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Abstract In this study, Fe-based amorphous/nanocrys-
talline coatings consisting of Fes3Cri9Zr;Mo,C;gSi were
fabricated by high-velocity oxy-fuel spray. For compara-
tive study, further crystallization annealing treatment at
750 °C was carried out for the coatings. The microstruc-
ture, corrosion resistance and algal adhesion behaviors of
the as-sprayed and annealed coatings were systematically
investigated by scanning electron microscopy, X-ray
diffraction, transmission electron microscopy, electro-
chemical testing and laser confocal scanning microscopy,
respectively. Results show that the as-sprayed coatings
exhibited excellent corrosion resistance and decreased
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algal adhesion, while the annealed coatings displayed
compromised anti-corrosion performances, but signifi-
cantly inhibited the adhesion of typical algae Phaeo-
dactylum tricornutum.
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Introduction

Biofouling and corrosion are the two major problems for
marine equipment (Ref 1, 2). To date, varieties of tech-
niques have been explored to alleviate or prevent the
occurrence of corrosion (Ref 3, 4) and biofouling (Ref 5-9)
in marine environment, among which thermal-sprayed
metallic coatings have shown long-term protection for
marine artificial infrastructures (Ref 10, 11). For example,
thermal-sprayed metallic coatings (Fe-based amorphous
coating and Al-based marine coatings) (Ref 12, 13) and
polyethylene—Cu composite coatings (Ref 10) have been
proven to perform well in simulated marine environment.
Our recent researches showed that thermal-sprayed super-
hydrophobic and micropatterned surfaces displayed excel-
lent anti-corrosion and anti-biofouling performances (Ref
9, 14). However, knowledge about corrosion and biofoul-
ing behaviors of thermal-sprayed coatings in the marine
environment is still insufficient.

Thermal-sprayed Fe-based amorphous/nanocrystalline
coatings have attracted much attention for potential appli-
cations, owing to their excellent anti-corrosion/wear per-
formances, high strength, low material cost and processing
capabilities. Thermal spray processing such as atmospheric
plasma spray (Ref 15), arc spray (Ref 16), kinetic spray
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(Ref 17) and high-velocity oxy-fuel (HVOF) spray (Ref 18)
has been successfully used for fabricating Fe-based coat-
ings with hybrid amorphous/nanocrystalline structures.
Among the abovementioned thermal-sprayed coatings,
HVOF-sprayed coatings have favorable properties such as
lower porosity, higher adhesion, higher hardness and
compression stresses (Ref 19, 20). Furthermore, many
studies have implied that thermal-sprayed Fe-based amor-
phous coatings exhibit excellent corrosion resistance (Ref
21, 22). For instance, Farmer et al. have demonstrated that
thermal-sprayed Fe497Cr177Mn; oW 6B152C3.8512.4
(SAM2X5) coatings with amorphous structure can provide
outstanding corrosion resistance in chloride solution (Ref
21). Zhang et al. prepared an Fey3CrisMo4C;5BgY>
amorphous coating by HVOF method, and the corrosion
behavior of the coatings was investigated in 3.5 wt.% NaCl
solution (Ref 23). Mahata et al. reported the electrochem-
ical behavior of Fe;3 135111.12B10.79C12.24C5 72 coating with
amorphous/nanocrystalline hybrid structures, and the
coating showed excellent corrosion resistance (Ref 24).
Our earlier study has demonstrated that the microstructure,
corrosion resistance and cell adhesion were significantly
affected by additional annealing treatment of the Fe-based
amorphous coatings (Ref 11). Nevertheless, to the best of
our knowledge, this is the first study on adhesion of typical
microfoulers on thermal-sprayed Fe-based amor-
phous/nanocrystalline coatings.

In this study, Fe-based amorphous/nanocrystalline
composite coatings were deposited on 316L stainless steel
(316L SS) substrates by HVOF spraying. Crystallization of
the as-sprayed coatings was accomplished by further
annealing treatment. To comparatively investigate the
influence of amorphicity of the coatings on microstructure,
corrosion resistance and algal adhesion behaviors of the
coatings, both the as-sprayed and annealed coatings were
investigated.

Materials and Methods

Micron-sized (+ 30-150 pm) Fe-based powder with an
amorphicity of 36.82% made by gas atomization in high-
pressure argon atmosphere was used as the starting feed-
stock. Fe-based amorphous/nanocrystalline coatings con-
sisting of Fes3Cri9Zr;Mo,CgSi  with an enhanced
amorphicity of 55.85% were prepared by a HVOF system
(CJKS, Castolin Eutectic, Germany) (Ref 11). The spraying
parameters employed in the HVOF process are presented in
Table 1. 316L SS plates with a dimension of
20 x 20 x 2 mm were used as substrates. Prior to the
deposition, the substrates were degreased in acetone, dried
in air and sandblasted. For further crystallization treatment,
the as-sprayed coatings were heat-treated at 750 °C (based
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Table 1 HVOF spray parameters

Oxygen flow rate, mL/min 800 mL/min
Kerosene flow rate, mL/min 400 mL/min
Spraying distance, mm 300 mm
Carrier gas flow rate, mL/min 8.5 mL/min
Feed rate, g/min 35 g/min

on the DSC analysis) for 1 h and then naturally cooled
down to room temperature in a vacuum furnace (Ref 11).

Microstructure of the feedstock powder and the coatings
was examined by field emission scanning electron micro-
scopy (FESEM) (FEI Quanta FEG250, the Netherlands)
equipped with energy-dispersive spectroscopy (EDS).
Selected area electron diffraction (SEAD) and the coatings’
finer-scale microstructure characterization were performed
by transmission electron microscopy (TEM, FEI Tecnai
F20, the Netherlands). Phase composition of the samples
were investigated by x-ray diffraction (XRD, D8 Advance,
Bruker AXS, Germany) with Cu Ko radiation operated at
40 kV and a scanning rate of 0.1°/s. The goniometer was
run with a step size of 0.033°/s from 20° to 90° of 26. XRD
patterns were used to calculate the amorphicity of the
powder, the as-sprayed coatings and the annealed coatings.

Prior to potentiodynamic polarization testing, the sam-
ples were mirror-polished and then degreased with acetone,
ultrasonically washed with deionized water and dried,
respectively. All the samples were sealed by epoxy to gain
an exposed testing surface area of 10 x 10 mm? and
immersed in 3.5 wt.% NaCl solution for 1 h before elec-
trochemical signals were acquired. Each testing was repe-
ated at least three times to ensure reproducibility. A
traditional three-electrode cell was used, with a platinum
plate as the counter-electrode, the specimen having an
exposed area of 10 x 10 mm? as the working electrode
and a saturated calomel electrode (SCE) as the reference
electrode. Potentiodynamic polarization of the samples was
assessed in 3.5 wt.% NaCl solution at room temperature
using a Solartron Modulab System (2100A, UK). Poten-
tiodynamic polarization curves were obtained with a
potential scan rate of 0.5 mV/s. The surfaces of the sam-
ples after potentiodynamic polarization testing were
observed by SEM.

Phaeodactylum tricornutum was used as the model
organism in this study (Ref 25, 26). Artificial seawater
(ASW) was prepared according to ASTM D1141-98.
Phaeodactylum tricornutum was cultured in silicate-en-
riched Guillard’s F/2 growth medium at 20 °C. Algae
during exponential phase growth were used for the testing.
The samples were firstly polished to mirror finish and then
ultrasonically cleaned with ethanol and deionized water,
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respectively. Subsequently, the samples were dried in air at
37 °C and sealed by epoxy to obtain an exposed area of
10 x 10 mm?®. Finally, they were vertically put into bea-
kers containing Phaeodactylum tricornutum and cultured
for 1, 3 and 7 days, respectively, in a growth chamber with
a 12 h:12 h light/dark cycle at 22 °C. Each beaker con-
tained 120 mL algal suspension with an initial algal con-
centration of 5 x 10® mL™'. After incubation, the samples
were washed with sterile ASW for three times to remove
non-adhered algae, fixed by 2.5% glutaraldehyde for 2 h
and then examined by confocal laser scanning microscopy
(CLSM, Leica TCS SP5, Germany) and FESEM. The
adhesion ratios were quantified by using the software
image. The statistical analysis was performed at confidence
levels of 95% and 99% by one-sample test (OriginPro
version 8.5).

Results and Discussion

The morphology of the powder feedstock is shown in
Fig. 1. Majority of the particles are spherical with the
diameters of ~ 30-150 um (Fig. 1). XRD patterns of the
powder and coatings are shown in Fig. 2. The XRD pattern
of the as-sprayed coating exhibited a broad halo peak
around 20 ~ 45°, indicating the predominate presence of
amorphous phase in the as-sprayed coating. It is noted that
the powder shows several crystalline diffraction peaks,
suggesting certain nanocrystalline phases. The major
crystalline phase is found to be composed of o-Fe (JCPDS
Card No.: 65-4899). The as-sprayed coating only shows a
broader and weaker halo peak, indicating enhanced amor-
phicity as compared to the starting feedstock. This phe-
nomenon can be explained that HVOF deposition
processing brings about high cooling rate for sprayed
droplets upon impingement onto substrate surface (Ref 27).

On the contrary, after annealing treatment of the as-sprayed
coating for 1 h at 750 °C, the broad halo peak almost
disappears and sharper crystalline peaks emerge, indicating
formation of nanocrystalline phases (a-Fe) (Ref 11, 18).
This is likely owing to recrystallization of the amorphous
phase.

Characterization of the surface and the cross-sectional
morphology of the as-sprayed and annealed coatings shows
well-flattened splats and partially melted particles in the
coatings (Fig. 3). The presence of the heterogeneous pha-
ses suggests that some particles were not fully melted
during the spraying process (Fig. 3a-1). The as-sprayed
coating exhibits a thickness of ~ 150 um (Fig. 3a-3). In
addition, some visible pores were observed from the cross
section of the as-sprayed coating. After the annealing
treatment, weakened splats’ interfaces but densified struc-
tures with diminished flaws can be seen in Fig. 3(b-3). A
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Fig. 2 XRD patterns of the powder, the as-sprayed coating and the
annealed coating
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Fig. 1 FESEM images of the starting powder (b) is enlarged views of selected particles shown in (a)
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Fig. 3 FESEM images showing the topographical and cross-sectional morphologies of the as-sprayed coating (a) and the annealed coating
(b) (— 2 are enlarged views of selected area in — 1, scale bar: 500 um in (a-1, b-1), 50 pm in (a-2, b-2), 100 pm in (a-3, b-3), respectively)

Fig. 4 TEM images of the as-sprayed coating (a) and the annealed coating (b)

similar phenomenon has been reported, which might be due
to possible occurrence of diffusion and sintering during
heat treatment process (Ref 11).

To further investigate the microstructure of the coatings,
TEM characterization was carried out (Fig. 4). It can be
seen from the selected area electron diffraction (SAED)
pattern (inset of Fig. 4a) that few spots are superimposed
on the diffused halo ring and some nanocrystalline grains

@ Springer

can be observed in the corresponding bright field (high-
lighted by the arrowhead, Fig. 4a), indicating that the
majority of the phases in the as-sprayed coating are
amorphous and a small fraction of nanocrystalline phase is
not uniformly embedded in the amorphous matrix. How-
ever, the SAED pattern (inset of Fig. 4b) shows much more
nanocrystalline phases in the annealed coating than those in
the as-sprayed coating. Also amorphous and
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nanocrystalline phases can be clearly seen in the bright
field (Fig. 4b). It is likely that crystallization of the amor-
phous matrix results in formation of nanocrystalline grains

0.31—=—316L
—e—as-sprayed
0.0 { ——annealed

2
3 -0.3 4
ld
>
2 -0.6
=

-0.9 4

-1.2 —77

7 6 5 -4 3 2
Logi (A /cm?)

Fig. 5 Potentiodynamic polarization curves of the 316L SS, the as-
sprayed coating and the annealed coating tested in 3.5% NaCl
solution

Fig. 6 FESEM micrographs of
(a) the 316L SS, (b) the as-
sprayed coating and (c) the ;
annealed coating after the St e
polarization test in 3.5 wt.%

NaCl solution (scale bar: - e ’
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in the annealed coatings. This is consistent with the XRD
result (Fig. 2).

The coatings exhibit a hybrid structure of amorphous
and nanocrystalline phases with the composition of Fess.
Cr9Zr7;Mo0,C,gSi. It is known that the addition of Mo and
Cr can enhance the corrosion resistance of the Fe-based
amorphous/nanocrystalline composite coatings (Ref 28).
Cr is one of the key passivating elements for high corrosion
resistance, while Mo can prevent the dissolution of Cr
during passivation to stabilize the passive film. Figure 5
shows the potentiodynamic polarization curves of the 316L
SS, the as-sprayed coating and the annealed coating tested
in 3.5 wt.% NaCl solution. The corrosion current density of
the as-sprayed coating (7.856 x 1077 A/em?) is much
lower than that of the annealed coating (5.304 x 107° A/
cm?). Tt is believed that a lower corrosion current density
corresponds to a lower corrosion rate (Ref 29, 30). It is
likely that the ultrafine nanocrystalline phases uniformly
embedded in the amorphous matrix provide homogenous
substrate for formation of passive film to improve the
corrosion resistance. In contrast, the annealed coating dis-
plays lower corrosion potential (E..) and higher passive
current density (/o) than the 316L SS and the as-sprayed
coating, suggesting deteriorated corrosion resistance. This

4
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Fig. 7 CLSM images showing the adhesion of Phaeodactylum
tricornutum on (a) the 316L SS, (b) the as-sprayed coating and
(c) the annealed coating after incubation in Phaeodactylum

is probably due to the combining effect brought about by
crystallization treatment and porosity. It has been reported
that crystallization treatments could generate grain
boundaries, crystalline defects and segregates (Ref 31). In
addition, the annealed coating can passivate spontaneously
with the lowest pitting potential, implying a relatively
lower pitting corrosion resistance than those of the 316L
SS and the as-sprayed coating.

Furthermore, obvious pits can be observed on the 316L
SS plate after the polarization testing (Fig. 6a). On the
contrary, fewer and smaller pits are sparely distributed on
the surface of the as-sprayed coating (Fig. 6b), indicating
its better corrosion resistance property. This might mainly
result from its homogeneous phase structure. However, for
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tricornutum-containing solution (— 1 is for 1 day, — 2 is for 3 days,
— 3 is for 7 days, scale bar: 250 pm)

the annealed coating, the corrosion damage became more
serious as indicated by numerous corrosion products
(Fig. 6¢). Cr-related or Fe-related corrosion products
formed on the surfaces of the annealed coatings, likely
leading to breakdown of the passivity. In addition, metal
oxides can impede formation of dense passive films and
even become the diffusion channels for electrolyte in
sodium chloride solution and consequently cause inner
corrosion (Ref 27). Corrosion damages mainly occur at
intersplats where oxygen is enriched (Ref 32) and crys-
tallization initiated. And formation of carbides simultane-
ously affects structures and compositions of passive film,
decreasing productivity of passive film through reducing
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Fig. 8 Adhesion ratio of Phaeodactylum tricornutum on the samples
(area %). Error bars are shown as £ SD (n = 3). *p < 0.05 and
#%p < 0.01 compared with the 316L SS, “p < 0.05 and **p < 0.01
compared with the as-sprayed coating

the amount of (Cr, Mo) oxides. This phenomenon agrees
well with our electrochemical testing result (Fig. 5).
Figure 7 shows CLSM observation of the adhesion of
typical algae Phaeodactylum tricornutum on the 316L SS,
the as-sprayed coatings and the annealed coatings. After
incubation for 1 day, comparable algal adhesion on the
surfaces of the 316L SS, the as-sprayed coatings and the
annealed coatings is seen (Fig. 7-1). After incubation for
3 days, the amount of the adhered alga sharply increased
on all the samples, yet fewer alga adhered on the as-
sprayed coatings and the annealed coatings than that on the
316L SS (Fig. 7-2). As incubation time was prolonged to
7 days, further enhanced adhesion of Phaeodactylum tri-
cornutum is seen on the surface of the 316L SS (Fig. 7-3).
However, it is worth noting that the adhesion of Phaeo-
dactylum tricornutum on the coatings, especially on the
annealed coatings, was significantly inhibited (Fig. 7¢c-3).
Figure 8 shows the quantitative assessment of Phaeo-
dactylum tricornutum colonized on the surfaces of the
samples. There is no significant difference in algal adhe-
sion on all the surfaces after 1 day incubation. After 3 days
incubation, the algal adhesion ratio of ~ 20% for the 316L
SS, but only ~ 17% and ~ 12% for the as-sprayed
coatings and the annealed coatings was observed, respec-
tively. Furthermore, after 7 days incubation, the algal
adhesion ratio increases to ~ 31% on the surface of the
316L SS. However, the adhesion ratio decreases to ~ 12%
and ~ 1% for the as-sprayed coatings and the annealed
coatings, respectively. It is interesting to note that the
amount of adhered Phaeodactylum tricornutum signifi-
cantly decreased on the surface of the as-sprayed coatings
and especially the annealed coatings. It is likely that cor-
rosion products would affect growth or adhesion of algae,

in turn resulting in constrained adhesion. Consistent with
this, it has been reported that heavy metals could bring
about damage to DNA by interacting with DNA directly or
its replication (Ref 33), and the effect of Cr ions is similar
to that of Cu and Hg for photosynthesis and growth of
diatoms (Ref 34). It is also likely that as a result of high
corrosion rate of the coatings, peeling off of Phaeodacty-
lum tricornutum with the corrosion products happened
during the incubation.

Conclusions

In this study, Fe-based amorphous/nanocrystalline coatings
consisting of Fes3Crj9Zr;Mo,CgSi were fabricated by
HVOF. The as-sprayed coatings showed remarkably
enhanced corrosion resistance as compared to the annealed
coatings tested in 3.5 wt.% NaCl solution. It was realized
that the as-sprayed coatings with amorphous and
nanocrystalline hybrid structures inhibited the attachment
of alga, while the annealed coatings showed further
enhanced capability of inhibiting the adhesion of algal.
This study might open a new window for modifying
amorphous coatings for potential marine applications.
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