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The effect of alternating current (AC) voltage of 0V, 1V, 3V, and 5V on magnesium alloy sacrificial anode electrochemical properties
was studied by open circuit potential (OCP) analysis, electrochemical impedance spectroscopy (EIS), and polarization curve
measurements. The results demonstrate that the AC voltage has a great effect on the magnesium alloy sacrificial anode. The
corrosion control is anode control in the first two days with no AC interference. The stray current accelerates the transmission and
diffusion of oxygen, so the corrosion rate under AC interference is higher than that with no AC interference. And the corrosion
control becomes cathodic control under AC interference. The corrosion rate of the sacrificial anode is faster and faster as the AC

interference voltage increases in the range of 0~5V, while the corrosion inclination is weakened.

1. Introduction

It has been known that the AC stray current has a great
influence on the potential and current of the buried metallic
pipeline when it is close to high voltage AC transmission lines
or rail transit systems [, 2]. Moreover, the presence of AC
has caused serious damage on interfered metallic structures
even when cathodic protection is applied [2-5]. L. Y. Xu [6]
found that the presence of AC interference decreased the CP
effectiveness to protect the steel from corrosion. Only when
CP potential was sufficiently negative, the steel was under a
complete protection even when the AC current density was
400 A/m?. The cathodic protection system of airport apron
pipe network generally adopts magnesium alloy sacrificial
anode cathodic protection [7], and it also inevitably has an
adverse effect on the sacrificial anode performance [8, 9].

As early as 1978, Pookote [10] pointed out that AC
could lead to the potential shift of Mg sacrificial anode
and accelerate its dissolution. Freiman [11] found that the
potential of Mg sacrificial anode shifted positively under AC
and the current efficiency of Mg was decreased significantly.
For pipelines protected by sacrificial anodes, excessive AC

interference voltage could degrade the performance of the
sacrificial anode, shorten its service life, and even “polarity
reversal” which could accelerate the corrosion of the pipeline
[12]. Bruchner [13] found that the polarity of pipeline-Mg
sacrificial anode turned to be the cathode while the protected
pipeline turned to be the anode when the applied AC current
density reached 39A/m”. Dezhi Tang [14] found that the
output cathodic protection current of the Mg sacrificial
anode decreased at alternating current density of 50 A/m?.
Polarity reversal occurred to Mg sacrificial anode as soon
as alternating current interference of 100 A/m* (or larger)
was applied. Yin Kehua et al. [15] studied the effects of AC
interference on the properties of Mg, Al, and Zn sacrificial
anodes in soil. The results showed that with the increase of
AC interference, the output negative current density of Mg
and Al would decrease continuously, while output current
density of Zn was relatively stable. At the same time, the
“polar reversal” behavior of Mg anode under AC interference
was also observed.

In summary, AC voltage can interfere in the normal
operation of cathodic protection system [9, 16-21], or cause
polarity reversal in pipelines with the sacrificial anode,
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FIGURE 1: Schematic diagram of the experimental.

leading to the pipeline lack of effective protection. Therefore,
it is very necessary to study the influence of AC stray current
on the cathodic protection system.

2. Experimental Procedure

2.1. Specimen and Solution. Sacrificial anode specimens used
in this work were magnesium alloy rods with diameter of
10mm. The chemical composition of magnesium alloy rods
is as follows: 6.5 wt% Al, 3.5 wt% Zn, 0.6 wt% Mn, 0.005
wt% Fe, 0.003 wt% Ni, 0.02 wt% Cu, 0.1 wt% Si, and bal.
wt% Mg. The magnesium alloy sacrificial anode rods were
welded with wires and put into the electrician tubes. We used
epoxy resin and curing agent mixture with the ratio of 3:1
to pour magnesium alloy sacrificial anode rods, leaving an
exposure area as the working face. The electrode was ground
sequentially to 2000grit emery paper and then cleaned by
acetone, absolute ethanol, and distilled water.

The test solution was brought from the soil along the
apron with the chemical composition of Na,CO; 0.1599g/L,
NaCl 0.5124 g/L, Na,SO, 0.1712g/L, NaHCO; 0.0864g/L. All
measurements were conducted at ambient temperature of
20°C and open to air.

2.2. Electrochemical Equivalent Circuit for the Experimental.
Figure 1 shows the schematic diagram of the experimen-
tal set-up for studies of AC interference corrosion under

different chloride ion concentration or test temperature.
The experimental device uses a three-electrode system. The
magnesium alloy sacrificial anode rod was used as the
working electrode (WE), the platinum electrode was used as
the counter electrode (CE), and a saturated calomel electrode
(SCE) was used as a reference electrode (RE). The distance
between WE and RE was about 2mm, in order to reduce the
ohmic drop in potential measurements. The electric circuit
was specially designed to supply and measure AC and DC
signals independently. Working electrode, AC power source,
capacitor, and carbon rod form an AC interference system.
Reference electrode, high resistance voltmeter, and working
electrode compose voltage test system. Auxiliary electrode,
reference electrode, working electrode, and electrochemical
workstation consist of electrochemical test system. In this
work, the sinusoidal AC signal with a frequency of 50 Hz
was supplied between two graphite electrodes. Within the AC
mesh, an electrolytic capacitor (50V, 470uF) [1] in series was
used to prevent DC circulation. And within the DC mesh, an
inductor [2] was used to prevent the flow of AC current into
the electrochemical measurement system.

2.3. Electrochemical Measurements. The electrochemical
workstation (CHI660D) used a three-electrode cell system.
Specimens used for electrochemical measurements were
coated with epoxy resin, leaving an exposure area of 3.925

cm?® as the working surface. The electrode was ground
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FIGURE 2: The open circuit potential of magnesium sacrificial anode
under different AC interference voltages at an ambient temperature
0f 20°C in the test solution.

sequentially to 2000 grit emery paper and then cleaned by
acetone, anhydrous alcohol, and distilled water.

The stable open potential, electrochemical impedance
spectroscopy, and polarization curves of magnesium alloy
sacrificial anode were measured by the electrochemical work-
station every day. The frequency range of EIS was 100 kHz
to 0.IHz while the amplification of sinusoidal AC signal
was 3mV. The data analysis software was ZSimpWin3.21.
According to the test results of open circuit potential, it was
determined that the range of polarization curve was from -
0.8V to -0.3V, and the scanning rate was 0.1667mV/s.

3. Results

Figure 2 shows the open circuit potential of sacrificial anode
under various AC voltages at an ambient temperature of 20°C
in the test solution for eight days. The corrosion potential
of the magnesium sacrificial anode was observed to shift
positively under all experimental conditions. It indicated that
the activity in the sacrificial anode surface decreased as time
went by with or without AC interference. The open circuit
potential’s positive migration under AC interference of 5V
voltage was the maximum while that of 0V voltage was the
minimum.

Table 1 shows the corrosion electrochemical parameters
fitted by polarization curves of the sacrificed anode under
different AC interference voltages of 0V, 1V, 3V, or 5V. The
polarization resistance increased gradually and the corrosion
current decreased with the progress of the experiment. It
indicated that the corrosion tendency and rate of the sacrifi-
cial anode decreased with the increasing of the experimental
time. Compared with the polarization resistance and corro-
sion current at the same experiment time, it could be seen that
the polarization resistance was smaller under AC interference

than that without AC interference, and the corrosion current
was larger than that without AC interference. It indicated
that AC interference voltage could reduce the corrosion
tendency of the sacrificial anode while it would accelerate
the dissolution rate of magnesium anodic. The larger the AC
interference voltage was, the stronger the promotion effect
was.

Sacrificial anode control could be observed by the slope
trend of the cathode and anode polarization curves. At
the beginning of the experiment, the slope of cathodic
polarization curve was larger than that of anodic polarization
curve. After a certain period of experiment, the slope of
anodic polarization curve was gradually higher than that of
cathodic polarization curve. It indicated that the cathode
control gradually transformed into anode control. It showed
that AC played an important role in anodic polarization of
magnesium alloy sacrificial anode.

Figure 3 shows the EIS under different AC in the original
soil simulation solution and at ambient temperature. It could
be seen that there were two impedance arcs in the shape of
EIS under the four environments of 0V, 1V, 3V, and 5V AC
interference voltages. The change of the impedance arc was
the largest on the second day of experiment. The variation
of impedance arc became smaller with the lapse of time.
We could find that the radius of impedance arc represented
by the sacrificial anode surface corrosion products was the
largest with no AC. And the larger the AC interference was,
the larger the radius of impedance arc was. It indicated that
AC interference accelerated the corrosion of the sacrificial
anode and promoted the corrosion products on the surface
of sacrificial anode. The greater the AC interference was, the
faster the rate of corrosion was.

In order to analyze the sacrificial anodic corrosion
process, the EIS of Figure 2 is fitted with the equivalent
circuits. Figure 4 shows the equivalent circuit of the EIS of
the magnesium alloy sacrificial anode during the experiment.
The elements represented different physical meanings: Rs
represented the resistance of the solution, CPEdI represented
the electric double layer capacitor of the metal oxide film and
the solution, CPE represented the capacitance due to the ion
through surface oxide film, Rt represented the charge trans-
fer resistance, and Rc represented the oxidation resistance.
When the experiment started, the oxide film on the surface
of the sacrificial anode was destroyed, and the exposing
metal reacted with oxygen. The corrosion products began
to accumulate on the surface of the sacrificial anode. The
physical meaning of the element representation changed: Rs
still represented the resistance of the solution and CPEdI still
represented the electric double layer capacitor of the metal
oxide film and the solution, and CPE no longer expressed the
capacitance due to the ion through surface oxide film, but on
behalf of the capacitance due to the ion through corrosion
scale. Rt still represented the charge transfer resistance. Rc
represented the corrosion product film resistance.

Figure 5 shows the process of the change of corrosion
product film resistance Rc under different AC interference
voltages. It could be seen that the value of Rc increased
gradually as experiment time went by. The larger the AC
voltage was, the greater the change of Rc was.
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TaBLE 1: The corrosion electrochemical parameters from polarization curves of the sacrificed anode under different AC voltages.

AC Electrochemical 0d 2d 4d 6d 8d
voltage parameters
Polarization
resistance 659.3 7311 820.4 940.8 1018.2
(®)
Y COrrom(ozil)currem 6.530x107° 5.825%107° 5167107 4.072%107° 3.876%10°°
Cathodic 6.340 5.813 5.082 4.458 5.049
Tafel slope
Anodic 3.760 4396 5.175 5174 5.97
Tafel slope
Polarization
resistance 243.2 346.4 592.4 724.8 785
Q)
v COrrOSl(Ozil)Current 1.814%107* 1279107 7558107 5.858+107 5.602#107°
Cathodic 5.021 4.788 4.621 4.413 4.774
Tafel slope
Anodic 4.834 5.027 5.091 5.826 5.113
Tafel slope
Polarization
resistance 33L7 488.8 510.3 595.8 623.5
Q)
3V Corr()Sl(ozil)current 1.254%10™* 887110 7.968%107° 75%107 7.253%107°
Cathodic 5376 4.775 4.829 4.027 4.017
Tafel slope
Anodic 4.894 5.211 5.864 5.703 5.597
Tafel slope
Polarization
resistance 228.5 245.3 298.7 378.2 431.6
Q)
5V Corr()Sl(ozil)current 1.914%10™* 1818107 1.476%10"* 1178107 9.838+10
Cathodic 5.238 4.694 4.701 4.814 3.880
Tafel slope
Anodic 4.708 5.052 5.222 4.951 6.359
Tafel slope

4. Discussion

During the corrosion of magnesium alloy sacrificial anode in
the soil simulated solution, the anodic and cathodic reactions
include Mg oxidation and the reduction of hydrogen ions,
respectively:

Mg — Mg + 2e @
2H" +2e — H, (2)

Generally, the presence of alternating current in the soil
around the buried pipelines is prevalent. And it has been
acknowledged that buried pipelines corrode at an accelerated
rate in the presence of AC interference. Magnesium alloy
is a more reactive metal than carbon steel, and AC should
have a greater impact on the sacrificial anode. So when

AC interference is applied (on the Oth day), the potential
is negatively shifted. And the greater the AC interference
voltage is, the greater the potential offset is. Because of the
AC interference, magnesium dissolution is accelerated. The
corrosion product Mg2+ does not diffuse in time; this would
cause a local saturation of Mg** ions and OH™ to exceed the
solubility of magnesium hydroxide (Mg(OH),), favoring the
formation of Mg(OH), scale:

Mg** + 20H — Mg (OH), 3)

Then the open circuit potential of magnesium alloy
has a sudden increase in the initial experiment stage, the
potential offset is the largest under AC interference voltage
of 5V, and the potential offset is the least under no AC
interference. Then the open circuit potential continues to shift
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FIGURE 3: The EIS of magnesium sacrificial anode under different AC interference voltages at an ambient temperature of 20°C in the test

solution.

in a positive migration, although the degree of the offset is
small. It indicates that the surface corrosion is serious and the
sacrificial anode surface has the largest changes because of the
rapid generating of corrosion product in the first two days
of the experiment. And the inclination of sacrificial anode
corrosion is smaller relatively after two days of the experiment
because the sacrificial anode surface is covered with corrosion

products. And then the influence of the corrosion inclination
of AC voltage becomes small after two days of the experiment.

In the process of corrosion and dissolution, the cathodic
reaction of magnesium sacrificial anode is the oxygen
absorption reaction which is mainly due to the reaction
between O, and the surface of magnesium alloy sacrificial
anode. The corrosion of magnesium sacrificial anode with
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FIGURE 5: The Rc value of the sacrificial anode under different AC
interference voltages at an ambient temperature of 20°C in the test
solution.

AC interference is biased towards cathodic control in the
first two days because the Cathodic Tafel Slope is bigger
than the Anode Tafel Slope. So the diffusion rate of oxygen
affects the rate of corrosion. And the stray current accelerates
the transmission and diffusion of oxygen, so the corrosion
rate under AC interference is bigger than that with no AC
interference; the bigger the AC interference voltage is, the
faster the corrosion rate is. In the process of experiment,
the longer the time of the oxygen absorption reaction on
the surface of the anode is, the more the surface corrosion
products accumulate. It would be difficult for O, to contact
with the sacrificial anode surface, the reaction speed would
gradually reduce and converge in all the experiments (as
shown in Table 1), and the change tendency of impedance
arc would be smaller (as shown in Figure 4). It indicates that
the corrosion of sacrificial anode surface is relatively serious
in the initial period. After that, although the corrosion is
still aggravated, the rate of corrosion gradually slows down.
The corrosion products on the sacrificial anode surface have
accumulated very seriously, which hinders the reaction rate
between O, and sacrificial anode surface.

In the process of experiment, the corrosion products of
magnesium alloy sacrificial anode would drop a little and

International Journal of Corrosion

most of the rest is attached to the surface of sacrificial anode.
The corrosion products gradually accumulated and became
thicker. The electrochemical impedance spectroscopy was
the same mode shown in Figure 3. The corrosion products
attached to the sacrificial anode surface accumulates and the
resistance of the corrosion reaction becomes larger. With no
AC interference and 1V AC interference, the increasing rate
of Rc becomes slower during the experiment. It indicates that
the earlier corrosion products hinder the oxygen reaction of
sacrificial anode surface seriously, which makes the corrosion
products increase fewer. However, the increasing rate of
Rc becomes slower and then becomes faster during the
experiment when the AC interference voltages are 3V and
5V. It indicates that the larger AC stray current changes the
corrosion state of magnesium sacrificial anode surface. There
is still a great corrosion rate although the reaction resistance
caused by corrosion products increases.

5. Conclusion

Effects of AC on the performance of Mg sacrificial anode
were studied in the simulated soil solution along the apron
pipeline at ambient temperature (20°C). The analysis of the
experimental results led to the following conclusions:

(1) AC interference is critical to the corrosion of mag-
nesium alloy sacrificial anode. AC accelerated the
dissolution of Mg sacrificial anode.

(2) The DC potential of Mg sacrificial shifted positively
under AC at the same time. With the passage of
time, the DC potential of the Mg sacrificial anode
shifted positively in the presence or absence of AC
interference, and the positive shift was more obvious
in the case of AC interference than that in the absence
of AC interference.

(3) As the AC interference voltage increases in the range
of 0~5V, the corrosion rate of the sacrificial anode is
faster and faster, but the corrosion inclination is weak-
ened. Moreover, the corrosion products accumulate
in the magnesium alloy sacrificial anode surface, and
it affects the releasing of quantity of electric charge.
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