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Topographical morphologies of arc sprayed aluminum coatings were tailored by post-spray steam sterilization
processing at 120 °C. The porous needle-like nanostructures show the oxide grains of 250 nm in length and
60 nm inwidth grown on the surface of the coatings. The in-situ growth of the top alumina layer with the unique
nano-patterns on aluminum coatings together with the flattened topography of aluminum formed during the
spraying gave rise to a unique micro-/nano- hybrid structure. The structure and the presence of alumina
synergistically offer the coatings excellent capability to inhibit effectively the adhesion of marine alga Chlorella
and Phaeodactylum tricornutum. Potentiodynamic polarization testing further evidenced significantly enhanced
corrosion resistance of the aluminum coatings after the autoclaving treatment. The results would give insights
into processing thermal sprayed metallic coatings for desired topological structures for versatile properties.

© 2016 Elsevier B.V. All rights reserved.
Keywords:
Aluminum coating
Oxide layer
Autoclaving treatment
Needle-like grains
Antifouling performances
1. Introduction

Steel structures such as bridges, wharfs, platforms, and pipeline
systems used in the harsh marine environment are susceptible to
corrosion and biofouling, causing great loss in economy [1]. A series
of measures have been taken to alleviate corrosion, among which
thermal spray has become a prominent method to prevent effec-
tively the corrosion due to the advantages of easy operation, low
cost and versatile coating materials for long-term applications [2].
Among the thermal sprayed inorganic coatings, aluminum coating
is proven efficient for protecting the marine structures against cor-
rosion owing to its low electrode potential for protective anodizing
and favorable capability of resisting oxidation [3]. Aluminum coat-
ings have been successfully fabricated by various thermal spray
techniques for instance plasma spray [4], arc spray [5], or high ve-
locity oxy-fuel spray [6]. Among these processes, arc spray has
been the most competitive method for making aluminum coatings
with cost-efficiency and inspiring quality and service life of the
coatings [5,7,8]. It was reported that arc spayed aluminum coatings
have provided N20 years maintenance-free services in the marine
environment [9]. For long-term functional services in the marine
environment, post-spray sealing is usually essential for aluminum
coatings [9], which yet persists as the major cause of failure of the
coatings. There have been reports claiming that a highly stable,
continuous, compact and insoluble passive alumina film formed
on the surface of aluminum coating offered protection in both at-
mospheric and marine circumstances [10]. Development of com-
petitive processing techniques for easy construction of the oxide
layer on the top surface of aluminum coatings is therefore of signif-
icant importance for enhanced anti-corrosion performances.

As another key concern for the coatings used in the marine environ-
ment, biofouling has multiple impacts on corrosion. In the marine envi-
ronment, it is acknowledged that N20% of the overall corrosion
is associated with microbial corrosion and degradation [11,12].
Biocorrosion is usually induced through important changes in the vari-
ables like ions, pH values, and oxygen level in localized regions [13,14],
since biofilm would acts as a diffusion barrier to prevent the diffusion of
either oxygen or aggressive ions [14]. In that case, it is easy to form oxy-
gen concentration cell which leads to crevice or pitting corrosion [15].
Meanwhile, metabolic productions of aggressive compounds such as hy-
drogen influence corrosion [16] and anodic or cathodic reactions acceler-
ate corrosion by depolarization effect [17]. To control the biocorrosion, it
is essential to avoid formation of inhomogeneous biofilm. As one of the
major constituents of biofilm, bacteria such as sulfate-reducing bacteria,
pseudomonas aeruginosa and some algae [17,18] participate in the
biocorrosion and bring about great damage. Reducing the adhesion of
the species is therefore the most efficient yet simplest approach
to alleviate biocorrosion. However, construction of antifouling coatings
predominately pertains to use of polymer-based materials [19,20]. To
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Fig. 1. Surfacemorphologies of the as-sprayed coating (a), the post-spray flame-treated coating (b), the post-spray annealed coating (c), and the post-spray autoclaved coating (d) (−2 is
high magnification view of the boxed area in−1, respectively).
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the best knowledge of the authors, there are no available scientific reports
so far focusing on antifouling characteristics of thermal sprayed alumi-
num coatings.

In this paper, thin alumina layer was produced on arc sprayed alumi-
num coatings. Three processing routes, namely flame heating, furnace
heating, and autoclaving treatment, were employed for oxidation
Fig. 2. XPS spectra detected from the surfaces of the coating samples, (a) Al 2p spect
treatment of the top layer of the aluminum coatings after the spraying.
All the treatments resulted in formation of thin alumina layer, however,
the autoclaving treatment operated at 120 °C gave rise to formation of
needle-like patterned nanostructured alumina. Apart from significantly
enhanced anti-corrosion performances, the nano-patterned oxides
showed exciting antifouling characteristics, as suggested by their
ra, and (b) O 1s spectra. All spectra were corrected to the polluted C 1s spectra.



Table 1
Content of elements O and Al in the coatings.

Coating sample O 1s (at.%) Al 2p (at.%) Content of O for Al2O3 (at.%)

As-sprayed Al coating 64.392 35.608 19.94607
Flame-treated Al coating 61.763 38.763 27.49627
Annealed Al coating 68.823 31.177 17.0447
Autoclaved Al coating 67.971 32.029 29.12693
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remarkable capability to resist attachment and colonization of Chlorella
and Phaeodactylum tricornutum. The mechanisms were further discussed
and elucidated.

2. Materials and methods

2.1. Fabrication and characterization of the coatings

Aluminum coatings were deposited by high velocity arc spray (AS,
TLAS-500C, China). For the spraying, the current and voltage of the arc
were set at 80–100 A and 25 V respectively, and the spray distance
was 15 cm. The compressed air with a pressure of 0.5 MPa was used
for the spraying. The coatings with the thickness of ~150 μm were de-
posited on 316 L stainless steel substrates of 20 × 20 × 2mm in dimen-
sion. To achieve oxidation of aluminum on the top surface of the
coatings, three different technical routes were employed, namely
flameheating by aflame spray gun (FS-4 system,WuhanResearch Insti-
tute of Materials Protection, China), annealing treatment at 450 °C for
2 h, and 120 °C steam sterilization for 20 min. For optimization pur-
poses, steam treatment at 100 °C for 20 min and 120 °C for 10 min,
40min, and 60minwas also carried out for the coating samples. The ox-
idation treatment by flame spray was carried out by scanning the sur-
face of the as-sprayed coatings by the flame gun. Microstructural
features of the samples were examined by field emission scanning elec-
tron microscopy (FESEM, FEI Quanta FEG 250, the Netherlands). The
chemistry of the coatings was further analyzed by X-ray photoelectron
spectroscopy (XPS, AXIS Ultra DLD, Kratos).

2.2. Preparation of algal strains and algal adhesion testing

Antifouling performances of the coatings after construction of the
top oxide layer were assessed by examining the adhesion of typical ma-
rine algae on their surfaces. The adhesion testingwas conducted in arti-
ficial seawater (ASW) prepared according to ASTM D1141-98. All
reagents and solvents were used as received without any further
Fig. 3. CLSM images showing adhesion of Chlorella (−1) and Phaeodactylum tricornutum (−2) o
annealed Al coating (c), and the post-spray autoclaved Al coating (d).
purification. Marine strains Chlorella (Chlorophyta) and Phaeodactylum
tricornutum (Bacillariophyta) were selected for the testing. The spheri-
cally shaped Chlorellawas categorized as one of the colonizers on artifi-
cial surface in the marine environment [21,22]. Phaeodactylum
tricornutum are coastal marine pennate diatoms that are usually consid-
ered as model organism for diatom-related research [23,24], and they
participate in the early stage of biofouling and often dominate the
fouling [25]. Chlorella was cultured in enriched filtered sterilized
seawater with Guillard's F/2 growth medium, while Phaeodactylum
tricornutum was cultured in sterilized seawater with silicate-enriched
Guillard's F/2 growth medium. The algae were cultured in an incubator
with a 12 h: 12 h light/dark cycle at 22 °C. The algae used in our exper-
iments were in the exponential phase of growth.

4 ml algal suspension with the algal concentration of 5 × 106 ml−1

were used for the adhesion testing. The coating samples were soaked by
the algal suspension in shaker (to avoid deposition) for 3 days with a
12 h:12 h light/dark cycle at 22 °C. Prior to being put in 6-well plates,
the coating samples were ultrasonically washed with ethanol and subse-
quent deionized water and then dried under a flow of dried air at 37 °C.
After the incubation, the wafers were washedwith sterile seawater to re-
move the algae that did not adhere and thenfixed by 2.5% glutaraldehyde
in ASW for 2 h. The sampleswere observed by confocal laser scanningmi-
croscopy (CLSM, Leica TCS SP5, Germany) equippedwith LAS AF Lite soft-
ware and FESEM. For FESEMobservation, dehydration of the sampleswas
made through the critical point drying using 25%, 50%, 75%, 90%, and 100%
ethanol solution successively. Due to the rough nature of the coating sur-
face, CLSM pictures were captured layer by layer and then were 3D
projected by LASAF Lite software to reconstruct desired images. Adhesion
of the algae was in accordance with the content of chlorophyll a. Chloro-
phyll a in ethanol solvent was detected at the wavelength of 629 nm,
649 nm, and 665 nm by a microplate reader (SpectraMax 190, Molecular
Devices, USA) following a previously established protocol [26]. The equa-
tion for calculating chlorophyll a (Chl a) of Chlorella in ethanol was: Chl a
(μg/ml) ≈ −5.2007A649 + 13.5275A665 and that of Phaeodactylum
tricornutum was: Chl a (μg/ml) ≈ −1.4014A629 + 12.1551A665 as per
the reported protocol [26]. Each testing was repeated in triplicate.

2.3. Potentiodynamic polarization testing

Prior to the testing, the coating samples were sealed by epoxy with
an exposed testing surface area of 10 × 10 mm2. A traditional three-
electrode cell was used, with 1 cm2 platinum as the counter electrode,
a saturated calomel electrode (SCE) as the reference electrode and the
specimen as the working electrode. Polarization curves were acquired
n the as-sprayed Al coating (a), the post-spray flame-treated Al coating (b), the post-spray



Fig. 4. Content of chlorophyll a detected from the adhered Chlorella and Phaeodactylum
tricornutum on the coatings. Error bars are shown as ±SD (n = 3). ***: p b 0.005 as
compared with the as-sprayed coating. The testing was conducted after 3 days
incubation of the coating samples.
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on a Solartron Modulab system (2100A, UK) for the samples immersed
in room temperature ASWwithout stirring. Potentiodynamic polariza-
tion curves were acquired with the potential range of −500 mV to
500mVversus Eocp at a scan rate of 0.5mV/s and the corrosion potential
(Ecorr) and the corrosion current density (Icorr) were calculated by
Modulab software. Each testing was repeated in triplicate.

3. Results and discussion

The as-sprayed aluminum coating exhibits a typical laminar struc-
ture and flattened aluminum splats are clearly seen on their surfaces
(Fig. 1a). Complete melting state of aluminum is suggested. Close view
of the surface of the as-sprayed coating shows appearance of many ir-
regular particles with granular sizes b100 nm (mean granular size:
~20 nm, Fig. 1a-1). This structural feature is also observed on the sur-
faces of the flame treated coating (Fig. 1b) and the annealed coating
(Fig. 1c). Aggregation of the irregular particles is shown for the annealed
coating (Fig. 1c-2 versus a-2 and b-2), exhibiting enlarged granular sizes
of up to 600 nm. Surprisingly, however, it is noted that the autoclaving
treatment at 120 °C for 20 min brought about distinctive topographical
features, that is, needle-like grainswith unique patterns are seen on the
surface of the coating (Fig. 1d). Other autoclaving treatment conditions
did not bring about formation of the nanostructures. The patterned
structure shows the grains of ~250 nm in length and ~60 nm in
width. This is indeed a multiscaled micro−/nano- structure (Fig. 1d-1
and d-2).
Fig. 5. SEM images showing the topographical morphology of the coatings after 3 days incuba
treated coating, (c) the post-spray annealed coating, and (d) the post-spray autoclaved coating
Further XPS detection indicates occurring of oxidation of aluminum
during either the coating fabrication stage or the post-spray treatments
(Fig. 2), regardless of the fact that the oxidation extent differs in the top
layer of the coatings. For the XPS analyses, carbon peak was used as an
internal calibration standard. Al 2p spectrum is acquired and the enve-
lopes are respectively fitted with more than two components, without
the spin-orbit splitting of Al 2p level, although the separations of the
Al 2p spectra from aluminum oxides or hydroxides are b1 eV [27]. The
irregular grains (Fig. 1a-2, b-2, c-2) and the needle-like grains
(Fig. 1d-2) are alumina phase. The broad nature of the Al 2p peak indi-
cates that the surface components of the as-sprayed aluminum coating
consists of halides (76.58 eV) and Al2O3 alpha (74.58 eV) [28]. The ap-
pearance of a shoulder on the low-binding-energy side of the flame-
treated coating is attributed to Al phase, which also consists of alumina
at 75.8 eV [29] and AlOOH at 74.26 eV [30]. The XPS curve for the
annealed coating also shows presence of the peaks for Al, AlOOH
(73.64 eV), alpha-Al2O3 and Al2O3. Alumina is the dominate phase in
the thin top layer of the autoclaving treated aluminum coating. Addi-
tional XPS detection for oxygen suggests the same results (Fig. 2b).
O1s peak is smooth and broad, and is located in the range of 529.60–
531.80 eV with a full-width at half maxima of around 3 eV. It appears
that the oxygen signal is mainly attributed to AlOOH (531.80 eV) [31],
Al2O3 (530.80 eV) [32], OH (529.60 eV) [33], and H2O (532.93 eV)
[32]. Surprisingly, trace of AlOOH is detected on the O1s curve, but it
was not observed on Al2p spectra. It is therefore speculated that
AlOOH is not stable, and easily forms Al2O3 by the decomposition:
2AlOOH (s) = Al2O3 (s) + H2O (g) [29].

Aluminum has high reactivity toward water and oxygen [30], and
this could easily explain the appearance of alumina on the as-sprayed
aluminumcoating. TheXPS results suggest alternative extents of the ox-
idation of aluminum on the surfaces of the coatings, and the newly in-
situ grown layer with the needle-like structure comprises alumina. For
the as-sprayed coating, the flame treated coating, and the annealing
treated coating, aluminum reacts directly with oxygen in air to form
alumina. It is not surprising that more alumina was seen for the
flame-heated coatings than the as-sprayed one (Table 1) since further
oxidation is anticipated during the heating. In the autoclaving environ-
ment, aluminum likely reacts with water steam through the following
reaction: 2Al (s) + 3H2O (g) = Al2O3 (s) + 3H2 (g) [34]. Formation of
the needle-like alumina grains is attributed to the particular treating
conditions, 120 °C steam sterilization for 20 min. Surface roughing of
aluminum alloy is usually accomplished by boiling water treatment
[35,36] through the chemical reaction of Al with H2O and physical ero-
sion of air bubble [34]. In our case, it is speculated that gas escaping
could be mainly responsible for the formation of the patterned nano-
structures of the grown alumina since H2 (g) could easily get out with-
out water barrier. Taking into account the pre-existing micron-sized
tion in Chlorella-containing solution, (a) the as-sprayed coating, (b) the post-spray flame-
(−2 is high magnification view of the boxed area in−1, respectively).



Fig. 6. SEM images showing the topographical morphology of the coatings after 3 days incubation in Phaeodactylum tricornutum-containing solution, (a) the as-sprayed coating, (b) the
post-spray flame-treated coating, (c) the post-spray annealed coating, and (d) the post-spray autoclaved coating (−2 is high magnification view of the boxed area in−1, respectively).
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surface roughness of the as-sprayed aluminum coating, the autoclaved
coating already possesses micro-/nano- hybrid topography, which
would in turn facilitate multiple functions of the coatings. Among the
performances expected for aluminum coatings used in themarine envi-
ronment, anti-corrosion is the predominate concern, which has been
extensively investigated and elucidated [35]. The special structural fea-
tures exhibited by the autoclaving treated aluminum coatings might
offer the coatings antifouling function, which has never been realized
for aluminum coatings.

The antifouling testing against adhesion of algae indeed suggests ex-
cellent antifouling performances of the autoclaving treated coatings.
CLSM observation of the aluminum coatings after incubation in the
media containing Chlorella and Phaeodactylum tricornutum for 3 days
shows that the micro-/nano- surface pattern gave rise to effectively
constrained colonization of the species (Fig. 3). This is encouraging
since it is the first time to note such antifouling properties of thermal
sprayed aluminum coatings. However, the presence of alumina phases
alone does not provide the coatings with the antifouling characteristics
(Fig. 3b, c). Multiple layers of the algae and even their aggregation are
seen for the as-sprayed coating, the flame-heated coating, and the
annealed coating (Fig. 3a, b, c), even though slight differences in ad-
hered diatoms are evident for the samples. Adhesion of Phaeodactylum
tricornutum and Chlorella is hardly seen on the surface of the autoclaved
aluminum coating, evidencing the promising effect achieved by the in-
situ formed micro-/nano- hybrid surface structures.

Adhesion of the algae on the coatings was further quantitatively
assessed by calculating chlorophyll a (Fig. 4), which is directly related
to the number of adhered algae. Slight difference in adhered Chlorella
is revealed for the as-sprayed coating, the flame-treated coating, and
the annealed coating, whereas the attachment and colonization of
Fig. 7. Potentiodynamic polarization curves of the coatings.
Chlorella on the autoclaved coating is significantly constrained
(0.15 μg/ml versus 1.33 μg/ml, 1.12 μg/ml, and 1.15 μg/ml). Similar
trend is also realized for the adhesion of Phaeodactylum tricornutum
(0.11 μg/ml versus 0.44 μg/ml, 0.43 μg/ml, and 0.35 μg/ml). In addition,
content of chlorophyll a from Chlorella differs from the other species,
Phaeodactylum tricornutum. There is therefore no doubt that the tex-
tured alumina layer reduced algal adhesion.

Morphological examination by FESEM of the samples after the incu-
bation in the algae-containing solution shows adhered Chlorella and
Phaeodactylum tricornutum on the as-sprayed coating, theflame-treated
coating, and the annealed coating (Figs. 5, 6). For these coating samples,
Al2O3 particles are seen on their surfaces, which is most likely due to
galvanic corrosion of aluminum in the solution. This did not happen
for the autoclaved coatings (Figs. 5d and 6d). It is interesting to note
that after the incubation, all the coatings show needle-like surface mor-
phology. However, the physical features, e.g., shape and size, of the
grains are markedly different from those of the needle-like alumina in-
duced by the autoclaving treatment. The structure on those three types
of coatings is apparently formed by the corrosion products after the
immersion in algal suspensions [1]. The autoclaved coating shows neg-
ligible changes in topographical morphology, that is, the alumina nano-
pattern keeps almost intact even after the 3 days incubation. This phe-
nomenon on the other hand indicates that the in-situ grown Al2O3 iso-
lates direct contact of aluminum coating with ASW, in turn achieving
enhanced corrosion resistance.

The enhanced corrosion resistance is evidenced by the electrochem-
ical testing (Fig. 7). The potentiodynamic polarization curves show
clearly significantly reduced corrosion current and slightly increased
corrosion voltage, suggesting decreased corrosion rate and reinforced
capability to resist corrosion. Ecorr of the as-sprayed coating, the flame-
treated coating, the annealed coating, and the autoclaving-treated
coating is −761.5 mV, −794.7 mV, −786.7 mV, and −768.4 mV,
respectively. Appearance of the breakdown of potential above about
−250 mV for the autoclaved coating likely indicates micro-cracking of
the passive film on its surface. Significant changes in Icorr and corrosion
rate for the coatings are also obtained. Significantly decreased corrosion
density is revealed for the autoclaving treated coating (1.44 μA/cm2) as
compared to the as-sprayed coating (19.09 μA/cm2), the flame treated
coating (2.26 μA/cm2), and the annealed coating (19.48 μA/cm2). It
was reported that ASW facilitates galvanic corrosion by contact be-
tween differentmetals such as 316 L and aluminumcoating [4] and trig-
gers formation of a galvanic cell to accelerate aluminum coating
corrosion [37].

Since thermal sprayed aluminum coating is usually porous in nature,
in order to improve its corrosion resistance, sealing or other surface
modification is essential. Our research proves that surface oxidation
alone does not provide the coating with altered anti-corrosion or



300 X. He et al. / Surface & Coatings Technology 309 (2017) 295–300
antifouling performances. Instead, it is exciting to note that oxidation of
the top thin layer of the aluminum coating and the textured topography
synergistically affect the performances. The arc spray alone already
equips the coating with micron-sized rough surface, and the additional
oxidation treatment in autoclaving environment further gives the coat-
ing nanosized texture. The most striking finding of this research is that
the multiscaled oxide structure exhibits remarkable antifouling perfor-
mances. The individual alga is likely bridged by several adjacent oxide
grains upon its settlement since its size is much larger than individual
oxide grains. Significantly decreased attachment area would reduce
the adhesion [38]. In addition, the newly grown Al2O3 layer with very
little conductivity [10] on aluminum coating can also serve as dielectric
shielding confining electrical charge transport and ions exchange to the
corrodible area, thereby improving the corrosion resistance of the coat-
ing. The autoclaving approach shows great promise for constructing
nano-porous alumina grains on thermal sprayed aluminum coatings
for their widespread marine applications.
4. Conclusions

Steam sterilization treatment at 120 °C has been carried out
for arc sprayed aluminum coatings and newly grown alumina was
accomplished on their surfaces. The layer comprising needle-like
alumina grains possesses nano-porous topographical structure. The
micro-/nano- hybrid structural feature and the alumina phase synergis-
tically play roles in enhancing the anti-corrosion and antifouling perfor-
mances. It is for the first time realized that the unique topographical
pattern resists effectively adhesion of typical marine algae. In addition,
formation of the continuous, adhesive, insoluble and strongly passive
alumina film provides the aluminum coating with an excellent barrier
and protective layer against corrosion. The results would give insight
into in-situ construction of inert oxide layer with patterned topography
on metallic coatings for extensive applications.
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