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Abstract The influences of applied magnetic field on the
corrosion behavior of Al-3.0 wt%Mg alloy in 3.5 wt%
NaCl solution were investigated by electrochemical mea-
surements, scanning electron microscopy (SEM) and
energy-dispersive spectroscopy (EDS). Stochastic analysis
was applied to investigate the influences of applied mag-
netic field. The results indicate that the application of
horizontal magnetic field of 0.4 T would increase the pit-
ting corrosion potential (Ey;), decrease the corrosion cur-
rent density (icorr), prolong the pit initiation time, slow
down the pit generation rate and inhibit the growth of
pitting of the tested alloys in 3.5 wt% NaCl solution. The
applied magnetic field would also change the mechanism
of pit initiation of Al-3.0 wt%Mg alloy from Az model
(without magnetic field) to A3 + A4 model (with magnetic
field). The intermediate product Al(td) is the paramagnetic
ion that would be influenced by magnetic field sensitively.
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1 Introduction

Al-Mg alloys, because of their good comprehensive
properties including low resistivity, high specific strength
and excellent corrosion resistance, are considered as the
ideal electromagnetic shielding material and even are used
as substitutes for some rare metallic materials [1-4].
Because of their excellent corrosion resistance, Al-Mg
alloys can be specified as outdoor applications. Al-Mg
electromagnetic shielding wire is served in magnetic field;
however, the influence of this special environment on its
corrosion behavior is not clear and lack of research.

Up to now, the effects of magnetic fields on electro-
chemical corrosion behavior of metallic materials in
aqueous solutions have been mainly focused on electro-
deposition of metals and ferromagnetic electrodes. Many
studies revealed that magnetic field could influence the
dissolution of iron, while many disputed observations
have been reported [5-10]. The applied magnetic field
accelerated the corrosion process of copper and titanium
in low NaCl concentration and suppressed the corro-
sion rates of copper and zinc in nitric acid [11-14].
Although a large numbers of reports mentioned the effect
of magnetic fields on the corrosion behaviors of metallic
materials, few reports were related to Al-Mg alloys
relatively.

It is well known that Al-Mg alloys, especially those
with high Mg content, are susceptible to pitting corro-
sion. So, in this paper, the electrochemical corrosion and
pitting corrosion behaviors of Al-3.0 wt%Mg alloy under
applied magnetic field of 0.4 T in 3.5 wt% NaCl solution
were investigated. The influence mechanism of mag-
netic field on the electrochemical characteristics and
pitting corrosion characteristics of tested alloys were
discussed.
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2 Experimental
2.1 Material preparation

Agpaluminum ingot (99.7 wt% Al) was melted at 720 °Cina
graphite crucible by electrical resistance furnace. The pure
magnesium ingot was then added into the molten aluminum.
The degassing was conducted with argon for 10 min before
pouring at 720 °C. Owing to the poor fluidity of Al-
3.0 wt%Mg molten, the alloys were cast into the metal mold
with a big riser. The specimens were machined to the
dimension of 10 mm x 10 mm x 10 mm. The surfaces of
the specimens were polished before testing.

2.2 Electrochemical measurement

The corrosion process of the alloys was evaluated by
electrochemical test by CHI660E A 14330 electrochemical
workstation. The test was conducted in unsaturated
3.5 wt% NaCl solution according to ASTM G1-03. Test
was carried out with specimen as working electrode, the
232 model saturated calomel electrode as reference elec-
trode and the 213 model Pt wire as auxiliary electrode. A
horizontal magnetic field of 0.4 T was applied by Nd-Fe—B
permanent-magnet, as shown in Fig. 1.

Four kinds of electrochemical tests, namely open circuit
potential (OCP) test, potentiodynamic polarization test,
electrochemical impendence spectroscopy (EIS) test and
potentiostatic current response test, were made according
to ASTM G3-13. The immersion time of OCP tests was
10 min. As the OCP became steady, EIS tests were con-
ducted by applying the sinusoidal potential excitation
amplitude of 5 mV to the OCP with a frequency ranging
from 100 kHz to 10 mHz. Potentiodynamic polarization
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Fig. 1 Placement of electrodes and magnetic field
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curves were recorded at a sweep rate of 1 mV-s~'. The
corrosion current density (i.o.), corrosion potential (E.q.)
and pitting corrosion potential (E,;) were calculated
according to the Tafel extrapolation technique. The
potentiostatic current response test included passivating
and pitting corrosion inducing. The specimens were pas-
sivated in 0.01 mol-L~' NaOH solution for 500 s under a
potentiostatic voltage of —0.85 V. Then, the pitting cor-
rosion inducing experiment was continued in 3.5 wt%
NaCl solution and the current—time curves were obtained
when the frequency of potentiostatic current response was
5 Hz. When the current reached 1 mA, the test finished.
The potentiodynamic polarization test and potentiostatic
current response test were repeated twenty times.

2.3 Immersion test

The specimens were kept in 3.5 wt% NaCl solution with
and without an applied magnetic field during the immer-
sion test. The total duration of the corrosion test lasted for
600 h. Surface morphologies of the specimens were
observed by scanning electron microscopy (SEM, Hitach
S-3400 N). The amount and dimension of pitting holes
were calculated. Local composition was analyzed by
energy-dispersive spectroscopy (EDS, Horiba EX250).

3 Results
3.1 Polarization measurements

Figure 2 shows potentiodynamic polarization curves and
pitting corrosion potential (Ep;) of Al-3.0 wt%Mg alloy with
and without magnetic field. Their corrosion potential (E.q)
and corrosion current density (i.o) are inset in Fig. 2a. The
applied magnetic field would make E; shift toward negative
direction from —1.0520 to —1.0821 V. The corrosion current
density (i.o) of the alloys under magnetic field is 4.705
uA~cm72, which is lower than that of without magnetic field,
5.319 pA-cm ™2 Similar potentiodynamic curves of the alloy
in NaCl solution with and without magnetic field are pre-
sented. Both of them have a passivation area with a same
current. The applied magnetic field (0.4 T) could increase E;
of Al-3.0 wt%Mg alloys from —0.9033 to —0.8283 V, and of
course, it increases the stability of the passive films.

Figure 2b shows the cumulative probability (P) of Ep
values of Al-3.0 wt%Mg alloy with and without magnetic

field.
P=i/(1+N), i=1,2,3,...N (1)

where N is the number of experimental times. E;; values
are represented in linear distributions both with and with-
out magnetic field. An applied magnetic field makes the
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Fig. 2 Potentiodynamic polarization characteristic of Al-3.0 wt%Mg alloy: a potentiodynamic polarization curves and b distribution of E;

values

line of E,;; values move. It means that the applied magnetic
field would increase the pitting corrosion potential and
decrease the corrosion current density of Al-3.0 wt%Mg
alloy in 3.5 wt% NaCl solution.

3.2 Impedance spectroscopy

The influence of applied magnetic field on corrosion
behavior of Al-3.0 wt%Mg alloys in 3.5 wt% NaCl solu-
tion was further verified by EIS test. Figure 3 shows
Nyquist diagram of the alloys when the magnetic field was
applied or not, where Zg. and Zj,,, are the real and imagi-
nary parts of impedance, respectively. Both of impedance
spectra show capacitive circles at high frequency and dif-
fusible lines at low frequency, but the diameters of the
capacitive circles are different. The applied magnetic field
could reduce the diagram of the capacitive circle of Al-
3.0 wt%Mg alloy, as shown in Fig. 3. As known, the
diameter of the capacitive circle is associated with the
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Fig. 3 Nyquist diagram of Al-3.0 wt%Mg alloy in absence and
presence of magnetic field
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charge transfer resistance. The bigger the diameter of the
capacitive circle is, the slower the corrosion rate is. So, the
result of Fig. 3 indicates that the applied magnetic field
could reduce the corrosion rate of Al-3.0 wt%Mg alloy in
3.5 wt% NaCl solution.

An equivalent circuit inset in Fig. 3 is obtained by
ZSimpwin commercial software to fit the experimental
Nyquist plots. In this case, R, R;, CPE and W, represent the
solution resistance, the charge transfer resistance, the
capacitance of the double layer and Warburg resistance,
respectively. As for the formula W = Af %3(1 —j) in
Fig. 3, W is the Warburg resistance, j is imaginary unit, fis
angular frequency and A is the fixed coefficient. R, value is
influenced or determined by the ability of ionic conduction
across the passive film. It is seen that under magnetic field,
R, value of the alloy is higher than that of without magnetic
field, and it increases from 17,600 to 29,100 Q witha 0.4 T
magnetic field applied. It means that the magnetic field
increases the resistance of ionic passing through the pas-
sive film on the surface of Al-3.0 wt%Mg alloy and makes
the pitting corrosion difficult to proceed.

3.3 Current-time curves under constant potential

The pitting corrosion of aluminum alloy is considered as
the combination of two steps: pit initiation and pit growth
[15, 16]. Long pit initiation time would reduce the possi-
bility of corrosion and low pit growth rate with short pit
initiation time would result in uniform corrosion. Figure 4
shows current response curves of Al-3.0 wt%Mg alloy at a
constant potential of —0.85 V. The current density
decreases with the increase of test time at the beginning
because the alloy is in a passive state in this period. Then,
the current density turns to increase sharply when the
passive film is punctured. The time from the start point to
the break point is named as the pit initiation time. As
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Fig. 4 Current responses of Al-3.0 wt%Mg alloy in absence and
presence of magnetic field at a constant potential of —0.85 V

shown in Fig. 4, the pit initiation time of Al-3.0 wt%Mg
alloy is about 53 s when it is corroded with a 0.4 T mag-
netic field. However, it is 20 s when the alloy is corroded
without magnetic field. It means that an applied magnetic
field would greatly increase the pit initiation time of
Al-3.0 wt%Mg alloy corroded in 3.5 wt% NaCl solution.

The relationship between the Napierian logarithm of
survival probability (P) and pit initiation time was recorded
during parallel potentiostatic current response test, as
shown in Fig. 5. Shibata et al. [17-19] established a sta-
tistical method to analyze the formation of pitting corro-
sion. The schematic illustration of survival probability
(InP) vs time of various stochastic models is inset in Fig. 5,
and the analytical expression of the survival probability
function for various stochastic models is listed in Table 1,
where A (41, 4, and A3 mean different A values) is pit
generation rate, y is repassivation rate, fp is pit initiation
time, ¢t is the corrosion time, m and o are the fixed
parameters in different formulae, f; is the statistic param-
eter and 7. is the repassivation time. The pit corrosion
would be divided into two kinds of models: pit birth

InP

-350L I I I I I
0 50 100 150 200 250 300
Time /s

Fig. 5 Plots of survival probability and time of Al-3.0 wt%Mg alloy
and various stochastic models
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Table 1 Analytical expression of survival probability function for
various stochastic models

Model Survival probability function

Birth process

Ay Pau(t) = exp[—At — 19)]

Ay Pau(t) = exp[—mi(t — to)]

A; Pou() = 1 — {1 — exp[—A(t — 10)]}"

Ay Po(t) = Y fiexpl—2(t — to)]

Birth and death process

B, Poo(t) = (A + 1) + M+ wexpl—(4 + w(@ — to)]
B, Poult) = exp[—ai(t — te)exp(—pte)]

process (A) and pit birth and death process (B). According
to Fig. 5, the pit initiation corrosion of the alloy is similar
to Model Aj of pit birth process when there is no magnetic
field. The existence of 0.4 T magnetic field changes the pit
initiation corrosion model to A; + A4 model, and the pit
generation rate (4) decreases from 2.484 x 1072 to
2.472 x 1072 (4;) and 1.444 x 1072 (J,). So an applied
magnetic field would prolong the pit initiation time and
slow down the pit generation rate.

After the passive film was punctured, the current density
increases sharply, as shown in Fig. 6, indicating that a
stable pit is formed. The area of shadow region expresses
electric quantity (Q) consumed during pit growing process.
The stable pit growth rate (v) could be expressed by
Q/t. And the stable pit growth time is calculated to be 32 s,
which is determined by the shortest time from the begin-
ning of the pitting corrosion to the finishing of the test
among the 40 group data.

The parameter reduced variant (Y) of Gumble proba-
bility was calculated by formula:

Y=—In{—In[1 —i/(N+ 1)]} (2)

The plots of Gumble probability and stable pit growth rate
of the alloy are shown in Fig. 7a. An applied magnetic field
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Fig. 6 Determination method of stable pit growth rate
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Fig. 7 Gumble probability plots and probabilities of various stable pit growth rate plots in absence and presence of magnetic field

Table 2 Typical Gumble distribution parameters at different magnetic intensities

Magnetic intensity (B)/T

Stable pits growth rate (v)/(A~cm72)

Location parameters (J) Scale parameters (o)

0 <447 x 1074
447 x 107* = 545 x 107
545 x 107 — 6.88 x 107*
0.4 <548 x 1074

changes the distribution of the stable pit growth rate of the
alloy clearly. It presents in three segment distributions
when there is no applied magnetic field, and it is a linear
distribution when there is magnetic field. Location
parameter (0) and scale parameter (o) are obtained
through the fitting of two curves in Fig. 7a and listed in
Table 2. The probabilities of various stable pit growth rate
were calculated by the following formula according to the
parameter values in Table 2.

P =1 —exp{—exp[—(v—9)/af} (3)

The curves are shown in Fig. 7b. At the certain stable pit
probability, the stable pit growth rate of the alloy under
magnetic field is lower than that of the alloy without
magnetic field. So, the magnetic field would reduce the
growth of pitting of Al-3.0 wt%Mg alloy in 3.5 wt% NaCl
solution.

3.4 Immersion test

During the immersion test of Al-3.0 wt%Mg alloy in
3.5 wt% NaCl solution, pitting holes would occur with the
progress of the test going on. The number of corrosion
pitting holes on the surface of Al-3.0 wt%Mg alloys was
counted, as shown in Fig. 8. With the increase of immer-
sion test time, the number of pitting holes increases both in
the absence and presence of magnetic field addition. But
the increasing rate of the pitting hole when the corrosion

Rare Met. (2017) 36(8):627-634
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Fig. 8 Amount of pitting holes of Al-3.0wt%Mg alloys in 3.5 wt%
NaCl solution tested in absence and presence of magnetic field

tested was conducted under magnetic field is much lower
than that when the test was carried without magnetic field.
It illustrates that the magnetic field would increase the pit
initiation period or depresses the formation of the pitting
hole. The result is consistent with electrochemical
experiment.

After immersion test for 600 h in 3.5 wt% NaCl solu-
tion, many pitting holes occur on the surface of Al-
3.0 wt%Mg alloy. Figure 9a, b shows SEM images of the
corroded alloy. The amount of pitting holes on the surface
of the alloy corroded under magnetic field of 0.4 T is less
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Fig. 9 SEM images and EDS analysis of Al-3.0 wt%Mg alloy immersed in 3.5 wt% NaCl solution for 600 h: a, ¢ without magnetic field and b,

d with 0.4 T magnetic field

than that of the alloy tested without magnetic field. The
corrosion product was analyzed by EDS, as shown in
Fig. 9c¢, d. The corrosion product is composed of the same
kinds of elements, oxygen, magnesium and aluminum
whether the magnetic field was applied or not. But the
content of the elements is different. Oxygen content is
reduced from 24.76 wt% to 16.33 wt% when magnetic
field was applied during the immersion corrosion test. It
means that magnetic field could decelerate the corrosion of
Al-3.0 wt%Mg alloy in 3.5 wt% NaCl solution.

The average diameters of the pitting holes on the surface
of Al-3.0 wt%Mg alloys corroded in 3.5 wt% NaCl solu-
tion were measured, as shown in Fig. 10a. With the
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increase of immersion time, the diameter of pitting holes
increases. In the early stage, the pitting rate of the alloy
with magnetic field applied increases, as shown in
Fig. 10b. But with the test going on, a passive film is
formed progressively on the inner-surface of the pitting
holes, and it would impede the growth of pitting holes
[20-22]. As a result, the increasing rate of the diameter of
pitting holes would slow down gradually and at last comes
to a stable value whether the corrosion test was conducted
under magnetic field or not. It seems that an applied
magnetic field has some effect on enlarging the diameters
of pitting holes at the early stage, but it will loss the effect
on the corrosion rate of pitting holes after a complete
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Fig. 10 Pitting hole diameters of Al-3.0 wt%Mg alloys corroded in 3.5 wt% NaCl solution in absence and presence of magnetic field:
a diameter of pitting holes and b increasing rate of diameters of pitting hole
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passive film is formed and the pitting corrosion rate comes
to a stable value.

4 Discussion

Pitting corrosion is an electrochemical process. It can be
described in detail by three very distinguishable steps:
breakdown of passive film, early stages of pit growth and
repassivation and/or stable pit growth. The corrosion pro-
cess consists of at least two associated charge transfer
reactions: the oxidation of metal (anodic reaction) and the
reduction of an oxidizing agent (cathodic reaction). The
influences of an applied magnetic field on electrode process
of Al-3.0 wt% alloy in 3.5 % NaCl solution are considered
to be the effects of activating and dissolving of aluminum
anode and process of mass transfer in solution. This effect
is produced by magnetohydrodynamic (MHD) flow on
metal/solution interfaces due to the existence of an applied
magnetic field. Such a MHD flow in an electrochemical
system is described by the force per unit volume in solu-
tion, ﬁ MHD:

Fyup = T xB 4)
where 7 is the local flux of ions and B is the magnetic
field intensity. The directions of ions flux are mainly
determined by the electric field in the electrochemical
system. So the direction of magnetic field determines the
influence of the magnetic field on the mass transfer rate.
Specially, Fyup will be the largest when the applied
magnetic field is perpendicular to the direction of the ion
flux and electric field. In this work, the direction of
magnetic field is parallel to the electrode surface. As a
result, the applied magnetic field will exert a Lorentz
force on any charged particle moving in the interfacial
diffusion layer.

Aluminum anodic dissolution could be thought of the
following reaction processes [23, 24]. Aluminum dissolu-
tion takes place first, losing electron and forming active
intermediate Al(y, as shown in Reaction (5). Then,
unstable Aljg) will loss electron and react with H,O to
form AI** and Al(OH); according to Reactions (6) and (7).
Reactions (6) and (7) will happen simultaneously. Finally,
AP will react with Cl, according to Reactions (8) and
(9). This process leads to the dissolution of anodic and the
breakdown of passive film. As the result, pitting corrosion
will occur.

Al—e” — Alf, (5)
Ally —2e” — APT (6)
Alfy +3H0 — Al(OH); + H, + HY (7)

Rare Met. (2017) 36(8):627-634

AP + CI” + H,0 — AIOHCI™ + H* (8)
AIOHCI" + ClI~ — AIOHCl, (9)

In the electrochemical process, the movement of
electrons and the recombination of ions are involved.
One of the reasons for continuing pitting corrosion is a high
concentration of aggressive anions within the pitting areas.
The precipitation of AIOHCI, is thought as a main cause to
impede the repassivation and maintain the pit corrosion
actively. The magnetic field will influence the motion of
cations and anions and has an effect on paramagnetic ion
which is called “paramagnetic gradient force” as shown in
Eq. (10) [25-27].

= Im o
Fy. = Ve 10
o (10)

where yp, is the magnetic susceptibility, pg is the relative
magnetic permeability, Ve is the concentrations difference
of ions between surface and bulk. Under a magnetic field, a
gradient of concentration of paramagnetic ions exists due
to some electrode reaction in which they participate, and
additional driving force acting on them will arise. This
force has the same direction as the gradient of the param-
agnetic ions, causes a redistribution of velocities in the
diffusion layer and increases concentration of paramag-
netic ions.

Al is formed firstly during the corrosion process of
Al-3.0 wt%Mg alloy in 3.5 wt% NaCl solution. The
energy of Aldg is so high that Aljg has the electron
configuration of 18?28*2P°3S'3P". It has a single electron
in orbit of 3S and 3P each. So, Alz;d) is a paramagnetic ion
and can be attracted by the magnetic field and gather on the
surface of aluminum electrode. It will increase the con-
centration of Al on the surface of aluminum electrode
and impede the progress of Reaction (5), and then reduce
the possibility of the future Reactions (6)—(9). In this case,
less electrons and ions, such as AI**, HT, AIOHCI", are
generated to involve into mass transfer and reaction. So, an
applied magnetic field would decrease the concentration of
ions in diffusion layer and decrease the corrosion current
density (i.o) correspondently. A higher pitting corrosion
potential and more pit initiation time are needed for C1~
and other ions to breakdown the passive film. It is the
reason why the pit initiation time and the pitting corrosion
potential increase and corrosion current density decreases
in an applied magnetic field, and an applied magnetic field
would inhibit the pitting growth of Al-3.0 wt%Mg alloy in
3.5 wt% NaCl solution. Corrosion behavior of Al-
3.0 wt%Mg alloy under magnetic field is different from
that of other metallic materials in Refs. [5-14]. Although
paramagnetic ions exist during the electrochemical reaction
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[5-10], the paramagnetic ion in this paper is the interme-
diate product which would affect later reaction.

5 Conclusion

In this study, the influences of applied magnetic field on the
corrosion behavior of Al-3.0 wt%Mg alloy in 3.5 wt%
NaCl solution were carried out. The horizontal magnetic
field would increase the pitting corrosion potential (Ey;)
and the charge transfer resistance (R,) of the tested alloy
obviously, and reduce the corrosion current density (icor)
of Al-3.0 wt%Mg alloy in 3.5 wt% NaCl solution. Pitting
initiation model of Al-3.0 wt%Mg alloy in 3.5 wt% NaCl
solution is changed from A; model to Az + A; model
when horizontal magnetic field was applied. The magnetic
field prolongs the pitting initiation time, slows down the
pitting generation rate and depresses the formation of pit-
ting holes of Al-3.0 wt%Mg alloy. The influencing
mechanism of all above is that the applied horizontal
magnetic field will produce a Lorentz force on any charged
particle moving in the interfacial diffusion layer. The force
and paramagnetic gradient force would hinder the forma-
tion of paramagnetic ion Al and reduce the pitting rate.
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