. In addition, the nanostructures have a large specific
surface area. It can be speculated that the adsorption capacity of the
nanostructures should be stronger than that of the micron struc-
ture. Boinovich et al. [39] have reported that the spontaneous
adsorb of hydrocarbon molecules on rough surfaces was more
intensive than on flat surfaces. Therefore, the adsorption rate of the
nanostructures was fast and the content of hydrocarbons adsorbed
by nanostructures was high.

In addition, surface structure was also the key to affect surface
hydrophobicity when the surface has low surface free energy. The
theoretical calculations showed that, on the smooth surface, even
with the lowest surface free energy, the contact angle of the droplet
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Fig. 11. The XPS survey spectra and the deconvolution of the high-resolution C 1s. (a, c) The surface presented micro-nano structures, and (b, d) the surface presented micron
structures. The data inserted in Fig. (a) and (b) are the element contents on the coating surface. The coatings have been stored in air for more than 120 days.

cannot greater than 120° [41]. Based on Cassie-Baxter's theory,
when the droplet is in contact with the surface, the composite
solid-liquid-gas interface is formed as the air can be trapped inside
the cavities formed by the rough structure. According to the theory,

reducing the value of solid-liquid contact fraction is the key point to
improving the surface hydrophobicity [10]. Fig. 12 shows the
schematic representation of the two typical shrouded plasma
sprayed coating surfaces in contact with water droplets. For the

Hydrophobicity

Micro-nano
Super-hydrophobicity

Fig. 12. SEM images of the coating surfaces with different structural features include (a) micron structure deposited by the liquid phase, and (b) micro-nano hierarchical structure
formed by vapor-liquid co-deposition. The corresponding images below are the models of solid-liquid interface between the water and the surface.
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surface formed by micron structures as shown in Fig. 12(a), air can
be trapped between the micron structures. Due to the spacing be-
tween the micron structures, the water droplet will form a certain
depression on the surface under the action of gravity. With a large
contact area between the droplet and the surface, the surface only
exhibited hydrophobic property and the droplet was easily pinned
to the surface. When the nanostructures constructed by vapor
deposition on the surface, in addition to the air cushion formed by
the micron structures, the fluffy nanostructures at the top of the
surface can maintain more cavitation to prevent droplet contact
with the surface. As the schematic diagram shown in Fig. 12(b), the
surface has more hydrophobic and less adhesive state compared to
the surface shown in Fig. 12(a). Feng et al. [42] used to point out that
high contact angle can be induced by nanostructures and low
sliding angle can be achieved by constructing micro-nano struc-
tures, since a large amount of air can be trapped between the
droplet and the surface. Therefore, the typical micro-nano hierar-
chical structure deposited by vapor-liquid co-deposition was
conducive to obtain super-hydrophobic property of the surface.

Through the study of chemical composition and structure, it was
found that nanostructures have a selective spontaneous adsorption
characteristic to reduce the surface free energy, and their deposi-
tion on the coating surface can effectively reduce the contact area
between the droplet and the surface. These two factors together
affected the wettability of the coating surface. Therefore, the for-
mation of nanostructures by vapor deposition was of great impor-
tance for obtaining super-hydrophobicity on the surface.

4. Conclusions

In this paper, we developed and systematically studied the
method of constructing nanostructures on the coating surface by
controlling the vapor deposition during shrouded plasma spraying
of Ni20Cr coating. The increase of heating degree of the particles in
the spraying was favorable for the deposition of nanostructures. It
was demonstrated that the morphology of vapor phase deposition
on the surface showed nanostructures, which had fluff-like features
formed by the agglomeration of nano particles with sizes less than
100 nm. The nanostructures were composed of metal oxides,
including NiO and Cr;03. A large number of defects and a large
specific surface area make the nanostructures have a stronger
ability to selectively adsorb low surface free energy hy-dro-car-
bons and their de-riv-a-tives in air than the micron structures.
Meanwhile, the nanostructures distributed on the top of the micron
structures can provide more air cushion to prevent droplet contact
with the surface. Therefore, without any chemical modification, the
coating surface with a unique micro-nano hierarchical structure
formed by vapor-liquid co-deposition can change from super-
hydrophilicity to super-hydrophobicity with a water contact angle
of 152.6 + 1.5° and sliding angle of 2.0 + 0.3° when stored in air.
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