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A B S T R A C T

The booming ocean economy in recent decades crucially demands advanced anti-corrosion technologies for
marine infrastructures. Among the marine protective coatings developed in past decades, thermal sprayed
aluminium coating was evidenced to be one of the most economical and efficient corrosion protection layers.
Yet, marine corrosion is always accompanied by biofouling which in most cases accelerates corrosion. Here we
report arc spray fabrication of novel aluminium-copper coatings using home-made Al-Cu cored wires for both
anti-corrosion and antifouling performances. Copper particles were dispersed in the as-sprayed coatings, and
TEM characterization further revealed partial interaction of Cu particles with Al matrix during the coating
deposition. The chemical reaction with the formation of Al2Cu offered an anchoring effect for the coatings
preventing Cu particles from quick releasing into aqueous environment. Electrochemical testing in artificial
seawater showed that the presence of Cu in Al coatings did not trigger considerable deterioration in corrosion
resistance. Further antifouling testing of the coatings by examining settlement and colonization behaviors of
bacteria E. coli and Bacillus sp. and typical marine algae revealed their excellent antifouling performances. The
antifouling properties were predominately attributed to the continuous release of copper ions from the coatings.
The results give clear insight into constructing anti-corrosion/fouling inorganic coatings by the cored-wire arc
spray technical route for marine applications.

1. Introduction

Corrosion is one of the predominant worldwide concerns in modern
marine industries, which impact on the service reliability of marine
materials, causing substantial economic losses. Thermal spray has been
proven to be an efficient surface protection technique, in particular in
fabricating anti-corrosion coatings on marine materials surfaces [1–4].
Thermal sprayed metallic coatings, such as aluminium, zinc, and alu-
minium-zinc alloy coatings, were extensively used for marine corrosion
protection. Owing to the cost-efficiency, light weight, and remarkable
anti-corrosion properties [5], Al-based coatings performed well in
corrosive environment for up to 30 years [6–8]. However, it should be
noted that apart from the corrosion in the marine environment, marine
biofouling is another major concern for marine infrastructures. Marine
biofouling is a negative phenomenon brought about by adherence of
marine microbes to the surfaces immersed in seawater [9]. Biofouling
usually causes a variety of problems for instance reduced ship speed,
increased fuel consumption of vessels, microbiologically induced

corrosion, and pipe clogging. Therefore appropriate measures must be
taken for marine structures to combat biofouling [10]. In recent dec-
ades, many marine antifouling technologies have been widely explored
[11], which were mainly related to organic painting [12,13]. For
thermal sprayed marine coatings, to the best knowledge of the authors,
few reports are available on thermal sprayed inorganic antifouling
coatings.

The antifouling techniques based on use of biocides have been the
most common method in modern marine industry [14]. However, most
effective biocides have been banned for their environmental toxicity.
Regardless of the fact that copper agents persist as the widely used
biocide, such as copper compounds, cuprous oxide and copper alloys
[15–17], excessive release of copper ions would inevitably cause un-
predictable consequences for marine organisms. Long-term controlled
release of copper from antifouling coatings is therefore one of the
current research focuses for developing environment-friendly anti-
fouling techniques. For marine applications, it is also essential that
biocide-containing coating possesses both sufficient corrosion
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resistance and sustained long-lasting antimicrobial release [16].
To accomplish the hybrid properties, new spray system and cored

wires were both developed for making marine coatings [18]. Arc
sprayed coatings using cored wires as the starting feedstock have al-
ready been widely used in many industrial applications [19]. Arc spray
involves the use of two electrically conductive wires that are con-
tinuously fed into a common arc point at which a temperature of up to
the melting temperature of the wire material is achieved. Twin-wires
arc spray provides operational and economic advantages [20]. In this
study, copper nanoparticles were used as antifouling agent and Al-Cu
cored wires were employed for the arc spray coating deposition. Mi-
crostructure, corrosion resistance, and antifouling properties of the
coatings were examined and elucidated.

2. Materials and methods

Aluminium-based cored wire (Al-Cu) with Cu nanoparticles as filler
was used as the feedstock for the arc spraying, and the wire had the
diameter of 2mm (bandwidth of the aluminium velum: 7mm, thickness
of the velum: 400 μm). For the cored-wire preparation, the commercial
spherical copper nanopowder with the diameter of 200–300 nm
(Changsha Tianjiu Metal Materials Co. Ltd., China) was used as the
inner filler, and the powder filling rate was ~26%. 316 stainless steel
plates with the dimension of 30mm×20mm×1.5mm were used as
the substrates for the coating deposition. Before the spraying using the
twin-wire arc spray system (Castolin-Eutectic Pte Ltd., Nashville, USA),
the substrates were grit-blasted and cleaned in an ultrasonic ethanol
bath. The voltage and current of the arc spray was 32 V and 100 A,
respectively. Pressure of the compressed air was 0.65MPa and the
spraying distance was 150mm. The robot controlled moving speed of
the spray gun was 200mm/s. For comparison purposes, solid alumi-
nium wire was also sprayed using the same spray conditions.

Microstructure of the coatings was characterized by field emission

scanning electron microscope (FESEM, Quanta FEG 250, USA). Porosity
of the coatings was measured using the image analysis software ImageJ
and at least ten images were assessed for each coating. To examine the
phase changes, sprayed particles were collected and analyzed, and the
collection was made by directly spraying the droplets into room-tem-
perature distilled water. It was a usual approach that distilled water or
liquid nitrogen was used as the cooling media to collect the droplets for
studying the phase transformation of sprayed materials during thermal
spraying, since it was generally believed that the quenching of droplets
is rapid upon their impingement on substrate/pre-coating. Size dis-
tribution of the sprayed particles was determined by a particle size
analyzer (Microtrac, S3500-special, USA). Chemistry of the samples was
characterized by X-ray diffraction (XRD, PANalytical X'pert Pro, the
Netherlands) using Cu Kα operated at 40 kV and 30mA. Corrosion re-
sistance of the coatings were tested by electrochemical testing and
potentiodynamic polarization curves were acquired using a Solartron
Modulab system (2100A, UK). The testing was carried out in artificial
seawater (ASW) using 1 cm2 area of the specimen as the working
electrode, and platinum electrode was used as the counter electrode and
saturated calomel electrode (SCE) was employed as the reference
electrode. Prior to the electrochemical measurements, the samples were
immersed in an ASW-containing aerobic chamber. The testing was re-
peated three times to ensure reproducibility.

To reveal the antifouling performances of the coatings, gram-ne-
gative E. coli (ATCC 25922) and gram-positive Bacillus sp. (MCCC
1A00791) bacteria were typically chosen for the testing following the
protocol reported previously [21]. Bacterial adhesion and antibacterial
rate were further evaluated. 2216E (CM 0471) media was prepared by
dissolving 1 g beef extract, 1 g yeast extract, 5 g peptone, and 0.01 g
FePO4 in 1000ml deionized water as carbon and energy sources for
Bacillus sp. LB media were prepared by dissolving 10 g sodium chloride
(NaCl), 5 g yeast extract and 10 g peptone in 1000ml deionized water
as energy sources for E. coli. The coating samples were immersed in

Fig. 1. Cross-sectional morphology of the Al-Cu coating (A-1, A-2) and the Al coating (B-1, B-2) (A-2 and B-2 are enlarged views of selected areas in A-1 and B-1,
respectively).
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ASW containing the bacteria for 24 h at 25 °C. For FESEM observation,
the bacteria after 24 h incubation were fixed in 2.5% glutaraldehyde for
2 h, and further dehydration and critical-point drying steps were con-
ducted using a graded series of ethanol/water solutions. The algae
Phaeodactylum tricornutum and Chlorella were typically employed in this
study to further reveal the antifouling properties of the coatings. The
microorganisms were cultured in ASW medium at 20 °C under aseptic
conditions. Adhesion of the algae on the samples for 3 days was

characterized by confocal laser scanning microscopy (CLSM, TCS SP5,
Germany). Releasing rate of copper ions from the coatings was mea-
sured in 3.5 wt% NaCl solution (up to 21 days) using a inductively
coupled plasma optical emission spectrometer (ICP-OES, PE Optima
2100DV, Perkin-Elmer, USA).

3. Results and discussion

The coatings with dense structure were successfully fabricated by
the high velocity arc spray (Fig. 1). No obvious cracking or spallation is
seen for both the pure Al and the Al-Cu coatings, and the statistical
porosity of 2.01% and 2.30% was obtained for the Al and the Al-Cu
coating, respectively. It is clear that addition of Cu nanoparticles did
not trigger obvious changes in porosity of Al coating. However, lamellar
microstructural feature of the Al-Cu coating is more recognizable than
the pure Al coating (Fig. 1A-2 vs. B-2). This is not surprising since it is
clear that the Cu particles are located mainly at the interfaces of ad-
jacent Al splats. The parts in white color refer to copper particles seen
from the cross-sectional views of the coatings (Fig. 1A-1 and A-2).
Clusters of copper nanoparticles are seen, which is likely due to
melting/solidification-induced agglomeration of the particles during
the coating deposition stage.

Further characterization by HRTEM revealed chemical interaction
between Al and Cu during the spraying (Fig. 2). The SAD patterns of the
Al-Cu coating suggest the presence of aluminium and copper in the
coating (Fig. 2A-2). The diffraction patterns of d= 0.929 Å and
d= 1.431 Å are assigned to the crystal face (3 3 1) and (2 2 0) of
aluminium, respectively. The diffraction pattern of d=2.086 Å is at-
tributed to the crystal face (1 1 1) of copper [22]. The HRTEM pictures

Fig. 2. TEMmicrographs of the Al-Cu coating, (A-1) TEM image of the coating, (A-2) SAED pattern taken from the area shown in (A-1), and (B-1, B-2) HRTEM images
of the coating.

Fig. 3. XRD patterns of the as-sprayed Al-Cu coating (a), the as-sprayed Al
coating (b), the as-sprayed Al-Cu powder (c), and the as-sprayed Al powder (d).
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clearly show the presence of typical intermetallics of Cu and Al (Fig. 2B-
1 and B-2). Al2Cu grains grow along (2 1 1) plane and exhibit a lattice
spacing of 2.370 Å. Moreover, Al4Cu9 grains grow along (3 1 1) and (3 3
1) planes and AlCu grains grow along (3 0 0) and (−4 0 1) planes,
showing the lattice spacing of 2.624 Å and 2.370 Å, 2.316 Å and
2.980 Å, respectively. The thermodynamic driving force for the growth
of Al-Cu intermetallic compounds has been well discussed [23,24].
Interaction of Al with Cu usually results in formation of Al2Cu, AlCu or
Al4Cu9 [25]. In this case, the detected Al-Cu intermetallics and Cu
suggest partial involvement of Cu particles in the chemical reaction
with Al, which would favor the fixation of the nanoparticles in Al
matrix for enhanced anchoring effect.

XRD analyses further evidenced the interaction between Al and Cu
during the coating deposition (Fig. 3). The Al-Cu coating exhibits week
XRD peaks for Al2Cu, indicating minor chemical reaction of Al with
nano-copper during the spraying, which is likely attributed to the
limited in-flight time of the Al-Cu droplets before flattening/solidifi-
cation upon impingement on pre-coating/substrate. In addition, the
short duration experienced by the droplets at high temperatures also
gives rise to negligible oxidation of Al or copper. Since the results did
not provide direct evidence to show melting/unmelting state of the Cu
particles during the spraying, further measures are to be taken to
characterize the retained Cu in the coatings. To further study the
physicochemical behaviors of the Al-Cu droplets during the spraying,
the droplets were sprayed into distilled water and the sprayed particles
were collected. It is surprisingly noted that Al2Cu phase is clearly de-
tected in the as-sprayed Al-Cu particles (Fig. 3), indicating the pre-
dominate occurrence of the chemical reaction during the in-flight stage.
This in turn further indicates that upon impingement of the Al-Cu
particles, the reaction would already terminate. It is not surprising that
the Al2Cu phase is more remarkably detected in the as-sprayed particles
than in the coating, since the phase is predominately located on the
surface of big Al particles. While in the Al-Cu coating, most of the Al-Cu
interfaces are not exposed (less Al2Cu is detectable by XRD). Due to the
differences in the melting temperature, 660 °C for Al and 1083 °C for
Cu, during the arc spray in this case, Al in the vast majority in the

composites got melted earlier and solidified later than Cu, which
usually accounts for the phenomenon that Al2Cu phase prefers to form
in most cases [25].

To reveal the mixing state in the as-sprayed Al-Cu particles, further
characterization was conducted. Size distribution of the collected
powder was measured using a particle size analyzer. Both the powder
particles collected from the Al-Cu and the Al wires are irregular, and
show the D50 size of 65 μm (Fig. 4). Moreover, the copper nanoparticles
clusters are clearly recognized (the light-colored parts in Fig. 4B-1 and
B-2), and they are either embedded in aluminium matrix or well dis-
persed on the surface of aluminium particles (Fig. 4B-2). This can well
explain the predominate presence of Cu particles at aluminium splats'
interfaces (Fig. 1A-2). The favorable dispersal of the biocide would
ultimately facilitate the antifouling functions of the coatings when used
in the marine environment.

Antifouling performances of the coating were assessed by examining
adhesion and colonization behaviors of the typically selected bacteria
and algae. The Al-Cu coating showed remarkable capability to resist
adhesion of the microorganisms (Fig. 5). It is clear that after being in-
cubated in the E. coli-containing media for 8 h, the Al-Cu coating shows
significantly constrained colonization of the bacteria. As the control
samples, the bare 316L plate and the pure Al coating exhibited lots of E.
coli colonies (Fig. 5A-1 and A-2), suggesting apparent biofouling on
their surfaces. In contrast, inhibited colonization of the bacteria is seen
on the surface of the Al-Cu coating (Fig. 5A-3). To more clearly examine
the colonization phenomena of the bacteria on the surfaces of the
coatings, both the pure Al and the Al-Cu coatings were surface polished
prior to the biofouling testing. Similar trend was revealed for the set-
tlement and colonization of Bacillus sp. on their surfaces (Fig. 5B-1 and
B-2). After immersed in the Bacillus sp.-containing seawater for 24 h,
the Al-Cu coating showed excellent antifouling performances (Fig. 5B-
2), while the Al coating did not show antifouling functions (Fig. 5B-1).
This is likely attributed to release of copper ions into the solution,
which has been well established for Cu-containing antifouling layers
[26–28]. Extensive studies have proposed a number of antifouling

Fig. 4. Characteristics of the as-sprayed Al and Al-Cu
particles collected by directly spraying the droplets
into distilled water, (A-1) SEM picture of the as-
sprayed Al particles, (B-1, B-2) SEM pictures of the
as-sprayed Al-Cu particles, and (A-2) size distribu-
tion of the as-arc-sprayed particles. (For interpreta-
tion of the references to color in this figure, the
reader is referred to the web version of this article.)
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mechanisms of copper ions. It is usually believed that upon immersion
in aqueous solution, copper dissolves from the coating and it becomes
unstable ion Cu+, and then Cu+ is quickly oxidized to more stable
Cu2+. Complex reactions of Cu2+ with inorganic and organic ligands
result in formation of a reaction layer with a few microns thickness
[26]. Cu2+ adsorbed on cell surfaces can interact with cytoplasm and
karyon of the bacteria, thereby destroying the function of bacterial
enzymes or damaging cell membranes [29,30]. It is therefore essential
that the effectiveness of biocides depends on their concentration (re-
lease rate) and exposure duration [31]. In this case, the concentration
of copper ions released from the Al-Cu coating was measured using ICP-
OES (Fig. 5C). After immersion of the coating in NaCl solution, the
released dose of copper was relatively higher in the first three days,

0.06 ppm, and rapidly reduced to a relatively stable concentration value
of ~0.008 ppm (Fig. 5C). This could be well explained by the easy re-
lease of the copper particles existing on the top surface of the coating at
early stage of incubation. Further release of the particles very much
depends on the features of the Al-Cu composite structure. The an-
choring of Cu particles by the chemical reaction of Al with Cu certainly
restricts rapid release of the nanoparticles. A research has claimed that
copper ions played a role in repelling the attachment of bacteria such as
Bacillus sp., E. coli, when copper ion concentration reached 0.003 ppm
[32]. In this study, it is interesting to note that aluminium matrix acts as
binder to fix the copper nanoparticles, and in turn effectively controls
their release into physiological media for long-term antifouling func-
tions of the coatings.

Fig. 5. Antibacterial performances of the samples against E. coli and Bacillus sp. (A) Digital photos of E. coli colonies in the blank sample (316L) Petri dish after 8 h
incubation in E. coli-containing media (A-1), in the pure Al coating sample Petri dish after 8 h incubation in E. coli-containing media (A-2), and in the Al-Cu coating
sample Petri dish after 8 h incubation in E. coli-containing media (A-3). (B-1, B-2) The colonization behaviors of Bacillus sp. on the Al coating (B-1) and the Al-Cu
coating (B-2) after 24 h incubation in Bacillus sp. bacteria-containing ASW. (C) Release rate of copper ions from the Al-Cu coatings.
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Similar prohibited adhesion was also observed for the marine algae.
After 3 days incubation in the media containing Phaeodactylum tri-
cornutum or Chlorella, CLSM characterization of the Al-Cu coating
showed that the addition of copper nanoparticles gave rise to effectively
constrained colonization of the species (Fig. 6). For the Al coating,
multiple layers of adhered algae and even their aggregation are seen
(Fig. 6A-1 and B-1). Statistical analyses of the algal adhesion show that

after 3 days incubation, the Al-Cu coating exhibits significant decrease
(~80%) in adhesion of Phaeodactylum tricornutum and Chlorella on its
surface (Fig. 6C). Our previous study on the influence of Cu2+ on for-
mation of conditioning layer and algae biofilm already revealed that the
ions impacted on the cell membrane permeability of the microorgan-
isms and regulated their EPS secretion [33]. The antifouling perfor-
mances of the Al-Cu coating would benefit from the controlled release

Fig. 6. CLSM images showing the colonization of Phaeodactylum tricornutum (A-1, A-2) and Chlorella (B-1, B-2) on the Al coating (A-1, B-1) and the Al-Cu coating (A-
2, B-2) after 3 days incubation, and statistical analyses of the colonization (C).

L. Fang et al. Surface & Coatings Technology 357 (2019) 794–801

799



of copper by the special composite structures.
The electrochemical testing suggested minor changes in corrosion

resistance of the Al-Cu coating as compared to the Cu-free Al coating
(Fig. 7). The electrochemical parameters, namely corrosion potential
(Ecorr), corrosion current density (icorr), anodic Tafel slope (Ba), and
cathodic Tafel slope (Bc), are listed in Table 1. The extrapolation of the
anodic and cathodic Tafel lines gives the corrosion current density at
the corrosion potential, and it should start 50–100mV away from Ecorr
[21]. The Ecorr and icorr of −0.8977 V and 4.639×10−6 A/cm2,
−0.8547 V and 1.25×10−6 A/cm2, were revealed for the Al-Cu
coating and the Al coating, respectively. The higher corrosion current
density exhibited by the Al-Cu coating is likely attributed to the co-
existence of Cu with Al mainly at Al splats' interfaces. This is not sur-
prising since the development of galvanic effects by contact between
different metals usually causes galvanic corrosion [34], which triggers
formation of a galvanic cell to accelerate corrosion of Al [35]. Addi-
tional EIS and salt fog testing also showed consistent anti-corrosion
results (data not shown). Nevertheless, addition of the copper nano-
particles in Al coating well remains the promising corrosion resistance
of Al, and offers the Al coating excellent antifouling properties. The
cored-wire arc spray technical route sheds some light on developing
novel anti-corrosion/fouling coatings for marine applications.

4. Conclusions

A new cored-wire arc spray route was proposed for efficiently fab-
ricating Al-Cu coatings and the Cu particles are dispersed mainly at Al
splats' interfaces. The Cu nanoparticles partially take part in chemical
reaction with Al, and the resultant intermetallics presumably facilitate
anchoring of the nanoparticles against fast release into aqueous solu-
tion. Constrained releasing of Cu from the Al-Cu coating was revealed
which gave rise to significant capability to resist colonization of typical
bacteria E. coli, and Bacillus sp. and algae Phaeodactylum tricornutum
and Chlorella. The addition of Cu nanoparticles did not obviously de-
teriorate the corrosion resistance of the Al coatings. The novel cost-
effective arc sprayed Al-Cu coatings showed great potential for marine
applications.
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