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The erosion-corrosion behavior of Al-2%Zn coating in flowing 3.5% NaCl solution was investigated by
using potentiodynamic polarization, electrochemical impedance spectroscopy and surface analysis
techniques through a self-made impingement jet device. The results show that the corrosion process of
the coating in a static solution is controlled by activation and mass transfer processes. In flowing
solutions with or without sand, corrosion of the coating is an activation-controlled process. The flowing
solution will accelerate the oxygen transfer process, resulting in a decrease in the cathodic Tafel slope
and an increase in cathodic current density. Due to the rough surface of the coating, the direct impact of
the fluid will destroy the corrosion product film, resulting in an increase in anodic current density. Sand
particles mainly play a role in the erosion and destruction of the surface oxide film layer. Cu?* ions and
Hg?* ions have a similar effect, as their concentration increases, the oxygen reduction reaction at cathode
is weakened, so is the amount of oxide generated on the surface. Eventually, an increase in anodic current
density and a negative shift in potential can be observed. Sand, Cu?* ions and Hg?* ions play a positive
synergistic role in the erosion-corrosion process of the coating in the flowing 3.5% NaCl.
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1. INTRODUCTION

Aluminum alloys are widely used in heat exchangers, radiators and transmission oil coolers
because of their high specific strength, good thermal conductivity, corrosion resistance, and low density
[1-3], and has replaced some of the conventional materials such as copper and stainless steel [4].
However, it is well known that aluminum alloys are highly susceptible to pitting corrosion [5-7] in
seawater rich in aggressive chloride ions, and particles such as Fe** [8] and Cu?* [9] can have a complex
effect on the corrosion process of aluminum alloys. Joseph [10] et al. reported that aluminum was the
anode in a wet/dry cycle corrosion test of copper/aluminum samples in natural seawater, and the
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detection of very low levels of Cu?* in the solution and the aluminum oxide film layer observed on the
surface of the specimens were evidence that the corrosion of aluminum was significantly accelerated.
Khedr [11] et al. found that Zn?*, Hg®" and Fe3* are reduced to monomers on the surface of aluminum
alloys in C1° containing solutions. The corrosion reaction is inhibited at low concentrations of metal
cations due to the consumption of electrons by the reduction reaction, while at higher concentrations,
the electric coupling formed between the metal and Al accelerates the corrosion of Al. In addition,
aluminum alloys are relatively soft metals, so they can be susceptible to erosion-corrosion in fluid
environments, resulting in shortened service life. Recent publications indicate a close relationship
between the failure process of the material and the fluid condition [12,13]. Ramesh [14] et al. showed
that pH is the parameter that has the greatest effect by comparing pH, impact velocity, and impact angle
on the erosion-corrosion behavior of AA5083-AA6061 joints in the marine environment. Burstein [15]
et al. described a positive synergy between erosion and corrosion of stainless steel in chloride solutions,
which is greater at more inclined angles. It was found that there are many factors affecting erosion-
corrosion and that due to their synergistic effect, the total weight loss of the material during E-C is much
higher than that caused by pure corrosion or pure erosion alone [16-18].

The application of aluminum alloy is hindered due to the failure caused by the above reasons.
Moreover, it is uneconomical and impractical to replace large components such as pipes frequently.
Therefore, in order to solve the above problems, surface treatment techniques including
electrodeposition [19], spraying [20] and organic coatings [21] have been applied and achieved
significant results. Among these, aluminum-based composite coatings are widely used due to their
excellent properties, which effectively slow down the process of material failure under a variety of
conditions, such as corrosion [22,23], cavitation [24,25], and erosion-corrosion [26,27]. However, in the
offshore flowing seawater, in addition to the previously mentioned flow velocity and sand particles, etc.,
which can affect the erosion-corrosion behavior of the coating, contaminants such as Cu?* [28] and Hg?*
[8] are also present at the same time. The two ions mentioned above have a certain effect on the erosion-
corrosion behavior of the coating which cannot be ignored. And to the best of our knowledge, there are
no studies on the erosion-corrosion behavior of Al-Zn coatings in fluid sand-containing 3.5% NacCl
solutions with Cu?* and Hg?*.

In this study, Al-2%Zn coating sprayed on AA5083 substrate, which is commonly used on the
surface of open rack vaporizer (ORV) heat exchanger pipes, was studied. The erosion-corrosion behavior
of the coating in a flowing NaCl solution containing Cu?*, Hg?* and sand particles was investigated by
a self-made impingement jet system. Electrochemical tests including potentiodynamic polarization
curves, corrosion potential and electrochemical impedance spectroscopy (EIS) and surface analysis
methods including scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS) were
used to investigate the effect of Cu?* and Hg?* ions, sand on the erosion-corrosion of Al-2%Zn coatings.

2. EXPERIMENT

2.1. Material

AA5083 was used as the substrate in the current experiments with chemical composition of Mg
(4.5), Mn (0.42), Si (0.16), Cu (0.18), Ti (0.15), Zn (0.25) and Al (Bal.). An Al-2%Zn coating was
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prepared on the substrate using Al and Zn wires by flame spraying [29], and the morphology and
chemical composition of the coating surface are shown in Fig. 1.
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Figure 1. (a) Surface morphology, (b) 3D morphology and (c) EDS of the coating surface

2.2. Erosion—corrosion tests

Table 1. Fluid conditions in erosion-corrosion experiments

Sample No. Fluid state

SO Static 3.5% NaCl

S1 2 m/s 3.5% NaCl
S1-1 2 m/s 3.5% NaCl+300 mg/L sand
S1-2 2 m/s 3.5% NaCl+1 pg/L Cu?*
S1-3 2 m/s 3.5% NaCl+10 pg/L Cu?
S1-4 2 m/s 3.5% NaCl+0.05 pug/L Hg**
S1-5 2 m/s 3.5% NaCl+0.3 pg/L Hg?*

S2 2 m/s 3.5% NaCl+300 mg/L sand+1 pg/L Cu?*+0.05 ng/L Hg?*
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The erosion-corrosion experiments of the coatings were performed using a self-made
impingement jet device with a mechanism as described in [30]. For erosion-corrosion test, the specimens
were cut into 15 x 15 mm working area, ultrasonically cleaned and placed in a desiccator.

Erosion-corrosion tests were conducted in 3.5% NaCl solution (pH 7.5) with different media
added to simulate the coastal marine environment at an impact angle of 90° for 60 h, and the specific
fluid states are shown in Table 1. Sand particles of size 500-600 pm were suspended in the medium.
Scour corrosion tests were conducted. The specimens were placed at a distance of about 1 cm from the
nozzle to ensure a stable flow rate. The surface of the worn specimen was observed using SEM (su1510).
After the test, the corrosion products were removed and the weight loss rate was obtained by weighing
the samples before and after the test with an electronic balance (0.0001g).

2.3. Electrochemical tests

The electrochemical tests of specimens during erosion-corrosion was conducted by using
PARSTAT?2273 electrochemical workstation with a three-electrode test cell, where saturated calomel
electrode (SCE) is reference electrode, platinum sheet is counter electrode and the test samples are
working electrodes. The potentiodynamic polarization curve was performed at 1mV/s. Electrochemical
impedance spectroscopy was measured at stable potential with 10mV of perturbation, in the frequency
range of 100 kHz to 10 mHz.

3. RESULTS
3.1. Electrochemical measurements

3.1.1. Effects of fluid flow and sand

Fig. 2 shows the polarization curves obtained for the samples in stationary and flowing (2 m/s)
3.5% NaCl solutions with and without sand, and the curves were fitted to obtain the corrosion potential
(Ecorr), the corrosion current density (lcorr), and the anodic (ba) and cathodic tafel slopes (bc),and the
results are listed in Table 2. It can be seen that a passive region is observed under static conditions, which
disappears under flow conditions. Under S1 conditions the corrosion potential shifts positively,
accompanied by a decrease in the cathodic Tafel slope and an increase in the anodic current density.
After adding sand to the solution, the corrosion potential shifted significantly negatively. In addition, the
anodic current density increased significantly.

Fig. 3 shows the Nyquist and Bode diagrams of the samples at SO, S1 and S1-1 conditions. In the
S1 solution, two capacitive semicircles can be observed at low and high frequencies. In the flowing
solution with or without sand, the impedance spectrum changes significantly and the Nyquist plot
contains a low-frequency inductive semicircle and a high-frequency capacitive semicircle. Moreover,
the radius of the arc decreases significantly in the flowing sand-containing solution, meaning reduced
corrosion resistance.
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Figure 2. Polarization curves of samples under SO, S1 and S 1-1 conditions
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Figure 3. (a) Nyquist and (b) Bode plots of samples under SO, S1 and S 1-1 conditions

3.1.2. Effect of Cu?* and Hg**

Fig. 4 shows the polarization curves of the samples in fluid solutions containing different types
and concentrations of heavy metal ions. It can be seen that when heavy metal ions were added, active
dissolution was observed in all conditions. When 1ug/L Cu?* was added into the solution, no significant
change in corrosion potential was observed, but the cathodic Tafel slope decreased significantly. The
cathodic Tafel slope further decreased as the Cu?* concentration increased to 10ug/L. Moreover, the
corrosion potential shifts significantly negatively and the anodic current density increases. After Hg?*
ions were added to the solution, a similar phenomenon to that of Cu?* ions was observed. With the
increase of Hg?* ion concentration from 0.05 to 0.3 ug/L, a negative shift of the potential, an increase of
the anodic current density and a slight increase of the cathodic Tafel slope were observed.

Fig. 5 shows the Nyquist and Bode diagram for the samples under the above conditions. It can
be seen that the impedance spectrum in all fluid conditions contain a low-frequency inductive semicircle
and a high-frequency capacitive semicircle. The radius of the semicircle is the largest in the S1 condition
and decreases with increasing ion concentration, both for Cu?* and Hg?* ions. In general, the decreasing
size of semicircle implies a poorer corrosion resistance.
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Figure 4. Polarization curves of samples under S1, S1-2, S1-3, S1-4 and S1-5 conditions
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Figure 5. (a) Nyquist and (b) Bde plots of samples under S1, S1-2, S1-3, S1-4 and S1-5 conditions

3.1.3. Synergistic effect of various factors

Fig. 6 shows the polarization curves of the samples under the combined effect of flow rate (2
m/s), sand (300 ug/L), and heavy metal ions (1 ug/L Cu?" and 0.05 ug/L Hg?"). It can be seen that the
corrosion potential is negatively shifted compared to the S1 condition and is lower than the values in all
previous conditions. In addition to this, the cathodic Tafel slope decreases and the anodic current density

increases significantly.

Fig. 7 shows the EIS of the samples at S1 and S2 conditions. It can be seen that the curves both
consist of a capacitive semicircle and an inductive semicircle. And the radius of the semicircle reduces

significantly under the coupled fluid conditions.
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Figure 6. Polarization curves of samples under S1 and S2 conditions
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Figure 7. (a) Nyquist and (b) Bode plots of samples under S1 and S2 conditions

Table 2. Polarization parameters of the samples under different fluid conditions

-Angle (°)

Sample No.  Ecor/ (V)  leor/ (nA-cm@)  ba/(mV-dec?) be/(mV-dec?)
SO -1.105 11.48 463 161
S1 -1.090 27.09 352 301
S1-1 -1.131 58.16 245 315
S1-2 -1.120 35.01 326 287
S1-3 -1.134 41.62 292 254
S1-4 -1.116 29.72 338 295
S1-5 -1.143 52.47 315 286
S2 -1.261 62.20 242 278
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3.2. Surface analysis and mass loss results

Fig. 8-Fig. 10 show the surface morphology of the samples under different conditions. Under the
static condition, white granular corrosion products can be observed on the sample surface, and the
coating surface is still intact. And in the flowing solution without sand, there are more corrosion products
on the surface of the sample. However, under the effect of fluid, corrosion products are flaked and cracks
appear on the surface. When sand is added to the fluid, only very little oxide remains on the sample
surface, resulting in porous and broken surface. The morphology is similar in S1-2 and S1-4 conditions,
with loose corrosion products covering the surface of the coating. As the concentration of both ions
increases, the corrosion products become more porous, causing the exposure of the coating surface to
solution. In the S2 condition only very little corrosion product remains on the coating surface and
significant flaking occurs.

Figure 9. SEM of samples under (a) S1-2, (b) S1-3, (¢) S1-4 and (d) S1-5 conditions

The results of EDS analysis of the samples after the erosion-corrosion experiment are shown in
Fig. 11. The compositions of the sample surfaces in the solutions without heavy metal ions are all similar,
taking Fig. 11a as an example, the main elements are Al, O, and Zn. The EDS results of the sample
surface (the red box) under S2 conditions are shown in Fig. 11b. It can be seen that in addition to the
above elements, small amounts of Cu and Si are present on the sample surface. This indicates that the
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reduction reaction of Cu?* ions occurs on the sample surface, and Si comes from the sand. Hg is not
detected probably due to the extremely low content.

Figure 10. SEM of samples under S2
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Figure 11. EDS results of samples surfaces under fluid conditions (&) without and (b) with Cu?* and
Hg?

From the data in Table 3, although the weight loss rate of specimens after 5 days of test is not
obvious under different conditions, the effect of each factor on the loss rate of specimens can still be
summarized. It can be seen that the loss rate of the specimens in the stagnant 3.5% NaCl solution is
small, which increases slightly when the flow rate increases to 2 m/s. In this experiment, the increase of
this value is due to that the coating surface is so rough that the corrosion products are not only subjected
to normal stress but also shear stress, and finally cause the corrosion products film being destroyed and
unstable. When sand is added to the solution, it can be seen that the loss rate of the specimen increases
obviously, indicating that sand accelerates the peeling of the coating, which is caused by mechanical
erosion. When Cu?* and Hg?* are added to the solution, the weight loss of the specimen does not change
significantly probably due to the low content of heavy metal ions, which also indicates that
electrochemical corrosion does not dominate the total material loss. Under S2 condition, the maximum
rate is obtained, which is also mainly due to the increased normal and shear stresses caused by the
addition of sand. From the above analysis, it can be concluded that mechanical erosion is the main cause
of coating failure.
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Table 3. Mass loss rate of the samples under different fluid conditions

Sample No. SO S1 S1-1 S1-2 S1-3 S1-4 S1-5 S2
Ma?fn 'r%jz)rate 00843 00958 0.1197 0.0966 0.0984 0.0958 0.0975 0.1437

4. DISCUSSION

The electrochemical reactions of Al-2%Zn coating in a static 3.5% NaCl solution are as follows:
Cathodic reaction:

02 + 2H20 + 4e — 40H" (1)
Anodic reaction:

Al — A" +3e (2)

Zn — Zn?* +2e (3)

A" +30H — AI(OH)3 4)

Zn*" +20H" — Zn(OH); (5)

The cathodic reaction is reduction reaction of oxygen, the formed OH- would combine with AIF*
to form oxide covering the surface of the specimen. The oxide will reduce the contact area between the
coating surface and the solution, thus playing a role in preventing the corrosion.

In the stationary solution, the generation of oxide film enhances the stability of the coating
surface. When the film is dense enough, the coating surface enters a stable passive state. And in the
flowing solution, the oxygen diffusion is enhanced due to the liquid flow, causing the cathodic reaction
enhanced, so is the cathodic Tafel slope and cathodic current density [31]. More OH- combines with AI**
to generate oxides covering the coating surface, therefore, the electrode potential shifts in the positive
direction. However, because the coating itself is not smooth, the rough surface under the impact of the
fluid is not only subjected to normal stresses, but also shear stresses. So that the corrosion products are
partially destroyed and not dense, causing an increase in anodic current density, and therefore different
from that described by Rajahram [32] et al. After the addition of sand to the solution, the oxide film is
damaged by the impact of sand particles. Thus, the dissolution reaction of Al occurs on the surface of
the coating, causing a decrease in potential. Also as mentioned before, the anodic current density
increases. And sand has little effect on the cathodic reaction.

The EIS was analyzed for different fluid conditions to analyze the corrosion mechanism. In the
stationary solution, two capacitive semicircles are observed and the R, and R¢ values are listed here in
Table 3, where Ry, is the modulus value at 0.01Hz, R is the maximum value of impedance. The oxygen
content in the stationary solution becomes an controlled factor affecting the corrosion process. At this
point the electrochemical reaction is controlled by both the mass transfer step and activation [33]. Under
flow conditions, the mass transfer process of oxygen is significantly enhanced. The enhanced cathodic
oxygen reduction reaction is expressed in the polarization curve as an increased cathodic Tafel slope.
The more OH generated would combine with AI** on the surface of the specimen to form a denser
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corrosion product film, which can effectively prevent the diffusion of the aggressive solution. This
weakens the effective area of the anodic area and eventually leads to a decrease in anodic current density.
At this point the corrosion process of the coating is controlled by activation. In fluids containing sand,
the corrosion reaction is likewise an activation-controlled process. However, under the impact of sand
particles, the oxide film is damaged and thinned. Thus, the active area on the electrode surface increases,
which is manifested by an increase in anode current density and a negative shift in potential.
Furthermore, in flow conditions with or without sand, inductive semicircles at low frequency can be
observed. Generally, the inductive semicircles in erosion-corrosion process is associated with surface
relaxation processes [34]. Under S1 and S1-2 conditions, the generation of a non-uniform film of
corrosion products on the surface would increase the roughness of the electrode surface. In addition to
this, adsorption of intermediate products of corrosion reactions on the electrode surface is also
responsible for the appearance of the inductive semicircles. It can be seen that both solution flow and
sand cause a significant decrease in the Rp and Ry, which also implies the non-dense film layer.
When Cu?* and Hg?* ions are added to the fluid, the following reactions also occur at the cathode
site:
Cu?* +2e — 2Cu (6)

Hg?" + 2e — 2Hg (7)

The above reaction will be gradually promoted with the increase of ion concentration, while the
oxygen reduction reaction at the cathode is weakened, thus causing the cathode Tafel slope to decrease.
Eventually, less OH" is generated at the cathode resulting in a slower generation of corrosion product
films. The increased anodic current density and negative potential shift indicate that the electrode surface
is always in an activation-state. As shown in Table 3, the R; decreases significantly with increasing heavy
metal ion concentration relative to the value in fluid without ions. Therefore, heavy metal ions in the
flowing environment can accelerate the corrosion rate of Al-2%Zn coating.

Table 3. The fitted Ret of the samples under different fluid conditions

SaI(I“Op'e sO sl sl-1 s1-2 S13 Sl4 S15 S2
( Qiznz) 2201 5581 46.66 3411 29.01 4047 2699 2568
(Q‘FC*;HZ) 1841 1468 1417 1134 1641 120.7 80.76

Through the above analysis, under the coupling conditions of the factors, the oxide film on the
coating surface is removed by the erosion effect of sand, and the percentage of cathodic oxygen is
weakened due to the reduction reaction of heavy metal ions, so is the formation of oxides, and the coating
is significantly activated. Therefore, each factor plays a positive synergistic effect on the erosion-
corrosion of the coating.
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5. CONCLUSION

1) Both activation and mass transfer processes in a stationary solution are control steps in the
corrosion of Al-2%Zn coatings. Corrosion in a flowing solution with or without sand is the activation-
controlled process.

2) The fluid promotes the cathode mainly by accelerating the mass transfer process, causing the
cathodic Tafel slope to increase and the cathodic current density to decrease. The sand particles mainly
make the anode current density increase by destroying the oxide film in the erosion process. In the
flowing environment, Cu?* ions and Hg®* ions have similar effects. As their concentration increases, the
oxygen reduction reaction is weakened and the amount of oxide generated on the coating surface
decreases, which eventually causes the anodic current density to increase and the potential to shift
negatively.

3) Sand, Cu?* ions and Hg?" ions in the fluid play a positive synergistic role in the erosion-
corrosion process of the coating.
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