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Wetting behaviors of plasma sprayed Fe, Ni, Cr and their mixture coatings were investigated. The
contact angle of water droplets on the surfaces increases with time when the surfaces are exposed to air,
with the highest value greater than 150�. To the best of our knowledge, this is the first report that
superhydrophobicity can be achieved by one step plasma spraying. It is found that the feedstock particle
size distribution has a significant influence on the coating morphology. For the mixture coating, a micro/
submicro dual scale roughness is obtained. The carbon content in the surface is found increasing with
time. Results of X-ray diffraction, X-ray photoelectron spectroscope analysis and heat treatment in CO2/
Ar atmospheres suggest that the surface may contain some active ferrites which can decompose carbon
dioxide into carbon. The origin of the superhydrophobicity is attributed to the accumulation of surface
carbon materials and the dual scale roughness.

Keywords active ferrites, carbon material accumulation, dual
scale structure, plasma spraying, superhydrop-
hobicity

1. Introduction

As a fast and economical process for surface modifi-
cation, atmospheric plasma spraying (APS) is often used
to prepare various protective coatings for wear, erosion/
corrosion and heat resistance (Ref 1–3). APS coatings are
built up through successive deposition of the feedstock
materials in a molten or semi-molten condition (Ref 1, 4).
An ideal APS coating requires a dense, adherent and
homogenous microstructure. However, depending on the
nature of the coating process, many microdefects such as
pores, microcracks and unmelted particles are often
present in the coatings (Ref 5, 6). These microdefects can
significantly affect the properties and performances of the
coatings. During the past years, lots of works have been
conducted on the microstructure and mechanical proper-
ties of APS coatings (Ref 1, 2, 6–11). However, as an
important characteristic of solid surfaces, the wettability
of APS coatings, especially APS metallic coatings, was
rarely reported.

In industrial applications, APS coatings containing Fe,
Ni and/or Cr have been extensively used. For example,
stainless steel coatings (Ref 11) and Fe-based amorphous
coatings (Ref 6) are often used in corrosive environments
due to their excellent corrosion resistance and superior
mechanical properties. Ni-based coatings have been widely

used to protect steel structures such as turbine or boiler
tube components from corrosion or high temperature
oxidation (Ref 12). Recently, our group found that the
wettability of a sprayed metallic Fe-Cr-Ni mixture coating
can transform spontaneously from superhydrophilicity to
superhydrophobicity. Moreover, this phenomenon was
found having a good repeatability after plenty of repeated
experiments. To the best of our knowledge, this is the first
report of achieving superhydrophobicity on an APS
metallic coating.

As we all know, the wettability of a surface is governed
by the surface composition and surface morphology
(microstructure). Superhydrophobicity needs a unique
combination of these two factors (Ref 13, 14). In this
paper, we attempt to explain the wettability change of the
plasma sprayed metallic Fe-Cr-Ni mixture coating through
investigating the composition and morphology of the
surface. For comparison, the wettability change of pure
metallic coatings prepared under the same conditions was
also investigated. The results show that the superhydrop-
hobicity of the Fe-Cr-Ni coating can be ascribed to its
micro/submicro dual scale structure and high surface car-
bon content. Results of X-ray diffraction, X-ray photo-
electron spectroscope analysis and heat treatment in CO2/
Ar atmospheres suggest that the iron particle after plasma
spraying may form active ferrites, which can catalyze
carbon dioxide into zero valence carbon.

2. Experimental

2.1 Materials and Spraying Process

All plasma spray powders were provided by Beijing
General Research Institute of Mining & Metallurgy. The
detailed information of each powder is listed in Table 1. A
powder mixture with the ratio of Fe 40 wt.%, Ni 30 wt.%
and Cr 30 wt.% were loaded in a stainless steel vial of
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300 mL in volume with hardened steel balls of 12 mm in
diameter at a ball-to-powder weight ratio of 10:1, and then
ball milled for 2 h at 600 rpm. All coatings were plasma
sprayed onto copper plates with a dimension of
50 9 50 9 5 mm3 by using a DC plasma torch (APS-
2000 K, China) with a nozzle diameter of 7.3 mm. Prior to
spraying, the copper plates were thoroughly ultrasonically
cleaned with acetone and distilled water, dried by com-
pressed nitrogen gas, and then sand blasted. The plasma
spray conditions are shown in Table 2.

2.2 Characterization of Coatings

The microstructure and elemental distribution of
coatings were observed by using a FEI Quanta 200 scan-
ning electron microscope (SEM) equipped with an energy
dispersive X-ray spectrometer (EDX). The elemental and
chemical compositions of the coatings were analyzed by
X-ray photoelectron spectroscope (XPS, PHI Quantera
SXM). The oxidation products were analysed using a D/
max-2500 V X-ray diffractometer (XRD) with Cu-Ka
radiation generated at 40 kV and 200 mA. The Contact
angles (CA) and the sliding angles (SA) were measured by
the sessile-drop method with distilled water (5 lL) on a
DataPhysics OCA20 CA system at room temperature. A
CA value was obtained by the average of at least five
values at different positions of the same sample.

3. Results and Discussion

3.1 Wettability Change of APS Metallic Coatings
with Time

Immediately after plasma spraying, water droplets are
found to wet all the metallic coatings completely. The CA
value, however, increases with exposure time to air, as
shown in Fig. 1(a). The CA change rates and peak values
are different for different coatings, wherein the mixture
coating has the highest change rate and peak CA value.
These results were found to have a good repeatability. It is
worth noting that the contact angle and the sliding angle

of the mixture coating have reached greater than 150� and
lower than 5�, respectively, after exposed to air for
35 days, as shown in Fig. 2(a). The water droplets on such
a surface have nearly spherical shapes (Fig. 2b), which can
drip off rapidly when the surface is slightly inclined. These
results indicate that the surface of the sprayed metallic
Fe-Ni-Cr coating is superhydrophobic, which has a wide
range of applications in many fields (Ref 13–15).

Generally, thermal spray coatings are used after pol-
ishing its surface. For comparison, we also investigated the
wettability of the polished surfaces. The surfaces were
prepared using wet grinding until 1200 grit SiC paper, and
then ultrasonically cleaned in acetone, washed in distilled
water and dried in air. The results are shown in Fig. 1(b).
It can be seen that the contact angle of all coatings in-
creases rapidly in the initial 12 days, and then the value
stays almost constant for the following days. These results
are similar to some previous reports (Ref 16, 17), where
they attributed this phenomenon to the adsorption of
organic substances from the atmosphere. The CA change
rates and peak values of the rough surfaces and the

Table 1 Parameters of the spayed powders

Powder Size, lm Purity, %

Fe £40 >98.5
Cr £40 >99
Ni £75 >99

Table 2 Spray parameters

Classification Condition

Plasma current 440 A
Plasma voltage 44 V
Primary gas flow rate Ar: 40 L/min
Secondary gas flow rate H2: 10 L/min
Carrier gas flow rate 6 L/min
Powder feeding rate 20 g/min
Spray distance 100-120 mm

Fig. 1 The evolution of contact angle of water droplets over
time on the prepared coatings with a rough surface (a) and a
polished one (b)
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polished surfaces are different, which may be correlated to
their surface composition and roughness, as we will discuss
later.

3.2 Surface Characterization Shortly After
Spraying

Figure 3 shows the surface composition of the prepared
mixture coating shortly after spraying (no more than 5 h).
From the EDX and XPS results we can see that the pre-
pared coating surface contains a large number of oxides,
which indicates that the metal powders have suffered
severe oxidation during air plasma spraying. In addition, a
small amount of carbon element (~16.8 at.%) was
detected in the surface. The carbon may come from the
organic substances adsorbed from the air (Ref 16, 17),
because the sample was exposed to air for some short time
period (no more than 5 h) between the plasma spraying
and XPS analysis.

The morphology (microstructure) of the mixture coat-
ing is shown in Fig. 4. As can be seen in Fig. 4(a), islands
of 20-40 lm in diameter with an average distance of about
20-50 lm are distributed across the surface. Figure 4(b) is
the magnification of a local area in Fig. 4(a), showing
numerous smaller particles spread over the large islands.
This dual scale structure is very similar to the morphology
of lotus leaf which has a micro/nano binary structure (Ref
14). Moreover, from the cross-section morphology shown
in Fig. 4(c), we can see that most of the particles flatten
out after impinging and show a lamellar structure, while a
small fraction of particles is unmelted or just partially
melted. The unmelted particles have a distribution in their
sizes.

We can see from this section that the surface contains
large amounts of oxides with a dual-scale morphology.
Oxides have a relatively high surface energy and are
usually hydrophilic. On the other hand, the surface
roughness may contribute positively to hydrophilicity.
Generally, a water droplet on a rough surface is often
modeled by Wenzel or Cassie theory (Ref 18). In the
Wenzel state the liquid fills the grooves on the rough

Fig. 2 (a) The evolution of contact angle and sliding angle over
time on the sprayed mixture coating (the sliding angle 180�
means that a water droplet can not roll off even when the surface
is upturned). The inserted picture is a typical example of a
droplet with a volume of 5 lL on the coating surface which has
been exposed in air for 35 days. (b) A camera picture of water
droplets sitting on the superhydrophobic surface

Fig. 3 (a) The EDX spectrum of the sprayed mixture coating.
(b) XPS spectra of the coating. Line 1 is obtained 5 h after the
spraying process, and line 2 is obtained 35 days after the spraying
process
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surface. In this case the surface roughness has an ampli-
fication effect on hydrophilicity. In Cassie state the liquid
does not fill the grooves and thus form a composite sur-
face, and in this case the surface roughness has an
amplification effect on hydrophobicity. According to pre-
vious study (Ref 19), if the surface energy is high, the
wetting state is more in favor of the Wenzel state.
Immediately after plasma spraying, the surface is mainly
composed of metal oxides with high surface energy. The
carbon material adsorbed from air is not enough to cover
the entire surface or shield the hydrophilicity of the
underlying surface. The intrinsic hydrophilicity of the
underlying surface is then amplified by the dual scale
roughness, according to the Wenzel theory, which clearly
explains the initial superhydrophilicity of the prepared
coating.

3.3 Explanation of the Formation of Dual Scale
Structure

Although the detailed formation mechanism of the
dual scale structure as observed in Fig. 4 is not totally
clear at the moment, the particle size distribution of the
powders is thought to be an important factor. If the bigger
particles in the mixture are not fully melted, then the
solidification of such partial-molten particles upon
impinging with the substrate will lead to the formation of
big islands. On the other hand, the splashing of the fully
molten particles upon impinging with the substrate will
lead to the formation of smaller islands (Ref 12, 20). Also,

some tiny particles in the mixture powders may not be
able to penetrate into the flame center (Ref 21, 22) and
therefore are not fully melted due to low flame tempera-
ture, which would be another reason for the formation of
smaller islands.

To verify this hypothesis, the morphology of the coat-
ings prepared by pure metals was investigated, as shown in
Fig. 5. From Fig 5(a) and (b), we can see that the surfaces
of the sprayed Fe and Cr coatings are relatively smooth,
with no big islands. Many small droplets on the surfaces
can be ascribed to the splashing of the fully melted par-
ticles on the substrates. The lamellar structure of these
two coatings, as represented in Fig. 5(c) the structure of
Fe, further indicates that these two feedstock powders can
be fully melted under the selected conditions. Conversely,
we can see from Fig. 5(d) that the surface of the sprayed
Ni coating is composed of many bigger round particles.
Such morphology indicates that many Ni particles in the
feedstock are not fully melted under the selected spraying
parameters.

It has been reported (Ref 21, 23–25) that the feedstock
particle size has an immense effect on the microstructure
of plasma sprayed coatings. Under certain spraying con-
ditions, only the particles within a certain size range can
be fully melted and form disc splats. The particles with
sizes out of the range cannot be fully melted, which will
introduce unmelted particles into the coating (also the
islands on the surface). Unmelted particles are serious
defects in thermal spray coatings, because they can lead to
many other microdefects such as pores and cracks (Ref 6,

Fig. 4 (a) Morphology of the plasma sprayed mixture coating, (b) a local magnification of (a), and (c) the cross section image
(backscattered electron image)
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26), as shown in Fig. 4(c). These microdefects are detri-
mental to mechanical properties of the coatings but ben-
eficial to superhydrophobicity, which will be discussed in
detail later.

3.4 Surface Composition Change with Time

As we all know, the wettability of a surface is governed
by surface composition and surface morphology (micro-
structure). Due to the fact that the morphology of the
prepared coatings does not change with time, the wetta-
bility change can only be ascribed to the surface energy
change. There must be some low surface energy materials
accumulated on the surface. Based on the XPS results, we
found that the only probable low surface energy materials
are carbon materials, as shown in Fig. 3 and 6. With the C
1s peak being calibrated using the O 1s peak, the atom
fraction of carbon in the mixture coating surface increases
from 0.16, several hours after plasma spraying, to 0.55,
60 days after exposure in air. Although the morphology of
the coating surface may interfere with the XPS intensity,
the macro morphology of the coating is relatively
homogenous and the detected area is large enough, plus
that several repeated experiments showed the same trend,
we think the results shown in Fig. 3 and 6 are relatively
credible.

The deconvolution spectrum of the C 1s XPS spectrum
(Fig. 7) shows that the C 1s of the specimen includes four
absorption peaks, C (284.5 eV), C-H (285.0 eV), C-O
(285.6 eV) and C=O (288.2 eV). The existence of C-H,

C-O and C=O peaks indicates the existence of organic
pollutants by the adsorption of organic substances from
the atmosphere. Previous studies (Ref 16, 17, 27) have
confirmed that metal or metal oxide can spontaneously
adsorb organic materials from air and lead to the decrease
of their surface energy. This adsorption, however, is usu-
ally not enough to transform a hydrophilic solid surface to
a superhydrophobic one. The C (284.5 eV) peak, we

Fig. 5 (a) Morphology of the plasma sprayed Fe coating, (b) morphology of the sprayed Cr coating, (c) a typical cross section image of
sprayed Fe coating, and (d) morphology of the sprayed Ni coating

Fig. 6 Carbon content evolution with time. The inset data
shows the contact angle corresponding to different exposure time
(carbon content)

Journal of Thermal Spray Technology Volume 21(2) March 2012—259

P
e
e
r-R

e
v
ie

w
e
d



propose, originates from two reasons: the C-C bond of the
organic material, and the decomposition of carbon dioxide
by active ferrites.

3.5 Exploration of Carbon Dioxide Decomposition
Mechanism

It is already known that active ferrites such as active
magnetite Fe3O4-d (0 < d<1) and active wustite can
catalyze carbon dioxide into zero valence carbon even at
room temperature, and change to cation-deficient ferrites
because of gradual oxidation (Ref 28–30). Active ferrites
are usually prepared by partial reduction of ferrites in
hydrogen (Ref 29, 31, 32). Recently it is shown that a laser
irradiation can also produce active ferrites (Ref 33). The
technique used in this paper, plasma spraying, is similar to
laser irradiation in terms of the rapid melting and rapid
solidification of metals. It is reasonable to think that
during a rapid melting and solidification process, metal
will suffer different levels of oxidation, and produce oxy-
gen-deficient oxides due to the difficulty of receiving suf-
ficient oxygen. Do these active ferrites exist in the plasma
sprayed surfaces? To explore this, high-resolution XPS of
Fe 2p3/2 and XRD spectrum of the sprayed Fe coating
were obtained shortly after spraying, as shown in Fig. 8(a)
and 8(b). It can be seen that besides a small fraction of
zero valence, the Fe element also stays in different oxi-
dized states, which indicates that the Fe element suffered
different levels of oxidation during plasma spraying.

To further support this hypothesis, all the prepared
coatings were placed in pure CO2 and pure Ar atmo-
sphere, respectively, immediately after the plasma spray-
ing. From Table 3, we can see only the sprayed Fe coating
and the mixture coating placed in pure CO2 show a sig-
nificant change in contact angle. All the other samples
have only a slight increase in contact angle. Obviously,
heating can speed up the increase of water contact angle
on the Fe or mixture coating in pure CO2. Previous studies
(Ref 28–32) have confirmed that carbon dioxide can be

rapidly decomposed into zero valence carbon by active
ferrites under a high temperature. The results of our
experiment can be reasonably explained by the existence
of active ferrites. The existence of zero valence carbon
leads to the decrease of surface energy and thus the
increase of contact angle.

3.6 The Explanation of the Surface Wettability
Change

Immediately after the plasma spraying, the surface of
the sprayed metal coatings is mainly composed of metal
and metal oxide, both of which have a high surface energy.
According to the Wenzel theory, surface roughness can
amplify the surface hydrophilicity, so water droplets are
found to wet completely all the metallic coatings. As the
time elapses, the carbon content in the surface increases
(and accordingly the surface energy decreases), which
results in the increase of the contact angle as shown in

Fig. 7 Peak deconvolution analysis of the XPS for C1s after the
spraying process

Fig. 8 (a) Peak deconvolution analysis of the XPS for Fe 2p3/2

and (b) the XRD spectra of the spayed Fe coating shortly after
the spraying process
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Fig. 6. The deposition of zero valence C as a result of CO2

decomposition is one important source of carbon accu-
mulation. The superhydrophobicity achieved on the
sprayed Fe, Ni and Cr mixture coating is mainly attributed
to its double scale roughness (microstructure) and its low
surface energy. It has been proven that a dual scale
roughness is very crucial for achieving superhydrophob-
icity (Ref 14, 34, 35). In addition, the cracks and pores are
also beneficial to the superhydrophobicity of the mixture
coating, owing to the fact that they can store air and
increase the air-liquid interface fraction of the composite
interface. The increasing of air-liquid interface is prefer-
ential to the Cassie state, which makes the water droplet a
spherical shape on the surface, and ready to roll off the
surface rapidly when slightly tilting the coating.

In Fig.1 we can see that the CA values of the un-pol-
ished coatings increase at a relatively slower rate in the
initial stage, comparing to those of the polished ones. As
explained earlier in this paper, surface roughness can
amplify the surface wettability. In the initial stage, the
deposition of carbon materials is not enough for achieving
hydrophobicity, so the surface roughness may amplify the
hydrophilicity and make the CA value on the rough sur-
faces lower than that on the polished ones. When the
deposition of surface carbon materials is high enough for
achieving hydrophobicity, the surface roughness may fur-
ther amplify this hydrophobicity. On the other hand,
polishing the surface may also remove most of the surface
oxides, and therefore the capture and decomposition of
carbon dioxide is also minimized. The lowering of surface
energy of the polished surfaces is mainly due to the
adsorption of organic materials from the air. This is also
an important reason why the CA values on the polished
surfaces are all lower than 90�.

4. Conclusion

Wetting behaviors of plasma sprayed Fe, Ni, Cr and
their mixture metallic coatings were investigated in this
paper. The Fe, Ni and Cr metal powders suffer severe
oxidation during plasma spraying. The feedstock particle
size distribution has a great influence on the morphology of
the coatings. By mixing metal powders with different sizes,
plasma spraying can introduce a dual-scale micro/sub-
micro morphology to the surface. The carbon content in
the surface is found increasing with time. Besides the
already known mechanism of surface adsorption of organic

substances, it is found in this paper that the rapid melting and
solidification of metals during plasma spraying can produce
active ferrites which can capture carbon dioxide from air and
decompose it into solid carbon. The accumulated carbon can
effectively shield the surface and remarkably increase the
contact angle. On the basis of surface dual scale structures,
the carbon layer eventually induces superhydrophobicity to
the mixture Fe-Ni-Cr coating.
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