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Abstract Biofouling has been persisting as a worldwide

problem due to the difficulties in finding efficient envi-

ronment-friendly antifouling coatings for long-term appli-

cations. Developing novel coatings with desired antifouling

properties has been one of the research goals for surface

coating community. Recently hydrogel coating was pro-

posed to serve as antifouling layer, for it offers the

advantages of the ease of incorporating green biocides, and

resisting attachment of microorganisms by its soft surface.

Yet poor adhesion of the hydrogel on steel surfaces is a big

concern. In this study, porous matrix aluminum coatings

were fabricated by cored wire arc spray, and the sizes of

the pores in the aluminum (Al) coatings were controlled by

altering the size of the cored powder of sodium chloride.

Silicone hydrogel was further deposited on the porous

coating. The hydrogel penetrated into the open pores of the

porous Al coatings, and the porous Al structure signifi-

cantly enhanced the adhesion of the hydrogel. In addition,

hydrogel coating exhibited very encouraging antifouling

properties.

Keywords antifouling � adhesion � cored wire arc

spraying � hydrogel � porous coating

Introduction

As one of the major problems for marine infrastructures,

biofouling is caused by the attachment of microorganisms

when materials are immersed in seawater. Biofouling

usually involves three consecutive stages, adsorption of

some organics like polysaccharides and proteins on the

surface to form conditioning layer, formation of biofilm

through attachment and colonization of bacteria, diatoms

and other microorganisms on the conditioning layer and

secrete extracellular polymeric substances (EPS), and

promoted settlement of larvae of fouling organisms to form

biofouling (Ref 1). Serious impacts of biofouling have been

extensively reported, for example accelerated corrosion

(Ref 2), causing significant economic loss (Ref 3). Many

antifouling strategies have been developed in recent dec-

ades and construction of surface coating containing bio-

cides is the most effective method (Ref 4-6). However, the

release of biocides is dangerous for other marine organ-

isms, triggering worldwide concerns. Tributyltin (TBT)

was banned by the International Maritime Organization

(IMO) in order to avoid environmental issues in 2008 (Ref

7, 8). In addition to the release of biocides, antifouling

methods are facing high costs and a series of production
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issues from the laboratory to industrialization (Ref 9).

Developing environmental-friendly antifouling coating

with the ease of large-scale fabrication is therefore essen-

tial for marine structures combating biofouling.

Hydrogel is a porous and soft polymer material, and has

been extensively investigated for potential applications for

drug delivery and sensors (Ref 10-4). In recent years,

excellent antifouling properties were also reported for

hydrogels like polyethylene glycol (PEG) and polyvinyl

alcohol (PVA) hydrogel (Ref 15, 16) due to their low

surface energy and floppy nature. According to Brady (Ref

17), adhesion of fouling species was correlated to the

square root of multiplication of elastic modulus (E) and

surface free energy (c). Another research indicated that

hydrogel was dynamic in seawater because of the low

elastic modulus (Ref 18), offering the difficulties for

microorganisms to attach on the surface of materials.

Bressy et al. (Ref 19) reported that surface with low elastic

modulus provided an easy-release path for microorgan-

isms. Marine organisms require less energy detaching from

low elastic modulus surfaces than that from high elastic

modulus surfaces. Meanwhile, according to a previous

report (Ref 20), when the surface free energy of the

material is between 20-30 mJ/m2, the minimum strength of

biological adhesion to substrates is always found. How-

ever, the hydrogel coating can be easily damaged because

of weak adhesion (Ref 21). Efforts have therefore been

made to improve the hydrogel adhesion for long-term

applications. Among the attempted techniques, function-

alization of the hydrogel coating with specific functional

groups could provide the capability to form chemical

bonding with substrate. For example, catechol can form

covalent and non-covalent bonds with many functional

groups (Ref 22), which is a good adhesive for hydrogel.

Westwood et al. (Ref 23) found that hydrogel modified

with catechol functional groups strongly attached to a

variety of substrate surfaces. Moreover, Yang et al. (Ref

24) used epoxy as the bond-coat to improve the binding

force of hydrogel and the hydrogel exhibited excellent

antifouling property. However, the synthesis of hydrogel

with specific functional groups requires strict control of the

reaction conditions and may involve the use of toxic

reagents (Ref 25). Alternatively physical adhesion by

which hydrogel and porous substrate could form mechan-

ical interlocking only needs porous substrate, and the fix-

ation of hydrogel opts for rough surfaces of the matrix (Ref

26). Construction of matrix substrate with controllable

porous structures for anchoring antifouling hydrogel layers

is therefore essentially required.

To date, many techniques have been attempted for

preparing porous structures, such as electrodeposition (Ref

27), microphase separation (Ref 28), and 3D printing (Ref

29). However, application of the abovementioned methods

for large-scale construction of porous structures is ques-

tionable. Exploring cost-efficient fabrication strategies is

highly desirable. As one of the most important surface

techniques, thermal spraying especially arc spraying has

been widely used in industry due to its low cost, simple

process, and high efficiency. However, there are few

reports on the preparation of porous coatings by thermal

spraying (Ref 30, 31) for improving the adhesion of the

antifouling layers. Here, we report a controllable porous

aluminum coating by cored wire arc spraying that was

sealed with antifouling hydrogel layer, exceptionally

enabling enhancements in both physical adhesion of

hydrogel layers and antifouling properties of the thermal

sprayed coatings. Specifically, sodium chloride of different

sizes as a pore-forming agent was used to prepare different

sizes porous aluminum (Al) coatings by cored wire arc

spraying. Then silicone hydrogel was brushed on the por-

ous Al coatings. The physical adhesion of the silicone

hydrogel layers on the coatings, antifouling properties and

corrosion resistance of the coatings were investigated.

Materials and Methods

Sample Preparation

Coatings were fabricated by a twin-wire arc spray system

(EuTronic Arc Spray 4 HF, Castolin-Eutectic Pte Ltd.,

Nashville, USA). A commercially available sodium chlo-

ride powder (Aladdin, China) was used as filler of Al-based

cored wire. The planetary mill (QM-3SP4, China) was used

to reduce the particle size of the as-received sodium

chloride powder. After ball milling, the powder was sieved.

The average particle size of the powder was obtained based

on field emission scanning electron microscopy (FESEM)

(Regulus SU8230, Japan) images. The Al coating and three

different porous aluminum coatings were prepared in this

study. For the Al coating, the samples were prepared by

non-cored wire arc spray. For the porous Al coatings

(namely Coating-100, Coating-200, Coating-500), the sizes

of the pores in the Al coating were controlled by altering

the size of the cored powder with*100 lm,*200 lm and

*500 lm, respectively. The width and thickness of the

pure aluminum strip (Dongguan Hualv Aluminum Co.,

Ltd, China) used to produce the cored wire was 7 mm and

300 lm, respectively. 316L stainless steel plates (Wanren

Stainless Steel, China) with the dimension of 2092093

mm3 were used as the substrates. The substrates were grit

blasted and ultrasonically cleaned in alcohol before depo-

sition. The current and voltage of arc spraying were 150 A

and 36 V, respectively, and the spray distance was 200 mm.

The pressure of compressed air was 0.6 MPa. After the

spraying, the sodium chloride in the coatings was dissolved
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by 2 mol�L-1 hydrochloric acid and deionized water to form

porous coating structure. The silicone hydrogel (Zhejiang

Marine Development Research Institute, China) was finally

brushed on the porous coatings for antifouling property.

The fabrication diagram of the silicone hydrogel coating is

shown in Fig. 1.

Algae Cultivation and Adhesion Testing

Artificial seawater (ASW) was prepared according to

ASTM D1141-98 and sterilized for 20 min at 121 �C.
Chlorella sp. (obtained from Ningbo University, China)

was cultivated in ASW with Guillard’s F/2 medium. The

Chlorella sp. was cultured in an incubator at 22 �C with a

light/dark cycle of 12 h: 12 h. The hydrogel coatings, the

as-sprayed Al coatings and the polished Al coatings were

cleaned with alcohol ultrasonic and then deionized water

before putting into 6-well plates with algae suspension. The

samples were immersed in algae suspension for 1, 3, 5, 7

days and three samples were taken from each group as

parallel samples for each test. ASW was then used to wash

the unattached algae. The adhesion of Algae was examined

by confocal laser scanning microscopy (CLSM, Leica TCS

SP5, Germany) after immersed in 2.5% glutaraldehyde for

2 h. The adhesion ratio of algae refers to the area fraction

covered by Chlorella sp.. Coverage of Chlorella sp. on the

coatings was obtained by image software ImageJ (Version:

1.47v) analysis. The adhesion ratio value was acquired

based on the average of three measurements. All reagents

were purchased from Aladdin (Aladdin, China) and used as

received without further purification.

Sample Characterization

Phase composition of powders and coatings were deter-

mined by x-ray diffraction (XRD) (D8 Advance Davinci,

Germany) operated at 40 kV and 40 mA with Cu Ka
radiation. General Structure Analysis System (GSAS) and

EXPGUI software package was used to perform Rietveld

analysis (Ref 32). Morphologies of the raw powders and

the coatings were characterized by SEM. The filling ratio

refers to the proportion of the powders filling inside the

cored wire, and the following Eq (1) was applied for

calculation:

Filling ratio ¼ MT �MS

MT
� 100% ðEq 1Þ

where MT , MS is the total mass of cored wire and the mass

of the cored wire after removing the filling powders,

respectively. The filling ratio value was obtained based on

the averaging of three measurements. The SEM images

(planar surface view) of the polished coatings were ana-

lyzed using ImageJ (Version 1.47) to calculate their

porosities. Five measurements were conducted in this

study. The adhesion of silicone hydrogel on porous Al

coating was assessed according to ASTM-C663-01(Ref 33)

by universal testing machine (SANS CMT 5205, China). In

this study, stainless steel rods (25 mm in diameter) were

bonded to the sample. A tensile stress was then applied at a

speed of 1 mm/min. The adhesion strength value was

obtained based on the average of three measurements. The

data of adhesion strength were expressed as mean ±

standard deviation (SD) for n=3. Statistical analysis was

conducted with software OriginPro (version 7.5) at confi-

dence levels of 99.5%. Surface energy of the hydrogel

coatings was obtained by contact angle measurement

(Dataphysics OCA25, Germany) based on the Owens-

Wendt-Rabel-Kaelble (OWRK) (Ref 34). 2 lL of distilled

water and ethanol was used as the probe liquid. The

compression test was performed to obtain the elastic

modulus of the hydrogel using a universal testing machine

(SUST CMT 1104, China) (Ref 35). The samples with a 10

mm diameter and 5 mm height were used for the com-

pression tests. The compression rate was set at 20 mm/min

and the test stopped when the compression reached 60%

and selected the slope of the linear elastic within 10% of

the strain as elastic modulus. The elastic modulus value

was obtained based on the average of three measurements.

Fig. 1 Fabrication diagram of the silicone hydrogel coating
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Corrosion tests were performed via a three-electrode sys-

tem (Ref 36) (Chenhua CHI-660E, Shanghai, China). The

saturated calomel electrode was used as the reference

electrode and platinum was used as the counter electrode.

The work electrode was immersed in ASW for 2 h to

acquire the stable open circuit potential (Eocp). Potentio-

dynamic polarization curves were obtained with potential

range from Eocp ? 500 mV to Eocp – 500 mV. The Tafel

curve parameters (Ref 37) including corrosion potential

(Ecorr), corrosion current (Icorr), cathode Tafel slope (bc),
anode Tafel slope (ba) were obtained by nova 2.1 software.

Each group had at least three specimens to ensure

repeatability.

Results and Discussion

Three different sizes of sodium chloride powders were used

as pore-forming agent (Fig. 2). Figure 2a and b show

the morphology of the powder of sodium chloride after ball

milling with irregular shapes. The average size of the three

powders was *100 lm, *200 lm and *500 lm,

respectively. Porous matrix Al coatings (namely, Coating-

100, Coating-200, Coating-500) were fabricated by cored

wire arc spray, and the sizes of the pores in the Al coatings

were controlled by altering the size of the cored powder of

sodium chloride. Figure 3 shows the XRD pattern of the

Al/NaCl composite coatings (Fig. 3a) and porous Al

coatings (Fig. 3b). The XRD spectra of the three Al/NaCl

composite coatings show the peaks of sodium chloride,

indicating that the Al/NaCl composite coatings were suc-

cessfully prepared by cored wire arc spraying. Rietveld

analysis showed that percentage of the NaCl content in all

three coatings was 3.9wt.% (Coating-100), 4.4wt.%

(Coating-200) and 4.5wt.% (Coating-500), respectively. It

is worth noting that the NaCl content in the three coatings

was slightly different which is probably due to the uneven

distribution of NaCl in the coatings. No peak of NaCl was

observed in the porous Al coatings after dissolving sodium

chloride. The XRD pattern did not show any other impurity

peaks. However, elemental analysis by EDS showed that

1.67wt.% oxygen was present in the Al coating. The phe-

nomenon that no Al2O3 XRD peak was detected in the

coating is probably due to the relatively low content of

Al2O3 in the Al coating which is below the XRD detection

limit. Similar results were previously reported (Ref 38-40).

Surface morphologies of the porous Al coatings are

shown in Fig. 4. Typical surface morphology of the Al

coating is observed (Fig. 4a). It can be seen that there are

many small pores on the surface of the Al coating after HCl

etching (Fig.4b and c). The pore size of the porous coatings

increased as the particle size of NaCl increased (Fig. 4c- e).

It is worth noting that the pore size of the porous coatings is

smaller than that of the original NaCl powders, which may

be due to the fact that NaCl powder was atomized or

broken in the high-speed air flow during the spraying

process (Ref 41, 42). The pores within the porous Al

coating are irregular, which is likely due to the irregular

shape of the NaCl particles. In order to understand the

adhesion strength between the silicone hydrogel and the

matrix Al coatings, the cross-sectional morphology and

Energy Dispersive x-ray Spectroscopy (EDS) of interface

between the silicone hydrogel and the porous Al coatings

were investigated, as shown in Fig. 5, where the green area

is Si Ka1 (assigned to the silicone hydrogel), and the red

area is Al Ka1 (refers to the Al coating). The silicone

hydrogel is tightly anchored to the porous aluminum

coating. It could be seen that the silicone hydrogel is

completely immersed into the pores of the porous Al

coating. Additionally, smaller secondary pores (the area

pointed by the white arrow) were observed in the Coating-

200 and the Coating-500, and the silicone hydrogel also

infiltrated into the secondary pores, which probably facil-

itate the adhesion of silicone hydrogel on the matrix Al

coating. However, only fewer pores were observed in the

Coating-100, and no obvious secondary pores were found.

It is similar to the interface morphologies between the Al

coating and the silicone hydrogel.

Figure 6 shows the porosities of the coatings. A rela-

tively dense Al coating with a porosity of *1.5% was

Fig. 2 The surface morphology of the three NaCl powders with the size of (a) *100 lm, (b) *200 lm, and (c) *500 lm
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Fig. 3 XRD patterns of the

coatings before (a) and after

(b) the NaCl particles were

removed

Fig. 4 Surface morphologies of the coatings: (a) Al coating, (b) Al coating after HCl etching, (c) Coating-100, (d) Coating-200, and (e) Coating-

500
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prepared by arc spraying, while the porosities of the three

porous coatings were greatly increased with porosities of

*15.4%, *14.9% and *15.5%, respectively. It is worth

noting that no significant difference was observed among

the three porous coatings. This is because the filling rate of

the three powder core wires (*35.8%, *35.7% and

*36.5%, respectively) is about the same. The adhesion

strength between the silicone hydrogel and the Al coating

was obtained by tensile test, as shown in Fig. 7. The tensile

strength increased as the size of the cored powder of

sodium chloride increased. The adhesion of silicone

hydrogels on the Coating-200 was slightly improved than

that of the Al coating and the Coating-100. The Coating-

500 showed the highest tensile strength value. Interest-

ingly, the porosity of the three porous coatings is similar,

but the silicone hydrogel adhesion is quite different. A

coating with hierarchical and deeper pores had better

adhesion because of the increased contact area between the

silicone hydrogel and the matrix coating, and the silicone

Fig. 5 SEM and EDS mapping of the interface between the silicone

hydrogel and the porous Al coatings: (a) the Al coating, (b) the

Coating-100, (c) the Coating-200, and (d) the Coating-500; (-1) is the

cross-sectional morphology of the coatings; (-2) is the EDS mapping

of Si Ka1; (-3) is the EDS mapping of Al Ka1. The areas pointed by

the white arrows are the smaller secondary pores

Fig. 6 The porosity of the Al coating and three porous Al coatings
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hydrogel infiltrated in the porous structure to form a

mechanical interlock, which could be seen from Fig. 5. The

result is consistent with a previous research [43]. Figure 8

shows the cross-sectional and surface morphologies of the

coatings after tensile tests. It could be seen that some sil-

icone hydrogels are still attached to the matrix coating

surfaces (the area pointed by the white arrow). Therefore,

part of the fracture occurred between the matrix coating

and the silicone hydrogel, and part of the fracture occurred

in the silicone hydrogel during the tensile process.

Figure 9 shows the Al coating, the polished Al coating,

and the silicone hydrogel coating soaked in the Chlorella

suspension for 1, 3, 5, and 7 days to evaluate the

antifouling properties of the coatings. The polished Al

coating with a flat surface was used for antifouling testing

in order to eliminate the influence of roughness on algae

adhesion. The adhesion rate of Chlorella was calculated by

Fig. 7 The adhesion strength of silicone hydrogel on the Al coating

and the three porous Al coatings. Error bars represent mean ± SD for

n=3. ***p\ 0.005 compared with Al coating

Fig. 8 Cross-sectional view of the coatings after tensile tests: (a) Al

coating, (b) Coating-100, (c) Coating-200, and (d) Coating-500. (-2 is

magnified view of the cross-sectional morphology of the coatings. -3

is the fractographic image of the ruptured surfaces obtained by digital

camera.) The areas pointed by the white arrows are the interface

between silicone hydrogel and porous Al coating
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ImageJ, as presented in Fig. 10. It can be seen that the

adhesion rate of algae was related to the immersion time.

As the immersion time increases, more algae adhered to the

coating surfaces. The algae adhesion rate of the Al coating

is higher than those of the polished Al coating, and silicone

hydrogel coating. The adhesion rate of the Al coating after

Fig. 9 CLSM images of the Chlorella adhered on the coating surfaces after incubation for 1(-1), 3(-2), 5(-3), and 7(-4) days: (a) the Al coating,

(b) the polished Al coating, and (c) the silicone hydrogel coating. Scale bars: 200 lm

Fig. 10 The adhesion ratio of Chlorella on the three coatings after

different incubation time

Fig. 11 Tafel curve of the Al coating, the polished Al coating and the

silicone hydrogel coating.
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immersing in the algae suspension for 7 days reached

14.39%. Compared with the Al coating, the adhesion rate

of the polished Al coating and silicone hydrogel coating

dropped to 11.16% and 4.88%, respectively. In other

words, the attachment rate of the polished Al coating and

silicone hydrogel coating reduced by 22.45% and 66.09%

than that of the Al coating. The silicone hydrogel coating

exhibited much better antifouling properties. This is con-

sistent with Brady’s research (Ref 17) that low elastic

modulus and surface energy are not conducive to the

attachment of fouling organisms. The surface energy of the

silicone hydrogel measured by the contact angle is 21.34

mJ/m2 and the elastic modulus is 8.34 kPa. The algae

adhesion rate of the polished Al coating is lower than that

of the Al coating because the surface of the polished Al

coating is smoother, which is not conducive to microor-

ganism’s attachment (Ref 44).

Figure 11 shows the Tafel curve of the Al coating, the

polished Al coating and the silicone hydrogel coating.

Tafel curves are extensively used in electrochemistry,

particularly in the investigation of corrosion (Ref 45, 46).

The Tafel curve can be used to determine the corrosion

potential. Corrosion potential (Ecorr), corrosion current

(Icorr), cathodic Tafel slope (bc) and anodic Tafel slope (ba)
are listed in Table 1. The electrochemical results show that

the corrosion potentials (Ecorr) of the Al coating, polished

Al coating, and silicone hydrogel coating are -1.0135 V,

-0.8279 V, and -0.7838 V, respectively. Additionally,

corrosion current density of the three coatings are

9.6756910-6 A/cm2, 2.3407910-6 A/cm2, and 8.6252910-7

A/cm2, respectively. It is worth noting that the corrosion

resistance of polished Al is between the silicone hydrogel

coating and the Al coating, indicating that hydrogel

materials have a positive effect on anti-corrosion perfor-

mance. This could be explained that silicone hydrogel

decreased the porosity by brushing on the porous coating

and acted as a barrier coating (Ref 47). The polished Al

coating has a smooth surface and it is easier to form a

stable and uniform oxide film, so its anti-corrosion per-

formance is higher than Al coating (Ref 48). Compared

with the previous research (Ref 23-25) on the hydrogel

coatings prepared by chemical methods, the arc spraying

method does not require complex reagents and strict

reaction conditions, and more importantly, the arc spraying

technique has great advantages in terms of cost efficiency

and large-scale fabrication.

Conclusions

Porous aluminum coatings were successfully fabricated by

cored wire arc spraying, and the size of the pores can be

controlled by regulating the size of the cored powders of

sodium chloride. An antifouling layer, silicone hydrogel,

was further deposited on the porous aluminum coating.

Compared with the weak adhesion of hydrogel on the non-

porous Al coating, the hydrogel penetrated into the open

pores of the porous aluminum coatings, and the porous

aluminum structure significantly improved the adhesion of

the silicone hydrogel. In addition, the results of adhesion

tests of algae and electrochemical tests suggest that the

presence of silicone hydrogel coating significantly

enhanced the corrosion resistance and antifouling proper-

ties. The silicone hydrogel plays a role of barrier and

antifouling, thereby slowing down corrosion and achieving

antifouling performance. The results provide a promising

way of preparing multifunctional coatings for protection of

marine infrastructures.
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