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ARTICLE INFO ABSTRACT

Article history: Biofouling and corrosion are predominant worldwide concerns in modern marine industries. Large-scale fabrica-
Received 14 July 2016 tion of protective coatings against both corrosion and biofouling yet remains elusive. Here we propose a new
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technical route for constructing inorganic/organic composite coatings for promising anti-corrosion and long-
term antifouling performances. Electroless plating was employed for making copper (Cu)-high density polyeth-
ylene (HDPE) core-shell particles for following coating deposition by flame spraying. Copper shells with a thick-
ness of ~1 um surrounding individual HDPE particles were obtained. Homogeneously distributed thin copper
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HDPE-Cu composites layers existing at the interfaces of HDPE splats did not deteriorate corrosion resistance of the HDPE coatings as
Antifouling assessed by electrochemical testing. Neutral salt spray testing for 14 days reveals almost intact state of the coat-

ings. Electrochemical results show that the HDPE-Cu coatings have better corrosion resistance. Significantly
constrained attachment of Bacillus sp. bacteria on the surfaces of the Cu-containing coatings was observed, sug-
gesting their excellent antifouling performances. Continuous release in low-dose of copper ions confers long-
term antifouling capability on the coatings. The strategy for fabricating the novel HDPE-Cu coatings gives bright
insight into their potential antifouling applications in the marine environment.
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1. Introduction

Marine biofouling is an undesirable phenomenon brought about by
marine organisms occurred on a surface immersed in seawater [1]. It
usually gives rise to a variety of problems, e.g. increased fuel consump-
tion of ships, microbiologically induced corrosion, pipe blockage, signal
distortion of instruments, etc. Antifouling technologies for marine struc-
tures have therefore been explored extensively in past decades [2,3]. To
date, one of the most effective solutions to the fouling problem is
treating the surface with an antifouling layer [4,5]. This usually involves
the use of biocides as the key coating component. Antifouling tech-
niques based on biocides are well-established for effectively preventing
biofouling for marine infrastructures. Copper has become the most im-
portant alternative biocide since organotin compounds were banned.
Various copper agents including copper alloys, cuprous oxide and cop-
per compounds have been used as principal biocides for decades [6,7].
As it is challenging to apply biocides on substrate surfaces directly for
long-term services, developing appropriate techniques for incorporat-
ing biocides into coatings has been one of the recent research efforts.
The major concerns pertaining to the fabrication of biocides-containing
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coatings are controllable release of the biocides and sufficient anti-cor-
rosion performances.

Corrosion resistance is a crucial requirement of marine protective
coatings, which restricts their service time. Among the surface coating
techniques for marine applications, thermal spraying has been exten-
sively used to fabricate anti-corrosion layers. Thermal sprayed metallic
coatings (e.g. aluminum, zinc and aluminum-zinc alloy coatings) have
shown long-term corrosion protection for steel structures in the marine
environment for more than 20 years [8-10]. Thermal sprayed polymer
coatings like high density polyethylene (HDPE), low-density polyethyl-
ene (LDPE) [11], ultra-high molecular weight polyethylene (UHMWPE)
[12] and high quality poly-ether-ether-ketone (PEEK) [13,14] have
proven to perform well in the corrosive environment. However, it is dif-
ficult to involve the copper biocide in the metallic coatings due to gal-
vanic corrosion between the metallic constituents. Therefore,
appropriate addition of biocides into the polymer coatings might be a
promising way to fabricate anti-corrosion and antifouling coatings for
marine applications.

In fact, there have been attempts in recent years of using copper to
construct antifouling layers by thermal spraying. Antifouling perfor-
mances of cold sprayed Cu/Cu,0 inorganic coatings have been reported
by Ding et al. and increased Cu,0 content brought about enhanced an-
tifouling performances [15]. Yet, the coatings do not offer the capability
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Fig. 1. Schematic depiction illustrating the fabrication route for the HDPE-Cu antifouling
coatings deposited by flame spraying.

to resist corrosion. Embedding of copper particles by cold spraying into
polymer [16] might avoid the deficiency in corrosion resistance, while
facilitate the antifouling performances by impeding attachment of ma-
rine organisms through release of copper ions from the composite

structure. Further investigations on bronze and zinc embedded struc-
tures revealed similar antifouling performances [17-19]. However, the
thin layer of the composite structure achieved by embedding metal par-
ticles into the polymer matrix would influence release efficiency and
potential application of the structure against biofouling. Cost-efficient
fabrication of large-scale anti-corrosion/fouling polymer-based coatings
is to be further explored. Taking into account the fact that use of copper
is still permitted for antifouling purposes, appropriate preparation of
the starting polymer-Cu composites is essential for developing conse-
quent antifouling coatings.

Thermal sprayed coatings for marine applications have been exten-
sively investigated, however, few of them satisfy both sufficient anti-
corrosion and antifouling properties. Therefore, in this study, the coat-
ings with excellent corrosion resistance and promising antifouling
property were developed. The microstructure, corrosion resistance
and antifouling properties of the novel coatings were characterized
and elucidated. Distribution of copper biocides in the coatings and con-
trollable release of copper ions were also investigated.

2. Materials and methods

Commercially available HDPE powder (Korea Petrochemical Ind. Co.,
Ltd) was used as the starting feedstock. Size distribution of the powder

100 200 300 400
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Fig. 2. Surface morphology (A-1) and particle size distribution (A-2) of the starting HDPE powder, topographical views of the electroless plated HDPE-Cu particles (B-1, B-2), and cross-
sectional view of single HDPE-Cu particle and EDS mapping analysis for the Cu layer (C-1, C-2).
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was measured using a commercial particle size analyzer (Microtrac,
S$3500-special, USA). Supersonic treatment was conducted during the
measurement to break up the possibly agglomerate particles. To con-
struct the HDPE-based coatings for anti-fouling/corrosion perfor-
mances, a special processing route was designed for preparing the
starting HDPE-Cu powder and their coatings. The route for making the
HDPE-Cu coatings is schematically depicted in Fig. 1. To achieve a desir-
able coating structure, prior to the spraying, a thin Cu wrapping layer
was deposited to enwrap the HDPE particle by electroless plating. Pre-
treatment procedures of the HDPE powder have been reported by
other researchers previously [20]. A solution of CuSO, in deionized
water with a concentration of 20 g/L was used as a plating bath. HDPE
powder was added into the plating bath at 50 °C for 40 mins. Thickness
of the copper shell surrounding HDPE particle was tunable by changing
electroless plating cycles.

Copper (BGRIMM Advanced Materials Science & Technology Co., Ltd,
average diameter/do s = 18.71 um), HDPE and the Cu-coated HDPE par-
ticles were deposited respectively on mild steel plates (MS, E235B,
20 x 30 x 2 mm?>) by flame spraying (CDS 8000, Castolin, UK). Before
the coating deposition, the MS substrates were cleaned in turn by ace-
tone, hydrochloric acid and deionized water, and then mechanically
coarsened by sand blasting with alumina. Oxygen and acetylene were
used as the combustion-supporting gas and fuel gas with the pressure
of 0.55 MPa and 0.075 MPa, respectively. Feed rate of the powder was

set as 60 g/min. The standoff distance from nozzle exit to sample surface
was 250 mm. Traverse speed of the gun was 200 mm/s.

The microstructures of the powder and the coatings were character-
ized by field emission scanning electron microscope (FESEM, Quanta
FEG 250, USA). Distribution of copper in the coatings was analyzed
using energy dispersive spectrometer (EDS) equipped with FESEM.
The phase composition of the samples was examined by X-ray diffrac-
tion (XRD, D8 Advance, Bruker AXS, Germany) at a scanning rate of
0.1°/s using Cu Ko radiation operated at 40 kV. Structural evolution of
the powder was evaluated using differential scanning calorimetry and
thermogravimetric analyses (DSC/TGA, Pyris Diamond DSC/TG/DTA,
Perkin-Elmer, USA) in nitrogen atmosphere with a heating rate of
10 °C/min. Two heating-up processes were employed to eliminate
heat history of the feedstock powder. The contact angle measurement
system (OCA20, Data physics, Germany) was adopted to measure con-
tact angle of distilled water droplets and glycerol at room temperature.
Roughness of the coatings was measured using surface profiler (Alpha-
Step 1Q, KLA Tencor, USA).

Corrosion resistance of the HDPE coatings, the copper coatings and
the HDPE-Cu composite coatings was examined using neutral salt
spray testing, which was performed according to the standard ASTM
B117. Surface morphology, cross-sectional microstructure and corro-
sion products of exposed samples in salt spraying were examined peri-
odically by FESEM. Electrochemical impedance spectroscopy (EIS)

Fig. 3. Topographical (— 1) and cross-sectional (—2) views of the pure Cu coating (A), the pure HDPE coating (B) and the HDPE-Cu coating (C).
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spectra of the coatings were also assessed using a Solartron Modulab
system (2100A, UK). All tests were conducted at room temperature in
artificial seawater (ASW) prepared according to the standard ASTM
D1141-98 (2003). Before the electrochemical measurement, the sam-
ples were immersed in an aerobic chamber containing ASW. Each mea-
surement was repeated three times to ensure reproducibility. A
traditional three-electrode cell was used, with 1 cm? platinum as the
counter electrode, a saturated calomel electrode (SCE) as the reference
electrode and the specimen with an exposed area of 1 cm? as the work-
ing electrode. EIS measurement was performed with an applied AC sig-
nal of 10 mV and the frequency ranging from 100 kHz to 0.01 Hz. After
the measurement, the acquired data was fitted and analyzed using the
software ZSimpWin.

Gram-positive Bacillus sp. (MCCC No. 1A00791) was typically used
in this study. Adhesion of bacterial biofilm and further antibacterial effi-
ciency were assessed. The coatings were immersed in the bacteria-con-
taining ASW for 3 days. During the testing, peptone with a
concentration of 3 g/L was added into the solution as carbon and energy
sources for the bacteria. For FESEM observation of the bacteria colonized
on the surfaces of the samples, the bacteria after incubation were fixed
in 2.5% glutaraldehyde for 24 h, followed by gradual dehydration and
coating with Au. The release rate of copper ions in 3.5 wt.% NaCl solution
as a function of immersion time (up to 21 days) was also evaluated, and
the concentration of copper ions was measured using inductively
coupled plasma optical emission spectrometer (ICP-OES, PE Optima
2100DV, Perkin-Elmer, USA). Surface morphology and cross-sectional
microstructure of the coatings were further characterized using FESEM.

3. Results and discussion

The starting HDPE particles show an ellipsoidal shape and dg s is
85 um (Fig. 2A). It is clear that after plating, the HDPE particles are en-
tirely wrapped by thin copper layers (Fig. 2B) since copper tends to nu-
cleate and grow on Ag catalytic sites that have already affiliated on the
surfaces of individual HDPE particles. The cross-sectional views of the
individual particle and corresponding EDS analyses further evidence
the enwrapped structural features (Fig. 2C). It is also found that the ho-
mogeneously distributed copper layer is 1.1 4 0.4 um in thickness. That
certain surface areas without copper coverage should be presumably
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Table 1
Thermal properties of the powder and the coatings.
Samples Tn(°C)  Tsx(°C)  Taman (°C)  AHn(J'g")  xc (%)
HDPE powder 132.2 3954 462.7 1421 52.6
HDPE-Cu powder  132.4 408.7 474.8 103.3 382
HDPE coating 126.5 390.9 467.4 168.3 62.3
HDPE-Cu coating ~ 129.6 376.3 461.5 168.8 62.5

Ty»: melting temperature, Tsy: temperature at 5% weight 10ss, Ty(max): maximum decompo-
sition temperature, AH,,: melting enthalpy, and y.: degree of crystallinity of HDPE.

due to the failure in absorbing Ag as the catalytic sites. The coverage
of copper can be adjusted by controlling synthesis time.

The coatings were fabricated by flame spraying. Surface morphology
of the copper coatings, the HDPE coatings and the composite coatings
are shown in Fig. 3A-1, B-1 and C-1, respectively. Similar to traditional
flame sprayed polymer coatings [12], the HDPE-Cu composite coatings
exhibit rough surfaces (Fig. 3C-1). The surface roughness R, of the com-
posite coating (1.08 + 0.10 um) is higher than that of the HDPE coating
(0.22 4 0.02 um), which is likely due to the coarse nature of the copper
shells. On the other hand, this suggests that the copper layer sticks to
HDPE particle regardless of fully or partially melted state of the compos-
ite particles during spraying. The cross-sectional microstructures of the
coatings are shown in Fig. 3A-2, B-2 and C-2. The dense structures have
been achieved, and no marked flaws for instance microcracks or pores
are seen from either the surfaces or the cross-sections of the coatings.
It is exciting to note even distribution of copper in the coatings, and cop-
per exists at the interfaces between individual HDPE splats (Fig. 3C-2).
The content of copper in the inner and on the surface of the coating
was examined using the software Image [21]. It is found that the content
of copper on the surface of the coatings (35.11 &+ 2.63 vol.%) is higher
than that in the inner of the coatings (9.57 £ 1.28 vol.%), which suggests
that higher release rate of Cu ions could be expected in the beginning of
service.

XRD detection suggests the complete reaction of Ag catalytic sites
with copper ions in the solution after electroless plating (Fig. 4A). No
extra peaks are seen except those for copper and HDPE, indicating neg-
ligible oxidation or other undesirable chemical changes during spraying.
Thermal analyses (TG and DSC) results of the original powder and the
coatings are shown in Fig. 4B, C, D and Table 1. In the table, Tsy refers
to the temperature at 5% weight loss of the composite coating, and
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Fig. 4. XRD spectra (A), TG curves (B), DTG curves (C) and DSC curves (D) of the powder and the coating.
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Fig. 6. Nyquist plots of the uncoated MS (A), the Cu coating (B), the HDPE-Cu coating (C) in ASW solution, and the equivalent circuit of the Cu coating and the HDPE-Cu coating (D).
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Fig. 7. Bode plots of the HDPE-Cu coating, the Cu coating and the uncoated MS in ASW solution.

Ta(max) is assigned to the maximum decomposition temperature of the
coating. It is realized that the melting temperature of HDPE in the coat-
ings decreases slightly as compared to that in the starting powder,
which is probably due to thermal decomposition during spraying [22].
Higher Tsy and Ty(max) of HDPE in the Cu-coated HDPE powder com-
pared to the HDPE powder is presumably attributed to the probability
that the copper shell absorbs heat during the heating-up process. Inter-
estingly, it is worth noting that for the HDPE-Cu composites, the coat-
ings exhibit remarkable decrease in both Tsy and Ty(max), Suggesting
that the copper shell likely promotes thermal decomposition of HDPE
during the coating fabrication. This could be explained by the prolonged
heating effect exerted by the metallic layer to HDPE happened mainly
during the flattening stage. Pretreatment of the starting HDPE for pre-
paring the HDPE-Cu powder results in decreased crystallinity. However,
it is noted that the crystallinity of HDPE in the coatings significantly aug-
ments compared to the starting HDPE powder. Presence of copper obvi-
ously facilitates the increased crystallinity. During flame spraying, the
flattened particles were heated by both the flame and the subsequently
impacted particles. This heating phenomenon could be considered as an
annealing process for the copper shells and the HDPE cores, as a conse-
quence the crystallinity of the HDPE particle in the composite coating
increases distinctly. Enhanced strength could be expected for the coat-
ings since the increase in crystallinity of HDPE gave rise to enhanced
properties [23].

The anti-corrosion performance persists as one of the major chal-
lenges for nowadays available antifouling coatings for marine applica-
tions. In this study, corrosion resistance of the coatings was assessed
by the neutral salt spray testing and potentiodynamic polarization, EIS
spectra and equivalent circuit model were investigated. For the neutral
salt spray testing, the coatings were exposed in salt spraying fog for up
to 14 days. It is realized that after 6 h exposure, corrosion products of
pure copper coatings are observed. 7 days exposure of the copper coat-
ings results in full coverage of the corrosion products on the coating sur-
faces namely Fe;04 and a-FeOOH (Fig. 5A), whereas the other samples
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Fig. 8. Potentiodynamic polarization curves of the HDPE-Cu coating, the Cu coating and the
uncoated MS in ASW solution.

are not corroded yet. After 14 days exposure to the corrosive media, the
surface and the cross-section of the HDPE-based coating still exhibit in-
tact state (Fig. 5B, C), suggesting favorable anti-corrosion performances.
Electrochemical testing was also conducted to further assess the corro-
sion resistance of the substrate, the Cu coating and the HDPE-Cu com-
posite coating in ASW solution. Nyquist plots for the samples are
shown in Fig. 6A, B and C. The highest resistance value was obtained
for the HDPE-Cu coating while the lowest resistance value was obtained
for the Cu coating. The dense structure of the HDPE-Cu coating plays as a
good barrier to the substrate, in turn restricting the diffusion of aggres-
sive electrolyte species toward the substrate. In addition, the impedance
spectra of the samples are represented in the forms of Bode plots (Fig.
7). Itis clear that the HDPE-Cu coating shows increased maximum im-
pedance modulus value |Z| (Fig. 7A) and maximal phase angle value
(Fig. 7B), suggesting better corrosion resistance than the other samples.

The potentiodynamic polarization curves for the samples are shown
in Fig. 8. The electrochemical corrosion parameters such as corrosion
potential (E,) and corrosion current density (I.o) are summarized
in Table 2. The corrosion current density of the HDPE-Cu coating is
1.304 x 10~ 7 A/cm?, much lower than the other samples. Furthermore,
the polarization curves show positive shift in the corrosion potential for
the HDPE-Cu coating. Corrosion potential is a measure of the tendency
of the sample to corrode. The positive shift in corrosion potential sug-
gests promising corrosion resistance of the HDPE-Cu coating. The corro-
sion protection efficiency (PE) of the coating was calculated using the

formula [24]: PE(%) :WX 100% , where Icorrpare and

leorrcoatea are the corrosion current density of the bare carbon steel and
the coating, respectively. The protection efficiency of the HDPE-Cu coat-
ing is 96%.

The equivalent circuit model of the copper coating and the HDPE-Cu
coating was fitted, and the results are shown in Fig. 6D and Table 3. The
model consists of three parts: (1) solution resistance Rs; (2) parallel
combination of the capacitance of the coatings Q... and the resistance
of the coating R.qr; (3) parallel combination of double layer capacitance
Qg and charge transfer resistance R... The results show that R, and Reoqr
of the HDPE-Cu coating are higher than that of the copper coating,
which also suggests higher corrosion resistance of the HDPE-Cu coating.
The result from the model is consistent with the ones acquired from the
potentiodynamic polarization curves and the electrochemical imped-
ance spectra.

Table 2
Electrochemical characteristics for the HDPE-Cu coating, the Cu coating, and the MS sub-
strate in ASW solution.

Samples Corrosion potential Corrosion current density
(Ecorr) (V/SCE) (Ieorr) (Afcm?)

MS substrate —0.785 3276 x 107

Cu coating —0.368 9.604 x 10~°

HDPE-Cu coating —0.100 1304 x 1077
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Table 3
Electrochemical impedance parameters of the copper coating and the HDPE-Cu coating.
Sample Rs Rct Rcoat QCT ny Qcoat ny
(Q-cm?) (Q-cm?) (Q-cm?) (WF-cm™2) (WF-cm™2)
HDPE-Cu coating 773.60 4.09 x 10° 6.58 x 10* 1.75 x 1073 0.80 348 x 107° 0.80
Cu coating 10.44 338.40 131.00 1.34 x 1073 0.74 147 x 1074 0.55

The assessment to the antifouling properties of the HDPE-Cu coat-
ings reveals significantly prohibited attachment of Bacillus sp. bacteria
on their surfaces. It is noted that after 3 days exposure in the bacteria-
containing ASW, the HDPE coatings show clear colonization of the bac-
teria (Fig. 9A). In contrast, the Cu-containing coatings and the copper
coatings show the attachment of few bacteria (Fig. 9B and C), which is
obviously owing to release of copper ions into the solution [25-27]. Ex-
tensive investigations have proposed many possible antifouling mecha-
nisms of copper ions [28]. Copper ions released from the Cu-containing
coatings could engage with DNA of the bacteria and subsequently inhib-
it bacterial multiplication [27]. Copper ions adsorbed on cell surfaces
could interact with caryon and cytoplasm of the bacteria cell, in turn
damage cell membrane or destroy the function of bacterial enzymes
[29,30]. For Cu-associated antifouling layers, the persistent challenge
yet is how to control release of copper ions for long-term antifouling.

It is reported that the minimum concentration of copper ions to
repel recruitment of Bacillus sp. and E. coli is 0.003 ppm [31]. The con-
centration of copper ion released from each sample was measured
using ICP-OES. The concentration of copper ions as a function of immer-
sion time could be examined in Fig. 9D. It is noted that the concentration
of released copper ions exceeds the minimum required to repel the at-
tachment of bacteria in all cases. In the first 3 days, the release rate of
copper ions is relative high, simply because the volume percentage of
Cu element on the coating surface is higher than that in the interior of
the coating. In this stage, attachment of most microorganisms should
be effectively inhibited. With further elongated incubation of the coat-
ing, release rate of copper ions decreases and reaches a relatively stable
value, suggesting that the copper particles existing in the interior of the

Release rate of
copper ions (ppm)

composite coatings begin to dissolve into NaCl solution. Image analyses
from the surface and the cross-section of the coating incubated in the
solution for 21 days (images not shown) reveal that the content of cop-
per on the surface and the interior of the HDPE-Cu coating is 10.91 +
3.17 vol.% and 9.15 + 1.17 vol.%, respectively, which indicates that cop-
per within the composite coatings do not easily dissolved into the solu-
tion in short time due to the protection of the inert polymeric matrix.
For marine applications of the coatings, their surface characteristics
in particular surface wettability also play important roles in regulating
their antifouling/anti-corrosion performances [32,33]. The results
show that the water contact angle of the HDPE coating, the HDPE-Cu
coating and the Cu coating is 92.8° 4+ 1.1°, 101.0° £ 1.1° and
135.9° £ 0.1°, respectively. The glycerol contact angle for the coatings
shows a similar trend (data not shown). It is known that surface free en-
ergy and topology structure jointly contribute to the wettability [34].
Surface energy could be calculated by the equation proposed by Fowkes,

Owens and Wendt [35]: 1 + cos@ = 2\/'7§ (@) +2V8 (@), where ©

is contact angle (degree), ¥¥ and ¥ are polar and dispersive component
of free energy of the coating surface (mJ/m?), 7, is total free energy of
the liquid (m]/m?) comprising polar energy ¥/ and dispersive energy
v{. Based on this equation, surface energy of the HDPE coating, the
HDPE-Cu coating and the copper coating is 31.16 mJ/m?, 38.67 mJ/m?
and 3.17 mJ/m?, respectively. It is surprising to note that the addition
of copper into the HDPE coatings results in enhanced surface energy.
The increase of surface wettability of the Cu-containing coatings is likely
attributed to altered topology structure [32]. Surface roughness of the
HDPE coating and the HDPE-Cu coating is 0.22 + 0.02 pm and 1.08 +
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Fig. 9. Surface morphologies of the HDPE coating (A), the Cu coating (B) and the HDPE-Cu composite coating (C) after 72 h incubation in Bacillus sp. bacteria-containing ASW showing
effective antifouling performances of the Cu-containing coatings. The white arrows point to typical Bacillus sp. bacterium. Release rate of copper ions from the HDPE-Cu coatings versus

immersion time in 3.5 wt.% NaCl solution (D).
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0.10 um, respectively. The roughened surface introduced by the addition
of copper could account for the enhanced wettability. The slightly en-
hanced hydrophobicity might promote antifouling performances of
the constructed coating.

4. Conclusions

A new processing route for making HDPE-Cu powder and coatings
was proposed. The flame sprayed HDPE-Cu coatings show a homoge-
nous dense microstructure with unique distribution of copper at inter-
faces between individual HDPE splats. Both excellent antifouling and
anti-corrosion performances were revealed for the Cu-containing com-
posite coatings. The enwrapped coating structure offered controllable
long-term release of copper ions from the coatings for inhibiting attach-
ment and colonization of bacteria. The results shed light on potential ap-
plications of HDPE-Cu coatings for marine applications and the
approach is effective for cost-efficiently making large-scale polymer-
metal composite coatings for a variety of applications.
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