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To prolong the service time of ship and seawater piping systems, titanium alloys have a series of
excellent properties, such as their low density, high strength, and seawater corrosion
resistance, and they have become the main material used in ocean engineering. A welded
joint is a nonuniform structure that is composed of a weld seam (WM), base metal (BM), and
heat-affected zone (HAZ). When an alloy is used, it is easier to form galvanic corrosion, stress
corrosion, and pitting corrosion in a weld joint than when a single metal is used. Therefore,
corrosion failure often occurs at a welded joint. In this article, classical electrochemical testing
(EIS and Tafel) and surface morphology analysis (SEM and EDS) were used to study a welded
joint, andmicroarray electrode (WBE) testingwas added for the first time to study awelded joint.
The corrosion behavior of each zone of a TA2 titaniumalloywelded joint in flowing seawater and
the overall corrosion tendency after coupling of three zones were studied at the macro- and
submicroscales.Macroscopic results show that theHAZ andBMof a titaniumalloywelded joint
have better corrosion resistance in seawater. The microarray electrode shows that the WM is
the main anode that accelerates corrosion, and at high flow rate, the electrode will change into
the cathode. In conclusion, the data in this article provide a theoretical basis for the corrosion
failure mechanism of TA2 welded joints.
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INTRODUCTION

Marine environments and the service conditions of marine engineering equipment are extremely
harsh (Cheng et al., 2017). Therefore, the materials that are needed in seawater pipelines, ships,
seawater desalination, and other marine fields need to have extremely excellent performance (Liu
et al., 2016). Titanium alloys have low density and high specific strength resistance (Pang and
Blackwood, 2016). Therefore, they are widely used in marine and ocean engineering environments
(Cao et al., 2021). Titanium alloys are a kind of metal that has strong corrosion resistance and easy
passivation (Pang and Blackwood, 2016; Song et al., 2020; Pan et al., 2021). However, in some
environments that contain aggressive ions, a TiO2 passivation film on a surface can often be damaged
(Chuvil’deev et al., 2021). As a result, the passivation film loses its protection of the alloy matrix, and
this also leads to corrosion of the titanium alloy (Chen and Zhang, 2016).

Because of the presence of a weld zone (Zhu et al., 2016; Qi et al., 2018; Luo et al., 2021), welding heat
input has a certain influence on the base metal zone, which is transformed into a heat-affected zone (Zhu
et al., 2020). The presence of heat input may change the internal structure tomake it easier for a passivation
film to be produced. At the same time, it can also increase the internal defects of the alloy and increase the
corrosion tendency of the alloy (Rahimi et al., 2018). Also, because of the potential difference between each
area of thewelded joint, therewill be local corrosion. This is called galvanic corrosion (Gnanavel et al., 2022).
The corrosion potential of titanium alloys is very large, and thus, the corrosion potential of the weld zone
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may be lower than that of the pure TA2 titanium alloy because other
alloying elements have been added. Therefore, the TA2 titanium alloy
may act as a cathode to mitigate corrosion (Auwal et al., 2018). Also,
because of the presence of residual height and defects in the weld area,
the flow state of the welded joint will change when a corrosive
medium flows over the surface (Huo et al., 2017; Lyu et al., 2017;
Cheng et al., 2020; Kim et al., 2021). Thus, the transmissionmode and
efficiency of the corrosive medium are affected, and the initiation and
development of the corrosion process are indirectly changed. Hence,
studying the scour corrosion behavior of seawater pipes that have a
TA2 titanium alloy welded joint and clarifying the electrochemical
mechanism, process, and law of the corrosion process are greatly
significant (Lin et al., 2020).

At present, the corrosion of the TA2 titanium alloy has been
studied by scholars at home and abroad (Ferdinandov et al., 2018).
They often use techniques such as ac impedance technology and
potentiodynamic polarization technology (Tang et al., 2015; Aica and
Ftae, 2021; Shao et al., 2021) to study the corrosion tendency of
titanium alloys or dissimilar metal joints in seawater (Blasco-Tamarit
et al., 2007; Astarita et al., 2015; Luo et al., 2021). For example,
Khayatan et al (2017) used erosion testing machines and investigated
the properties of industrial grade pure titanium under erosion
conditions. The results showed that a passivation film formed on
the surface of the titanium alloy, and this significantly reduced the
corrosion rate. Moreover, the gain effect of special erosion was
significantly greater than that of a pure corrosion rate. Cheng
(2017) studied the corrosion behavior of a TiAl alloy in seawater
after tribological and electrochemical coupling. The results showed
that the TiAl alloy had excellent resistance to friction corrosion. Dong
et al (2019) studied the electrochemical performance of a
Ti–Al–Nb–Zr alloy passivation film in the deep seawater
environment. Finally, the corrosion performance of shallow
seawater environments was one order of magnitude higher than
that of deep seawater environments. Also, the passivation film surface
that forms in deep seawater environments has more facial structure
and high ion permeability, and thus, the corrosion tendency is more
serious. At present, the corrosion behavior of each zone in a welded
joint of the TA2 titanium alloy and characterization of the overall
corrosion tendency of the welded joint after coupling of each zone are
relatively rare. In this article, EIS, Tafel, and WBE testing methods
were used, and surface morphology (SEM) and energy spectrum
analysis (EDS) were combined; these techniques were used to study a
TA2 welded joint. The macro- and micromechanisms of corrosion
resistance of the TA2 welded joint in each area of a seawater pipeline
were characterized (Lin et al., 2020), and changes in galvanic
corrosion in the seawater scouring process after coupling of each
zone were studied (Atapour et al., 2011). The results provide some
theoretical basis for the corrosion leakage tendency of a titanium alloy
welding joint in a seawater pipeline.

EXPERIMENTAL

Materials
Domestic TA2 titanium alloy pipe material (BM) was used. The TIG
WMandHAZmaterials were analyzed. Pure titaniumwire was used.
Table 1 shows the chemical composition of a TA2 welded joint. The

components were determined using a direct reading spectrometer
(Model Q4 Tasman 130). The welded joint of the TA2 titanium alloy
was cut into square samples with dimensions of 10mm × 10mm ×
5mmusing electric spark cutting technology. Before use, the samples
were polished using 240, 400, 600, 800, 1000, and 1500 molybdenum
wet sandpaper (Dz et al., 2020). After the surface was smooth and the
scratches were in the same direction, the experiment was only then
carried out after the samples were cleaned with deionized water and
anhydrous ethanol and then blown dry. Figure 1 shows the
metallographic structure of three sections of the TA2 titanium
alloy after it was polished and etched. Metallographic equipment
used was a Zeiss electron microscope (Axio Observer A1M), and the
magnification of themetallographywas 200 μm.As seen in the figure,
the parent material area was a fine equiaxed α crystal. The
microstructure of the HAZ was similar to that of the WM, but
martensite and weistensite were not found. In addition, the
microstructure was both serrated α crystal, but a large serrated α
crystal appears in the welded microstructure.

The submicroscopic electrode material was an electrode wire that
was cut from three sections (BM, HAZ, and WM) of the TA2
titanium alloy welding joint. The diameter of the wire was 1mm, and
its length was 50mm. The electrode wire was processed using an
EDMmachine, was cleanedwith anhydrous ethanol and acetone, and
polished using a wet sandpaper. After welding electrode wires with
rowwires, they were arranged according to the actual area ratio of the
welded joints, and they were installed into a predesigned card slot.
The spacing between each electrode wire was 0.7mm. The specific
arrangement is shown in Figure 2A. The fixed electrode wire slot is
shown in Figure 2B. The wire was put into a mold and encapsulated
in an epoxy resin. This was left standing for 24 h to wait for the resin
to cure, and then sandpaper was used to grind the sample until each
electrode wire was exposed to the surface, which was smooth and
without scratches. Then, the conductivity of each electrode wire was
tested. After no error into the they are stored in a drying box after the
test is errorless for later testing drying box for retention.

Laboratory Equipment
The corrosive medium used in this article was artificial seawater
that was configured according to the Brojevich scheme. Table 2
shows the specific configuration composition.

A unidirectional flow circuit erosion test device was used in the
experiment (Zt et al., 2020) (Figure 3). The experimental test area is
shown in Figure 4. The device can be used to simulate the scouring
process of waterflow in the process of seawater pipeline transportation,
and an inlet valve and return valve can be used to adjust and control
the velocity of the seawater between 0 and 7m/s. Artificial seawater
was stored in a solution tank and pumped into the test device through
a centrifugal pump. The solution flow leads to an overall rise in
temperature in the pipeline; thus, cooling coils were put in the solution
box, and cold water was introduced to control the temperature that
was required during the experiment, as shown in Figure 3.

Macroscopic and Submicroscopic
Experiments
A traditional three-electrode system (Figure 5A) was used in the
macroscopic electrochemical experiments. A working electrode
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(WE) was required to test the three zones of the titanium alloy
welded joint. The counter electrode (CE) was a platinum wire,
and the reference electrode (RE) was high-purity zinc. The
potential of the reference electrode was relatively stable in
artificial seawater, and its relative standard hydrogen potential
was −0.762 V. The system was sealed with an epoxy resin, fixed
with a PVC pipe, and loaded into the scouring test circuit. The
open circuit potential (OCP), ac impedance (EIS), and
electrodynamic potential (Tafel) were monitored at different
flow rates and times. The test pressure was the standard

atmospheric pressure, and the control temperature was 40 ±
1°C after the system was cooled using a cooling plate.
Experimental equipment used was a Solartron 1287 + 1255B
electrochemical workstation. The frequency range of the AC
impedance spectrum measurement was 100 kHz–0.01 Hz, and
the amplitude of the AC excitation signal was 5 mV. The
potentiodynamic polarization scanning rate was 1 mV/s, and
the scanning range was −0.5~+1.6 V vs. OCP.

In the submicroscopic experiment, electrode array testing
was used to measure the corrosion current and corrosion
potential of each electrode wire after coupling the three
regions of the TA2 titanium alloy welding joint (Zhang
et al., 2022). The specific test layout is shown in Figure 5B.
Before the galvanic current and potential of the microelectrode
array at the submicroscopic scale were tested, all of the
electrodes were disconnected for about 30 min until a stable
open circuit potential was obtained. The local corrosion
potential of the microelectrode was recorded on the basis of
the corrosion potential of the reference electrode, which was
pure zinc. It was necessary to short-circuit other working
electrodes when testing the galvanic current. The electrode
wire was connected to the measuring plate of a PXI-4071
digital multimeter and PXI-4022 effective current protection
amplifier in the established sequence to separate the electrode
wire from the electrode array and to measure the galvanic

TABLE 1 | Percentage of atoms in different areas of welded joints.

Material Ti Fe C Mn Cu N H O Other

BM 99.8 0.052 0.021 0.018 0.009 0.009 0.003 0.011 Allowance
WM 99.7 0.016 0.038 0.013 0.016 0.039 0.005 0.035 Allowance

FIGURE 1 | Metallographic diagram of three zones: (A) BM, (B) HAZ, and (C) WM.

FIGURE 2 | (A) is the arrangement of electrode wire, and (B) is the
clamping groove of electrode wire.

TABLE 2 | Composition of artificial seawater.

Composition NaCl MgCl2·6H2O MgSO4·7H2O CaCl2 KCl NaHCO3 NaBr Cl−

Wt%

Concentration (%) 5.34 0.52 0.67 0.11 0.072 0.02 0.008 3.5
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current between the electrode wire and the electrode array. All
of the remaining electrode wire ports were connected in turn
for the galvanic current test. To measure the potential, the
electrodes were disconnected to measure with the other
electrodes and to measure the electrode potential relative to
the reference electrode. WBE test equipment used was an NI
PXI microarray electrode test system.

Surface Morphology Analysis Technology
At the end of the scouring experiment, the electrodes were
removed from the scouring circuit. The surface of the working
electrode was cleaned with ultrapure water. The surface
microstructure of the sample was observed using SEM, and
the composition of the surface products was analyzed using
EDS to better explain the corrosion process and mechanism.
SEM equipment used was a Zeiss Gemini300.

RESULTS AND DISCUSSION

EIS Analysis
Figure 7 shows the impedance fitting equivalent electrical model.
In the equivalent circuit diagram (Figure 7A), R1 represents the
solution resistance, and CPE1 represents the double-layer
capacitance between the TA2 welded joint and the medium.
R2 represents the total resistance at the electrode interface. In
the equivalent circuit diagram (Figure 7B), R1 is the solution

FIGURE 3 | Overall schematic diagram of the scouring test device.

FIGURE 4 | Experimental test channel.

FIGURE 5 | (A) is the macroscopic electrode arrangement, and (B) is the submicroscopic array electrode arrangement.
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resistance, and CPE is the product film capacitance. R2 represents
the resistance of the product film layer, and in this article, it
represents the resistance of the passivation film. CPE2 represents
the capacitance of the double electric layer at the electrode/
solution interface, and R3 represents the charge transfer
resistance (Zhang et al., 2022). Therefore, R is the total
resistance, and the total resistance R that is fitted by a single
film layer is the resistance value of R2. In the double-layer
equivalent circuit diagram, the total resistance was represented
by the sum of the passivation film resistance and charge transfer
resistance, which can be expressed as R = R2+R3 (Zhang et al.,
2022). The fitted circuit diagram is an ideal model, but there are
some differences between the actual test conditions and the ideal
model. Therefore, the phase angle element CPE is used to replace
the capacitance element.

Figure 6 shows the impedance changes and Bode diagram of
the BM area of the TA2 titanium alloy welded joint at different
times during 12 h of scouring in artificial seawater with three flow
rates. It may discover that the Bode diagram of BM is one time
constant in the 1-h test under three flow rates, so the equivalent
circuit diagram shown in Figure 7A is adopted. Other moments
are represented by two time constants, and for these, the
equivalent circuit diagram shown in Figure 7B is adopted. For
3–12 h, the capacitive arc is in the high-frequency region, and the
capacitive arc is in the middle- and low- frequency regions. The
capacitive arc in the high-frequency region represents a charge
transfer process, and the capacitive arc in the middle- and low-
frequency regions represents the passivation film formation
process. Moreover, the reactance arc gradually increased with
prolonged time, and the amplitude did not change. This indicates
that the corrosion process of the TA2 titanium alloy BM region
did not change and always showed electrochemical control. This
is because flowing seawater speeds up the transfer speed of
corrosion media (such as O2 and Cl−) as the scouring process
progresses, and this speeds up the reaction on the surface of the
TA2 titanium alloy. The gradual formation of the TiO2

passivation film prevents the release of ions that form in the
matrix to the solution and also prevents direct contact between
the corrosive media in the solution and the matrix. Specifically,
bidirectional ion exchange between the matrix and solution is
obstructed. Supplementary Tables S1–S3 show the impedance
spectral fitting data of the BM in the 12-h scouring process with
1.85 m/s, 3 m/s, and 6 m/s flow rates of artificial seawater. At
these three flow rates, the impedance value R shows an overall
increasing trend with prolonged time; there is a higher resistance
value at a low flow rate of 1.85 m/s, and the overall minimum
impedance value is at a high flow rate of 6 m/s. The reason for this
is that at a high flow rate, the shear force of flowing seawater also
increases with an increase in the medium transfer speed, and this
has a stripping effect on the surface passivation film. The
impedance value reaches a maximum at 8 h when 3 m/s of
flowing seawater was used for the scouring process; it
decreases at 12 h because of spalling of the passivation film,
which is caused by shear force, and this reduces the corrosion
resistance of the BM zone. However, because of the strong self-
healing ability of the titanium alloy passivation film, the O2

transfer speed is fast in flowing seawater, and a TiO2

passivation film forms quickly to protect the BM matrix and
improve the impedance value of the BM.

Figure 8 shows the changes in the electrochemical impedance
in the HAZ with prolonged time when the TA2 titanium alloy
welded joint was flushed for 12 h at three flow rates. The Bode
diagrams show two time constants for the three flow rates, and
thus, the equivalent circuit diagram (Figure 7B) was used for the
fitting. As seen from the figure, the HAZ undergoes a charge
transfer process in the high-frequency zone and a passivation film
formation process in the low-frequency zone during flushing for
12 h at three flow rates. There was no change in the capacitive-
reactance arc, and this indicates that the corrosion mechanism of
the HAZ under the action of seawater erosion did not change.
Also, it was still controlled by the electrochemical process. The
HAZ capacitive-reactance arc increases gradually with prolonged
time at three flow rates. It shows good corrosion resistance with
respect to seawater. Supplementary Tables S4–S6 show the fitted
data of the HAZ during 12 h of scouring in seawater with three
flow rates. As seen, the HAZ has the highest impedance value at
1.85 m/s, which is up to six orders of magnitude, indicating that
the HAZ is very sensitive to changes in the flow rate. The
passivation film has the best tendency at 1.85 m/s, followed by
that at 6 m/s. However, the impedance is the lowest at 3 m/s, and
there is little difference in the impedance between 8 and 12 h. This
indicates that under a flow rate of 3 m/s for scouring with
seawater, the passivation film was relatively compact at about
8 h and had a good protective effect on the matrix.

Figure 9 shows Nyquist plots and Bode diagrams for different
lengths of times for scouring with artificial seawater for 12 h in the
WM of the TA2 titanium alloy welded joint at three flow rates of
1.85, 3, and 6 m/s. As found in the Bode diagrams of the three
flow rates, the WM always presents a time constant in the early
stage during the scouring process with artificial seawater at the
three flow rates. Therefore, the equivalent circuit diagram shown
in Figure 7A is used for the fitting. All other times are two time
constants, and so the equivalent circuit diagram shown in
Figure 7B was adopted for the fitting. At the three flow
speeds, the WM is always composed of a medium- and low-
frequency capacitive arc and a high-frequency capacitive arc with
prolonged scouring time; this indicates that it is always controlled
by electrochemistry. The capacitive arc increases gradually. The
data after the ac impedance fitting are shown in Supplementary
Tables S7–S9. The resistance value after the fitting increases
gradually with prolonged time and is always greater than 1.85 m/s
at 3 and 6 m/s. This is because of the accelerated mass transfer
process of the flowing seawater, which accelerates the formation
of a passivation film. The impedance values of the WM at flow
rates of 3 and 6 m/s are not much different. This is because the
high shear force is stronger than the passivation film formation
process at high flow rates. However, the titanium alloy has strong
ability to repair the passivation film; hence, under the action of a
high shear force, a denser passivation film will accumulate on the
surface at a later stage of corrosion, and this can better protect the
matrix.

Figure 10 shows the comparison of impedance values over
time in the scouring process of the BM, HAZ, and WM at
different flow rates. The results show that the HAZ always had
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the highest impedance value and the largest capacitance arc. This
indicates that the HAZ has better corrosion resistance. This is
because in the welding process, heat input and thermal stress have

a certain influence on the BM area and result in the formation of
the HAZ. The internal structure of the TA2 alloy changed because
of welding, and this makes it easier for a passivation formation

FIGURE 6 | Impedance changes of BM during 12 h of scouring in artificial seawater: (A) 1.85 m/s, (B) 3 m/s, and (C) 6 m/s.

FIGURE 7 | (A) is the equivalent circuit diagram fitted with a time constant, and (B) is the equivalent circuit diagram fitted with two time constants.
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reaction to occur. A metallographic structure diagram shows that
the grain size in the HAZ becomes larger than that in the BM, and
thus, the corrosion resistance improved. WM has a great
tendency to corrode, and it increases at the high flow rate of
6 m/s in the later period. The reason is that other alloying
elements are added to the welding material during the welding
process; also, the WM structure is not uniform, and there are
certain welding defects inside the MW. However, because of a
uniform loss of components in the early stage and more spalling
of the passivation film at a high flow rate, the resistance of WM is
greatly improved later.

Tafel Analysis
Figure 11 shows the polarization curves that were measured after
12 h of scouring at flow rates of 1.85, 3, and 6 m/s for the three
zones of the TA2 titanium alloy welded joint. The anodic
polarization curves of the BM, HAZ, and WM in the TA2
titanium alloy welded joints have obvious passivation intervals

at the three flow rates, and this shows good corrosion resistance.
Moreover, the passivation interval of the BM and HAZ is
significantly larger than that of the WM. Therefore, it is found
that the passivation effect of the HAZ and BM is better than that
of the WM. Table 3 shows electrochemical parameters fitted
using the polarization curves for three titanium alloy zones at the
three flow rates. Among them, the self-corrosion current and
corrosion rate in the HAZ are the smallest, and those of the WM
are the largest. Although WM has the largest self-corrosion
potential, the self-corrosion current is the main factor that is
used to judge the corrosion tendency of materials. Hence, it was
found that the corrosion resistance of the HAZ is the best in the
three zones at the three flow rates followed by that of the BM and
WM. The TA2 titanium alloy is a blunt metal, and therefore, the
blunt current Ip and blunt potential Epp are generally used to
represent the corrosion tendency. When the dimensional blunt
current is smaller and the blunt potential is larger, it is more likely
that the material will form a passive film. This indicates that when

FIGURE 8 | Impedance changes in the HAZ during 12 h of scouring in artificial seawater: (A) 1.85 m/s, (B) 3 m/s, and (C) 6 m/s.
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the corrosion resistance is better, the sample is less prone to
corrosion. From fitting the electrochemical parameters, it can be
seen that the HAZ always showed the smallest dimensional blunt
current and the largest blunt potential after 12 h of scouring in
artificial seawater with three different flow rates. The blunt
current and blunt potential of the BM and HAZ dimension
are next to that of the HAZ. However, the WM always shows
the largest dimensional blunt current and the smallest blunt
potential. Additionally, the dimensional blunt current is one
order of magnitude higher. This also means that the HAZ has
the best corrosion resistance, and the WM has the most serious
corrosion tendency. This is basically the same as the previous
experimental conclusion.

SEM and EDS Analysis
Figure 12 shows SEM images that were taken of the three zones
after they were flushed for 12 h at three flow rates. The surface of
the HAZ is relatively smooth at the three flow rates, and there is
no obvious erosion pit trace. At a flow rate of 1.85 m/s, the

passivation film on the surface is uniform and compact. However,
at a flow rate of 3 m/s, the passivation film has scouring corrosion
marks that are more serious than at the other two flow rates, for
example, the red circle in Figure 12B. In the BM, there were
several corrosion pits on the surface for the three flow rates, and
this indicates that the passivation film was eroded after the
seawater impact. The part circled in Figure 12A shows that
the passivation film is corroded after the seawater impact. This
shows that the seawater erosion resistance of the BM passivation
film is slightly worse than that of the HAZ. As seen from the
figure, theWM is corroded more seriously than the BM and HAZ
among the three flow rates. There are obvious corrosion pits.
There are a few corrosion products that are attached to the surface
of the three zones when the three scouring velocities were used,
and this indicates that the three zones have relatively high
seawater corrosion resistance. EDS elements were measured on
the surface after 12 h of scouring in artificial seawater. Table 4
shows the EDS elements on the surface after 12 h of scouring in
artificial seawater. EDS scanning results show that the surface

FIGURE 9 | Impedance changes of WM during 12 h of scouring in artificial seawater: (A) 1.85 m/s, (B) 3 m/s, and (C) 6 m/s.
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FIGURE 10 | Impedance comparison between zones at different flow rates: (A) 1.85 m/s, (B) 3 m/s, and (C) 6 m/s.

FIGURE 11 | Polarization curves of the TA2 titanium alloy welded joint after 12 h of scouring in artificial seawater: (A) 1.85 m/s, (B) 3 m/s, and (C) 6 m/s.
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products mainly contained C, O, Ti, Na, Cl, Mg, Ca, and other
elements. Among them, O and Ti were the majority, and they
were mainly in the TiO2 passivation films that formed on the
surface in the scouring process. The other trace elements are due
to magnesium salt, sodium salt, calcium salt, and other crystalline
precipitates in the seawater formula that attached to the surface of
each part of the TA2 titanium alloy welded joint.

WBE Analysis
Figure 13 shows the WBE test results of the TA2 titanium alloy
welded joint after coupling in each zone at a flow rate of 1.85 m/s.
The BM and HAZ always exhibit cathode current density, which
slows corrosion. The corrosion current density in the HAZ is
always lower than that in the BM. The WM always exhibits
anodic current density, which accelerates corrosion. The

TABLE 3 | Fitting data of polarization curves of the three zones after 12 h of scouring by 1.85, 3, and 6 m/s flow rates of seawater.

Velocity Material Icorr Ecorr Corrosion rate Ip Epp

1.85 m/s BM 5.7519E-08 0.73732 0.00067655 8.24E-06 1.4092
1.85 m/s HAZ 2.082E-08 0.68985 0.00024489 6.64E-06 1.6939
1.85 m/s WM 7.3856E-08 0.75786 0.0008687 1.66E-05 1.3673
3 m/s BM 6.3574E-08 0.6568 0.00074777 6.32E-06 1.3052
3 m/s HAZ 5.1479E-08 0.67858 0.00060551 5.45E-06 1.4034
3 m/s WM 8.5412E-08 0.78492 0.0010046 1.32E-05 1.2676
6 m/s BM 6.3574E-08 0.6568 0.00074777 6.32E-06 1.3052
6 m/s HAZ 5.1479E-08 0.67858 0.00060551 5.45E-06 1.4034
6 m/s WM 8.5412E-08 0.78492 0.0010046 1.32E-05 1.2676

FIGURE 12 | Images of surface morphology after scouring at three flow rates: (A) BM, (B) HAZ, and (C) WM.
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corrosion current density in the BM area increases gradually with
prolonged time. The cathode current density in the WM
decreased slightly, and the corrosion current density in the
HAZ increased. The results show that in the scouring process
with 1.85 m/s flow rate of artificial seawater, the HAZ and BM
always correspond to the cathode, and WM always corresponds
to the anode. In accordance with the aforementioned
macroelectrochemical results, the impedance values of the
HAZ and the BM at a flow rate of 1.85 m/s are much greater
than those of the WM.

Figure 14 shows the WBE corrosion current test results of the
TA2 titanium alloy welded joint after coupling in each zone at a
flow rate of 3 m/s. The WM always presents the anodic current
density during 12 h of scouring, and thus, it always acts as an
anode to accelerate corrosion. The BM and HAZ retained
cathodic current density throughout the scouring process and
thus remained as cathodes to mitigate corrosion. During 1–8 h of
the scouring process, the corrosion current density of the BM
gradually decreased, and this indicates that the corrosion
resistance improved. However, the corrosion current density
increased after 12 h of scouring, and this indicates that the

corrosion resistance decreased. This is because the surface
passivation film flakes and reforms at higher flow rates.
However, the current density always increases in the HAZ.
The WM always presents anodic current density, and this
gradually increases over 1–8 h of scouring and reaches its
highest value at 8 h. After 12 h, the corrosion current density
decreases.

Figure 15 shows the WBE corrosion current test results of the
TA2 titanium alloy after coupling in each zone at 6 m/s flow rate.
The HAZ always corresponds to the cathode current density with
prolonged time, and hence, the HAZ always acts as the cathode,
slowing corrosion during the 12-h scouring process. In the first
hour of scouring, the BM always corresponds to the cathode
current density, whereas the weld area corresponds to the anode
current density. However, in the third hour of scouring, some of
the electrode wires in the BM changed and exhibited anodic
current density, whereas theWM changed and exhibited cathodic
current density. TheWM corrosion current density changed back
to anodic current density after 5 h of scouring. In addition, the
corrosion current density of the BM increased slightly at 5 h.
During 8–12 h of scouring, the weld always changed and

TABLE 4 | EDS test results of the material surface.

Velocity Material C O Cl Na Mg Ca Ti K

1.85 BM 2.31 74.90 0.21 1.31 -- 20.50 0.76 --
3 BM 16.80 55.59 1.42 3.31 1.94 2.15 18.57 0.22
6 BM 0.99 32.30 0.93 2.05 3.56 5.63 42.40 12.14
1.85 HAZ 0.48 69.40 1.35 1.49 -- 6.10 21.18 --
3 HAZ 10.84 39.46 7.14 13.64 -- -- 27.30 1.62
6 HAZ 4.13 57.45 4.41 9.11 4.00 0.14 20.76 --
1.85 WM 3.61 19.35 -- -- -- 21.43 55.61 --
3 WM 7.23 36.46 0.50 1.25 -- -- 54.55 --
6 WM 4.13 57.45 4.41 9.11 4.00 0.14 20.76 --

FIGURE 13 | WBE test results at 1.85 m/s flushing for 12 h after zonal coupling of welded joints.
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exhibited cathodic current to slow corrosion. Most of the BM
changed and exhibited anodic current, accelerating corrosion.
The cause of the WM polarity deflection is mainly because of the
incompactness of the WM structure in the TA2 titanium alloy
welded joint. When scouring is conducted at a high flow rate, a
higher shear force produces more Ti2+ on the WM surface and
forms a denser passivation film to protect the matrix. But this
comes at the cost of more elements and surface film shedding.

Anodic reaction:

Ti → Ti2+ + 2e−,

2Ti2++2H2O → 2Ti3+ + 2OH− +H2,

Ti3+ + 3OH− → Ti(OH)3,
2Ti(OH)3 → TiO2 ·H2O +H2.

Cathode reaction:

O2 + 2H2O + 4e → 4OH−.

Figure 16 provides a visual depiction of the interface reaction
process of erosion–corrosion of the TA2 titanium alloy welded
joint in artificial seawater. The corrosion resistance of the
titanium alloy is very excellent; the essential reason for this is
that it is a passivated metal, easily forms a passivated film, and can
hinder the contact and ion exchange reaction between the matrix

FIGURE 14 | WBE test results at 3 m/s flushing for 12 h after zonal coupling of welded joints.

FIGURE 15 | WBE test results at 6 m/s flushing for 12 h after zonal coupling of welded joints.
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and solution. In seawater, a passivation film is mainly formed
according to the following process: First, the titanium alloy loses
electrons and transforms into Ti2+, but Ti2+ is not particularly
stable in water. Thus, it reacts with water to become Ti3+, which
reacts with the OH− that is produced by the cathode to form
Ti(OH)3. However, Ti(OH)3 reaches kinetic equilibrium and
generates a dense TiO2 passivation film; this prevents direct
contact between an alloy and corrosive medium (Lyc et al.,
2021). Also, the passivation film has a strong ability to self-
repair. Shear forces are also strong in seawater at higher flow
rates. The surface forms a loose passivation film even if it is peeled
off by a high shear force. Also, it can be repaired quickly in the
rapid transmission of corrosive media such as O2 and Cl−.
However, the passivation film that is formed by materials that
have a more uniform and dense internal structure has better
bonding effect with the matrix. This explains well the reason why
the WM area has poor seawater corrosion resistance compared
with the BM and HAZ.

CONCLUSION

This article reports the corrosion tendency and development law
of the BM, HAZ, and WM of the TA2 welded joints in artificial
seawater at flow rates of 1.85, 3, and 6 m/s for 12 h. Finally, it is
found that different flow rates of seawater have a significant effect
on the welding joint area. There are also obvious differences in
corrosion behavior between different regions.

1) In the process of artificial seawater scouring, the impedance
values increase obviously with prolonged time. The results
show that the corrosion resistance of the three zones gradually
improved. The behavior always follows the order: HAZ >
BM > WM.

2) There are obvious passivation intervals in the three zones,
and this indicates that the passivation film plays a very
important role in the corrosion resistance of alloys with the
gradual formation of a passivation film during scouring.

Moreover, according to SEM and EDS component
analyses, TiO2 passivation film mainly exists on the
surface.

3) From the array electrode test, it is found that the HAZ always
exhibits cathodic current density, which slows corrosion. The
WMmainly exhibits anodic current density, which accelerates
corrosion. However, at high flow rates, the polarity changes
from the anode to the cathode. At the same time, the BM
changes to accelerate anodic corrosion.
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