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Abstract

Many special structures such as pipeline, revolving gears, and tanks suffer from biofouling
used in marine environment, which could induce serious results in the ship system such
as blockage and stuck, consequently lead to failure of the mechanical system and power
system. Generally, coatings with antifouling agents are used for protecting metal structures
from biofouling, but coatings are not conveniently applicable in the high velocity flowing
seawater and narrow space. Electrochlorination and electrolysis of copper and aluminum
anode are usually used in these circumstances, but the electric power will lead to stray
current corrosion to the component. For the sake of convenience and safety, Cu-Ti pseudo
alloy antifouling anode was proposed in this work for antifouling in pipeline and other
narrow spaces without external electric power. Four Cu-Ti pseudo alloy antifouling anodes
with different Ti contents (mass fraction) of 0 wt.%, 5 wt.%, 10 wt.%, and 15 wt.% were
investigated with computational method, and a 15 wt.% Ti content Cu-Ti pseudo alloy
antifouling anode was prepared by cold spray, and the microstructure and composition of
the anode were observed by scanning electron microscope (SEM) and energy dispersive
spectroscopy (EDS). Electrochemical tests were conducted to obtain the corrosion potential,
potentiodynamic polarization curve, and micro zone electrochemical information in natural
seawater, and the Cu ions releasing behavior were analyzed using inductively coupled
plasma (ICP). The results indicated that in natural seawater, copper particles, and titanium
particles on the surface of anode samples can form micro galvanic couples. With the
increase in Ti mass fraction, the number of micro primary cells composed of copper particles
and titanium particles increases, and the corrosion rate of Cu particles increased. When
the Ti mass fraction is 15%, the corrosion rate is the fastest, and the copper ion release
rate increases by nearly ten times, reaching 147 µg/(cm2·d). This method can effectively
accelerate the releasing rate of Cu ions in Cu-Ti pseudo alloy anode and promote the
antifouling effect.

Keywords: cold spray; TUP2; micro-galvanic corrosion; corrosion behavior; marine
antifouling

Coatings 2025, 15, 1433 https://doi.org/10.3390/coatings15121433

https://doi.org/10.3390/coatings15121433
https://doi.org/10.3390/coatings15121433
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0009-0004-0145-5573
https://orcid.org/0000-0002-6103-6088
https://doi.org/10.3390/coatings15121433
https://www.mdpi.com/article/10.3390/coatings15121433?type=check_update&version=1


Coatings 2025, 15, 1433 2 of 17

1. Introduction
Marine biofouling typically refers to the phenomenon of bacteria, algae, barnacles,

and other organisms attached to marine infrastructures and facilities, growing and re-
producing. This occurrence causes significant damage to ships, seawater nets, and other
facilities, leading to accidents, economic losses, and ecosystem damage. Marine biofouling
presents numerous challenges, including increased drag, reduced efficiency, and ecological
imbalance. Existing biofouling control technologies mainly include physical, chemical, and
biological aspects, among which antifouling coatings are the most mainstream anti-fouling
method in chemical control technology [1,2]. Generally, coatings with antifouling agents are
used for protecting metal structures from biofouling in marine environment [3–5], but coat-
ings are not applicable in the high velocity flowing seawater and narrow space component,
such as pipeline and tanks for short term protection life. Electrochlorination and electrolysis
of copper aluminum anode are usually used in these circumstances. Electrochlorination
can produce hypochlorous acid by applying a potential or imposing a current to an MMO
(mixed metal oxides) or noble metal (Pt) electrode placed at the vicinity of the material to
be protected or to the material surface itself. This imposition leads to the generation of
strong oxidants by oxidation of ions present in water (Cl−, Br−) or by water reduction with
the generation of H2O2 or with gas evolution; also, an electrical field could be applied in
order to obtain electrostatic repulsion of the bacteria. The other strategy is to perform a
pretreatment of the material in view of either immobilizing on its surface a biocide agent
(Cu, Ag, >N-Cl. . .) which could be released or organic coating having antifouling properties
or to micro or nanostructure the material surface [6,7]. The electrolysis of copper aluminum
anode can produce Cu ions into the environment. Cu ions are strong biocides that can kill
or poison the biology; the Al3+ reacts with water to form flocculation and fixes the Cu ions
on the surface to be protected, which can prolong the protection time period. However,
electricity may lead to stray current corrosion to the pipelines or the structures, and it
is very difficult to manage the disadvantages induced by the electricity. For the sake of
convenience and safety, Cu-Ti pseudo alloy antifouling anode was proposed based on the
micro galvanic corrosion between the Cu and Ti particles without external power source in
this work for antifouling in pipeline and other narrow spaces.

The macro galvanic corrosion principle could be seen in Figure 1a. The Ti metal has
a positive potential that polarizes the copper to a more positive potential, as shown in
Figure 2. There are anodic and cathodic reaction on Cu anode and Ti cathode, respectively.
The anodic reaction is the corrosion of the metal (reaction (a)), the cathodic reaction on the
metal surface in the neutral seawater is the reduction of oxygen (reaction (b)) [8–10]. The
Ti cathode can polarize the Cu particle to a more positive potential, which accelerates the
corrosion rate of the copper by exponential growth. However, there are some fatal defects
for macro galvanic corrosion, as shown in Figure 1b. The corrosion concentrates within the
very narrow area near to the boundary between two metals. The metal consumes locally
and rapidly because of shielding effect of the current in narrow space [11–13]. This can
lead to structure danger because of attenuating and penetrating.

Cu→Cu2+ + e− (Reaction a)

O2 + 2H2O + 4e−→4OH− (Reaction b)

Thus, based on the disadvantages of the macro galvanic corrosion, as shown in
Figure 3a, we propose a micro galvanic corrosion system, as shown in Figure 3b, that the
anode becomes thinner uniformly as the corrosion occurs [14–16]. The micro galvanic
corrosion system is composed of Cu particles and Ti particles, as shown in Figure 3b. Ti as
cathode accelerates the corrosion rate of Cu, and Cu as anode accelerates the corrosion rate.
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The Cu particles and Ti particles aggregate together to form a pseudo alloy system that can
be fabricated by cold spray, casting, and so on. The Cu and Ti particles randomly distribute
in the anode. As the consumption of the Cu particles increases, the Ti particles peel off from
the pseudo alloy [17–19]; then, the Cu-Ti pseudo alloy antifouling anode can kill the marine
organisms or hold back the attachment continuously with high Cu ions releasing rate.

Figure 1. (a) The schematic diagram of macro galvanic corrosion between copper and titanium,
(b) galvanic corrosion.

 
Figure 2. The schematic diagram of polarization curves for galvanic corrosion between copper
and titanium.

 

Figure 3. The schematic diagram of galvanic corrosion between copper and titanium, (a) macro
galvanic corrosion, (b) micro galvanic corrosion.

In present work, a micro Cu-Ti pseudo alloy galvanic corrosion system was proposed
as antifouling material. The content and the particle size of the Cu influencing the Cu
ions releasing behavior was investigated by simulation and experimental method. The
microstructure and the composites after immersion were observed; the optimal content
and structures were discussed to obtain a highly efficient antifouling anode material.
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2. Experiments and Methods
2.1. Cu Ions Releasing Rate Simulation

In this part, COMSOL Multiphysics was used to simulate the current and potential
distribution on the surface of Cu-Ti pseudo alloy anode to obtain an optimal microstructure
for high Cu(I) or Cu(II) (Cu ions) releasing rate. The simulation procedures were as fol-
lows: physical problem description, calculation domain simplification, calculation domain
discretization, and solution.

2.1.1. Physical Problem

Copper ions are usually used as antifouling agents in marine environment in the form
of Cu2O additive to the organic coatings. The Cu2O dissolves into the seawater to form Cu
ions, which has a poisonous effect to marine biology, which can kill the biology and keep the
larva from attaching to the structure surface. The Cu ions are a broad spectrum of biocides.
The antifouling effect is determined by the Cu ions concentration; the concentration is
determined by the corrosion rate of copper. However, the copper alloy is a low corrosion
rate metal; the corrosion rate decreases as the formation of corrosion products (passivation
film) in seawater during long-term immersion increases, so the copper alloys rarely have
long-term antifouling performance as the corrosion rate decreases [20,21]. To keep the long-
term antifouling ability for copper, the corrosion rate should be maintained continuously;
one is holding back the passivation film formation, the other is maintaining a more positive
potential, as shown in Figure 2. The passivation film formation is a spontaneous process for
copper alloy in seawater, and there is no convenient way to change it. Fortunately, the Cu
alloy has a very famous corrosion phenomenon, called “infancy corrosion”; the Cu alloys
need about one month to form passivation film in the seawater, and will corrode rapidly
if the film does not form completely, which can be used for designing high corrosion rate
copper alloy. The corrosion potential of Cu alloy in seawater can be easily changed by
additive of more noble metal such as Ti metal. The reaction (a) occuring on the anode is
the corrosion of Cu, the reaction (b) occuring on the cathode is the reduction of oxygen
(which has little to do with Ti particles; Ti particles only provide a reaction place). The
corrosion potential of oxygen reduction is influenced both by the solution and the metal.
The solution for seawater is fixed; the metal could be changed easily. However, there are
some engineering metals that have a more noble potential than copper—titanium is an
ideal and economic one. The corrosion potential of the Cu is influenced by the Ti content
since the total input current provided by the Ti particles is influenced by the total area of
Ti particles. The corrosion current density distribution of Cu is also influenced by the Ti
particles distribution, which is important for the Ti particles’ peeling off behavior too. Thus,
the most important thing for high antifouling performance is to optimize the Ti content
and shape.

A mixture of Cu and Ti particles formed a Cu-Ti pseudo alloy antifouling anode, and
the anode was immersed in the seawater. The corrosion behavior of the mixed anode is
simulated with a Comsol 5.0 software by analyzing the corrosion current and corrosion
potential distribution to provide design data for the antifouling anode. The corrosion
potential and corrosion current is influenced by the Ti particles content, Ti particles size, and
the corrosion status. The size and the content could be reached by geometry information,
the corrosion status that influences the corrosion current could be taken into consideration
by the polarization curves. The COMSOL Corrosion Module is an add-on to the COMSOL
Multiphysics software 5.0 that allows for the simulation of various corrosion processes
such as electrochemical corrosion, cathodic protection, and more. The corrosion potential
and corrosion current density can be calculated by the Comsol software; the corrosion
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current and the corrosion potential can optimize the anode content to obtain an ideal
antifouling performance.

2.1.2. Geometry Model

To achieve high computational efficiency, the real 3D physical domain (Cu-Ti anode
immersed in seawater) was simplified to a 2D plain domain (as shown in Figure 4, the upper
part is seawater and the bottom part is Cu-Ti anode). The electrolyte is natural seawater,
which has a size of 200 µm × 100 µm. The Cu particles act as an anode, Ti particles as a
cathode, which has a size of 200 µm × 40 µm. Regarding accuracy, the Cu particles and the
Ti particles were imported from the SEM pictures, and the geometry in the computational
domain can be expressed as Equation (1) in the form of chart function [22–24]. The model
geometry considered in this example is shown in Figure 3, along with a representative
cross-sectional microstructure, which consists of the alpha phase (Ti cathode) and beta
phase (Cu anode) exposed to the electrolyte solution.

micro(x, y) =

{
1, cathode
0, anode

(1)

 

Figure 4. The physical model for Cu-Ti anode corrosion behavior computational domain, (a–d) differ-
ent Ti contents for the same particles size, (e–g) different particle size for the same Ti content.

The cross-sectional microstructure shown in Figure 4 is represented in terms of an
interpolation function called “micro” which has a value of 0 and 1 for the alpha phase and
beta phase, respectively. Figure 4 shows the computational domain of Cu Ti anode; the
total anode size is 200 µm × 40 µm. Figure 4a–d stand for 4 different Ti contents (5 wt.%,
10 wt.%, 15 wt.%, 50 wt.%; Cu particle size is 15 µm), respectively. Figure 4e–g stand for
3 different Ti sizes (5 µm, 15 µm, 30 µm; Ti particles content is 15 wt.%), respectively.

Computational domain discrete (meshing) is very important for high-quality sim-
ulation, since all calculation data are transferred among meshes. The Comsol software
provides a convenient automatic mesh partitioning method. In this work, the mesh at
the interface between Cu and Ti particles is fine (the size is about 0.2 µm) and increases
gradually to the electrolyte and the inner part of the Ti and Cu particles. The total mesh
amount is about 10,000, which can be found in Figure 5, and the computational results
independent to the mesh scale are verified.
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Figure 5. Mesh strategy for the computational domain, (a) electrolyte area, (b) electrode area.

2.1.3. State Equations

The delivery of electrolyte i can be expressed with Nernst–Planck Equation (2):

Ni = −Di∇ci − ziuiFci∇φ + civ (2)

In which Ni is the total flux of material i, mol/m2·s; Di is the diffusion efficiency of
material I; ci is the content of material I; zi is the charge number; F is the Faraday constant
(F = 96,485 C/mol); φl is the electrolyte potential; v is the flow rate of the electrolyte [25–27].

According to energy conservation law, the delivery equation of the electrolyte for the
transient status can be expressed as Equation (3).

∂ci
∂t

= −∇·Ni = Di∇2ci − ziFui∇·(ci∇φ) +∇·(civ) (3)

The following simplification is necessary for calculation:
(1) The electrolyte is uniform everywhere.
(2) The electrolyte is incompressible.
(3) The electrolyte is neutral.
(4) The corrosion rate on the cathode is zero; an Equation (3) could be simplified as

Equation (4).
∇2∅ = 0 (4)

Furthermore, the computational domain based on Equation (3) can be expressed as
Figure 6. The boundary conditions for Cu and Ti are their corresponding polarization
curves, which can be written by Equations (5) and (6).

∇n φ = − fa(∅)

σ
(5)

∇n φ = − fc(∅)

σ
(6)

Figure 6. The physical domain and boundary conditions.
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In which σ is the conductivity of the electrolyte, fa(φ) is the current density of anodic
reaction, fc(φ) is the current density of cathodic reaction, fa(φ) and fc(φ) correspond to the
polarization curve of anode and cathode.

The current density in the electrolyte can be expressed as Equation (7).

il = F
n

∑
i=1

zi Ni (7)

The other physical boundary is insulation. The electric condition can be written as
Equation (8).

∇n∅ = 0 (8)

2.1.4. Level Set Method

The present model considers a different cross-sectional microstructure that could
potentially lead to topological changes. Since the deformed geometry formulation used in
the localized corrosion example cannot handle topological changes, the level set method
is used in the present model to capture dissolution of a constituent phase [28–30]. The
topological changes (boundary and structures changes) induced by the dissolution of Cu
particles and the spalling of Ti particles could be captured by the level set method. The
computation will go on as the Ti particle peels off from the anode when the Cu around the
Ti particles dissolved completely. Use the level set interface to keep track of dissolution
of the alpha phase. The level set interface automatically sets up the equations for the
movement of the interface between the electrolyte and electrode domains. The interface
is represented by the 0.5 contour of the level set variable ϕ. The level set variable varies
from 1 in the electrode domain to 0 in the electrolyte domain. The transport of the level set
variable is given by Equation (9):

∂φ

∂t
+ u·∇φ = γ∇·

(
ε∇φ − φ(1 − φ)

∇φ

|∇φ|

)
(9)

In which ε parameter determines the thickness of the interface and is defined as
ε = hmax/4; hmax is the maximum mesh element size in the domain. The γ parameter
determines the amount of reinitialization. A suitable value for γ is the maximum velocity
magnitude occurring in the model.

The level set δ function is approximated by Equation (10):

δ = 6|φ(1 − φ)||∇φ| (10)

In this model formulation, it is assumed that the anodic dissolution reaction takes
place at the alpha phase (Cu) surface, and that the cathodic hydrogen evolution/oxygen
reduction reaction (which is not associated with any loss of material) takes place at the beta
phase (Ti) surface [31]. Hence, the alpha phase surface will move (dissolve) whereas the
beta phase surface remains intact. This is achieved in the model by setting the alpha phase
dissolution velocity in normal direction according to Equation (11):

u =
iloc
2F

MCu

ρCu
× (1 − micro(x, y)) (11)

In which MCu is the mean molar mass, 63.546 g/mol; ρCu is the density of TUP2
(8940 kg/m3).

Use the inlet boundary node for the exterior boundaries of the electrolyte domain and
set the level set variable to 0 at those boundaries. Use the outlet boundary node for the
exterior boundaries of the electrode domain.
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To set the initial interface position, use the initial interface boundary node for the
interior boundary between the electrolyte and electrode domains. The controlling equation
for the upper boundary can be written as Equation (12), and the changing boundary can be
written as Equation (13).

φ = φ0 (12)(
ϵls∇φ − φ(1 − φ)

∇φ

|∇φ|

)
·n = 0 (13)

2.1.5. Boundary Condition Setting

The polarization curve was obtained with potentiodynamic polarization method. The
parameters for the test are as follows: the Cu (pure copper TUP2) and the Ti (TA2 alloy)
test samples were abraded with sandpaper of 200# to 600#; the electrolyte was obtained
from the Qingdao corrosion test site (authorized by the Ship Industry of China). The
potential scanning rate is 0.167 mV/s; the scanning range is from open circuit potential
(OCP) to −0.5~+0.5V (OCP) for Cu; the scanning range is from open circuit potential (OCP)
to −0.5V~+0.5V (OCP) for Ti. The test was carried out in a conventional three electrodes
system (Pt as a count electrode and SCE as a reference electrode). The polarization curves
for Cu and Ti are shown in Figure 7. The physical parameters for seawater, copper alloy,
and titanium alloy are listed in Tables 1 and 2 [32,33].

10−7 10−6 10−5 10−4 10−3 10−2 10−1 100 101 102

−1

0

1

2

3

4

E 
/V

|i| /mA·cm-2

 TUP2
 TA2

Figure 7. The polarization curves of Cu and Ti after a 5-day immersion in natural seawater.

Table 1. Physical parameters used for simulation.

Physical Variable Value Description

σ 4 S/m Conductivity of seawater
M_Cu 63.55 g/mol Molecular mass of Cu
rho_Cu 8940 kg/m3 Density of Cu

n 2 Charge transfer numbers

Table 2. Corrosion parameters.

Expression Unit Description

(i_alpha(-phil)*(1 − micro(x,y)) +
i_beta(-phil)*micro(x,y))

(y <= 0)
A/m2 Local current density

(1/2)*i_loc/F_const*(1 − micro(x,y)) mol/(m2·s) Corrosion rate
Rc*M/rho*(1 − micro(x,y)) m/s Releasing rate

Sigma*ls.Vf1 + 0.1[S/m]*ls.Vf2 S/m Conductivity
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2.2. Cu Ions Releasing Rate Verification
Anode Preparation

A Cu-15%Ti anode was prepared by cold spraying copper and titanium powders
with a commercial cold spray system (PCS-1000 high-pressure CS system, Plasma Giken
company, Saitama, Japan) with N2 as carrier gas. The detailed CS parameters are shown
in Table 3. The anode was deposited on a 5083-aluminum alloy substrate; when the
anode was prepared, the 5083-aluminum alloy substrate was excised from the deposited
Cu-Ti anode. The Cu and Ti powders were provided by a commercial powder company
(Hangdun powder materials company, Beijing, China) and they have smooth surface and
good fluidity. The powder morphologies were observed under a field-emission scanning
electron microscopy (Ultra55, FE-SEM, Zeiss, Oberkochen, Germany) with a beam energy
of 5.0 kV. It can be seen from Figure 8a that the Ti powders have a spherical shape; this
shape is a typical feature of ion gas atomization powder. The size of the powder particles is
about 5.0~45.0 µm. The Cu powders have an irregular shape as shown in Figure 8b.

Table 3. CS parameters for depositing Cu-Ti anode.

Temperature (°C) 900.0
Pressure (MPa) 5.5

Temperature (°C) 750
Stand-off distance (mm) 25.0

Process gas N2
Powder feeding rate/(g·min−1) 40.0

 

  

Figure 8. SEM morphology of (a) Ti powders and (b) Cu powders.

2.3. Microstructure Characterization

Samples preparation: Samples with dimensions of 10 mm × 10 mm were cut from the
as-sprayed Cu-Ti anode sample for microstructural and composition analysis. The cross-
sections of the samples were successively polished to a smooth status using sandpapers of
different grit sizes (240#, 400#, 800#, 1000#, 1500#, 2000#). Afterwards, deionized water and
anhydrous ethanol were used to clean the cross-section of the test samples, followed by
drying with an air dryer.

Observation: Samples were observed under the magnification factors of 800×, 1000×,
and 2000× for SEM testing (the Ultra55 scanning electron microscope and X-max energy
dispersive spectrometer produced by Germany’s Zeiss company, Oberkochen, Germany).
The working voltage is 15 kV when observing the metal matrix and 2 kV when observing
corrosion products, after rinsing with water and blow-drying.

2.4. Cu Ions Relaeasing Behavior

Traditional electrochemical test method can only obtain the average information from
the surface of the electrode and obtain a mixture data of cathode and anode, since the
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electric circuit around the test site cannot be shielded. Also, it cannot tell the detailed
information of cathode and anode. Scanning vibrating electrode technique, SVET, utilizes
the local ion diffusion-induced electric current flow to measure the potential difference on
the surface. A vibration detector is used to measure the potential difference at different
sites of the surface and obtain the potential distribution. Then, this technique can also be
used for calculating the corrosion current distribution as Equation (14) through ohm’s Law.

j = −σ
∆V
A

(14)

In which j is the current induced by ions diffusion, (A/m2); σ is the conductivity
(S/m), 4 S/m for natural seawater; ∆V is the potential difference (V); A is the vibration
amplitude, 30 µm for this experiment.

The SVET test equipment is a VersaScan from perkinelmer company. The data were
collected as the potential became stable; at 24 h, the electrolyte is seawater, the sample size
is 10 mm × 10 mm × 10 mm, the detector is Pt electrode. The distance from the Pt detector
to the surface is 50 µm, the vibration frequency is 80 Hz, the scanning rate is 100 µm/s.

The Cu-Ti anode was sealed in the resin epoxy and immersed in the beaker with
1000 mL seawater for 1, 3, 7, 14, 21, 30 d [34]. Then, the samples were taken out from the
beaker and put into an exfiltration trough for 24 h. The concentrations of the exfiltration
liquid were measured with an ICP720-ES instrument (Agilent Technologies company, Santa
Clara, CA, USA) to obtain the Cu ions concentration. The releasing rate was calculated by
Equation (15).

Rx = CxV/tS (15)

In which Rx is the releasing rate of Cu ions at X day, µg/(cm2·d); Cx is the concentration
of Cu ions at X day, µg/mL; V is the volume of the electrolyte, S is the area of the samples,
cm2; t is the test time, d.

3. Results
3.1. The Ti Content Influene on the Releasing Current

Figure 9 shows the computational cross-sectional morphology of 5 wt.%, 10 wt.%,
15 wt.%, 50 wt.% Ti content Cu-Ti anode in seawater after 720 h corrosion by computational
method. The Cu anode particles lose electrons and release Cu ions into the solution, and
this process was accelerated by the Ti cathode; the anode becomes thinner as the releasing
of Cu ions. It can be seen that the corrosion depth is 1 µm for 5 wt.%, 2 µm for 10 wt.%,
10 µm for 15 wt.%, and 35 µm for 50 wt.%. Subtracting the Ti particles peeling off, the
corrosion depth is 0.95 µm for 5 wt.%, 1.8 µm for 10 wt.%, 8.5 µm for 15 wt.% and 17.5 µm
for 50 wt.%. The corrosion rate of Cu increases with the content of Ti particles content;
additionally, the cathode to anode ratio increases, the potential of the Cu can be polarized
to more positive value, and the corrosion rate then be accelerated to a higher rate. As for
the consumption of the Cu, the Ti particle peels off from the Cu Ti anode and the new Ti
particles are exposed to the electrolyte.

Figures 10 and 11 show the corrosion current distribution on the Cu-Ti anode after
1000 h immersion. The Cu particles (anode) emit current to the Ti particles (cathode). The
highest current is 0.1 A/m2, 0.16 A/m2, 0.3 A/m2, and 0.8 A/m2 for 5 wt.%, 10 wt.%,
15 wt.%, and 50 wt.% anode, respectively. The lowest corrosion current on the surface is
0.01 A/m2, 0.02 A/m2, 0.05 A/m2, and 0.1 A/m2 for 5 wt.%, 10 wt.%, 15 wt.%, and 50 wt.%
anode, respectively. The maximum corrosion current for Cu particles is at the boundary
between Cu particle and Ti particle. The average current density increases as the Ti particles
content increases.
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Figure 9. The potential contour of Cu-Ti anode in seawater after 720 h corrosion, (a) 5 wt.%,
(b) 10 wt.%, (c) 15 wt.%, (d) 50 wt.%.

Figure 10. The corrosion current density distribution of Cu-Ti anode influenced by Ti content,
(a) 5 wt.%, (b) 10 wt.%, (c) 15 wt.%, (d) 50 wt.%.
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Figure 11. The time-dependent corrosion current density along the Cu-Ti anode interface, (a) 0 h,
(b) 720 h.

At the beginning of the immersion, the corrosion current distribution is much uniform
when the Ti particles content is high; during that period, the minimum current and the
maximum current difference is 0.038 A/m2. Meanwhile, regarding the lowest Ti particles
content, the minimum current and the maximum current difference is about 0.12 A/m2.
It means that the uniform current distribution also needs uniform particles distribution
and enough content. The micro galvanic corrosion current also has a very strong space
limitation. As the immersion time prolongs, the current distribution changes—the anode
with 15 wt.% Ti particles content has the maximum current density, the anode with 5 wt.%
Ti particles content has the minimum current density. However, the anode with 50 wt.%
Ti particles content has the highest total corrosion current. This may be caused by the Ti
particles peeling off or uneven peeling off.

3.2. The Ti Particle Diameter Influence the Releasing Current

Figure 12 shows the corrosion morphology of the 15 wt.% Ti content Cu-Ti anode in
marine seawater after 720 h. It can be seen that when the Ti particles have 5 µm, 15 µm,
and 30 µm diameter, the small particles have a larger exposing area and the corrosion rate
is a bit higher. The anode with larger Ti particles has an uneven corrosion morphology and
a small depth corrosion. Meanwhile, the anode with 5 and 15 µm titanium particles has a
larger corrosion rate and the corrosion depth is larger than that of the anode with 30 µm
Ti particles.

Figures 13 and 14 show the corrosion current distribution on the Cu-Ti anode after
1000 h immersion. The Cu particles (anode) emit current to the Ti particles (cathode). The
maximum current density at the boundary is 0.2 A/m2, 0.3 A/m2, 0.12 A/m2 for 5 µm,
15 µm, and 30 µm diameter Ti particles, respectively. The minimum corrosion current
density is 0.05 A/m2, 0.05 A/m2, 0.02 A/m2 for 5 µm, 15 µm, and 30 µm diameter Ti
particles, respectively. Figure 14 indicates that when the Ti particles content is 15 wt.%,
the corrosion current density increases as the particle size increases to 15 µm, and then
decreases as the Ti particles increases to 30 µm. When the Ti particles have the size of
15 µm, the Cu-Ti anode has the highest corrosion current density. As the immersion time
prolonges, this trend does not change.

It can be inferred from the above analysis, the Ti particles content determines the
corrosion current of the Cu-Ti anode; the corrosion current increases as the Ti content
increases. However, as the Ti content increases to a certain value, the Cu content is low and
the total Cu ions releasing amount do not increase correspondently. As the time prolongs,
the Ti particles peeling off behavior also influence the corrosion current density. The Ti
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particles size also has a very important effect on the corrosion current density. Larger Ti
particles have an uneven distribution; the area exposed to the electrolyte is smaller than
that of the small Ti particles. Thus, there is an optimal Ti particles content and size for
Cu-Ti anode, but the cold spray technique also has a narrow spraying parameters window;
the optimal parameters for high efficiency Cu ions releasing need the combination of the
electrochemical property and spraying property for the Cu and Ti particles.

 

Figure 12. The corrosion morphology of Cu-Ti anode (15 wt.% Ti) with different Ti particle size at
720 h, (a) 5 µm, (b) 15 µm, (c) 30 µm.

Figure 13. The corrosion current distribution of Cu-Ti anode (15 wt.% Ti) with different Ti particle
size at 720 h, (a) 5 µm, (b) 15 µm, (c) 30 µm.
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Figure 14. The corrosion current distribution of Cu-Ti anode (15 wt.% Ti) along the surface with
different Ti particle size at (a) 0 h, (b) 720 h.

3.3. The Real Corrosion Behavior of Cu-Ti Anode

Figure 15 shows the microstructure of the cold spray 15 wt.% Ti content Cu-Ti anode.
It can be seen that the Ti particles distribute in the anode uniformly, and the anode has
an excellent bonding character. As pointed out in previous research, the cold spray Cu-Ti
anode has a yielding strength over 280 MPa and an elongation of about 17% at fracture,
while the porosity of the Cu-Ti anode is less than 1%. Figure 16 shows the SVET map of
corrosion current distribution at different immersions. It can be seen that the Ti cathode
has a positive current emission and the Cu anode has a negative current absorption. The
maximum current density matches the simulation result well; the maximum current density
at 720 h is about 0.25 A/m2. Figure 17 shows the corrosion morphology with corrosion
products and after removal of corrosion products. The EDS of the corrosion products
indicates that the main composites are oxides of copper. It can also be seen that the oxides
are not complete, and Ti particles can be found on the surface; additionally, the Ti particles
in the Cu-Ti anode do not dissolve. After the removal of the corrosion products, obvious
thinning can be found around the Ti particles. The Ti particles do not dissolve during the
immersion and the removal of corrosion products. The releasing rate of Cu (I/II) is about
147 µg/cm2.d, which is about 3 times the pure copper corrosion rate. Interestingly, when
the polarization potential lies in the area of activating, the copper corrosion rate could
be 10 times as the corrosion rate at the OCP, which is why the Ti particles can accelerate
the copper corrosion rate evidently. When the polarization potential increases to a more
positive value, the corrosion rate will decrease again as the copper becomes passive.

Figure 15. The microstructure of the cold spray Cu15%Ti anode, (a) low magnification, (b) larger
magnification for the yellow area in (a).
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(a) (b) 

Figure 16. The corrosion current density distribution on the cold spray Cu15%Ti anode in seawater,
(a) 1 h, (b) 720 h.

 

Figure 17. Corrosion morphologies and EDS of Cu-15 wt.% Ti anode in seawater, (a) with corrosion
products, (b) removal of corrosion products.

4. Conclusions
In this paper, four Cu-Ti pseudo alloy antifouling anodes with different Ti contents

(mass fraction) of 0 wt.%, 5 wt.%, 10 wt.%, and 15 wt.% were investigated to obtain an
optimal content. A 15 wt.% Ti content Cu-Ti anode was prepared by the cold spraying
method, and the microstructure and composition of the four anti fouling materials were
observed by SEM and EDS. Electrochemical tests were conducted on corrosion potential,
potentiodynamic polarization, and SVET micro electro-chemical tests in natural seawater,
and the corrosion behavior and regular of antifouling anodes were analyzed using ICP.

Results indicated that in natural seawater, copper particles and titanium particles on
the surface of anode samples can form micro galvanic couples. With the increase in Ti mass
fraction, the number of micro primary cells composed of copper particles and titanium
particles increase, and the corrosion rate of antifouling materials accelerates. When the
Ti mass fraction is 15 wt.%, the corrosion rate is the fastest, and the copper ion release
rate increases by nearly 3 times, reaching 147 µg/(cm2·d). This method can effectively
accelerate the release of Cu ions in Cu-Ti pseudo alloy anode and promote the antifouling
effect of Cu alloys.
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