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Abstract: In order to evaluate the degree and severity of AFM g Mn-Sc Zr alloy in exfoliation corrosion( EXCO) so-
lution quickly and nondestructively, electrochemical impedance spectroscopy( EIS) technique was employed. The A}

MgMurScZr alloy suffers pitting corrosion in the EXCO solution. During pit incubation, the Nyquist diagram is

composed of a depressed capacitive arc at high-mediate frequency and an inductive arc at low frequency. The induc-

tive arc fades with immersion time, and the beginning of pitting corrosion and the appearance of two capacitive arcs

have simultaneity. During pit propagation, the Nyquist diagram is composed of two overlapped capacitive arcs. As

time goes on, two time constants are more clearly distinguished. The high frequency and low frequency capacitive

arc are aroused by passive surface and new interface, respectively. An equivalent circuit is designed to fit EIS, and

the experimental results and the fitted results have good correspondence. The degree and severity of pitting corro-

sion can be obtained by the features of EIS and comparing the fitted values of parameters at different times.
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1 INTRODUCTION

Studies have shown that the AFMg alloy con-
taining minor Sc and Zr has outstanding mechanical
properties'!!, weldability, fatigue fracture resist-
ance and high-temperature stability!> ¥, The
strength of AFMg-Mn alloy with Sc and Zr is
much higher than that of AFMg-Mn alloy without
Sc and Zr, and it will be a neotype and light-mass
structural material used widely in warship, aero-
space and aviation industries. However, in this
alloy, B phase(MgsAls) precipitates easily along
grain boundary, and the corrosion potential of B
phase is much lower than that of matrix'?, which
Then, the
strength and plasticity decrease. This is very dan-
gerous if the alloy is in the course of service. It is

causes its sensitivity to corrosion.

necessary to find a fast, reliable and nondestructive
method to detect corrosion.

EIS technique just can be used to evaluate the
severity of corrosion quickly, semrquantitatively
and nondestructively. Recently EIS technique has
been used gradually in the study of corrosion'””,
and some researchers have proposed theoretical

model of corrosion'™". EIS technique was also
considered a powerful tool to investigate different

stages of pitting corrosion.

T he objective of this paper is to investigate the
EIS of AFMgMurScZr alloy during the different
stages of pitting corrosion, and to attempt to dis-
close the relationships between severity of pitting
corrosion and the features of EIS.

2 EXPERIMENTAL

2.1 Materials

The major composition (mass fraction, %) of
the aluminum alloy is Mg 5.2, Mn 0.3, Sc 0.25,
Zr 0. 12, Al balance. The alloy ingot was produced
by semrcontinuous casting technique. The 3.4 mnr
thick sheets were annealed for stabilization at 350
‘C for 1 h in the end. Specimens were sawed from a
large annealed sheet.

2.2 Experimental methods

T he surface of specimens for this investigation
was ground using abrasive papers from 600" to
1400* , polished with diamond paste, degreased
using acetone, rinsed with distilled water and dried
in air. The specimen for measurement of EIS was
connected to a copper wire, and then mounted in
epoxy resin with only 7 em® surface exposed.

T he accelerated exfoliation test was performed

according to ASTM G66-80'""". The exfoliation
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corrosion( EXCO) solution was prepared: dissol-
ving 1 mol NH4Cl, 0.25 mol NH4NO3, 0. 01 mol
(NH4)2C4sH20, 3 g H202(10 mL 30% stock solu-
tion) in distilled water and diluted to 1 L. The EX-
CO volumeto-exposed specimen surface area ratio
was 80 mL/em®. The susceptibility to exfoliation
was determined by visual examination using per-
formance ratings established by reference to stand-
ard photographs.

Measurement of electrochemical impedance
spectroscopy was carried out using the three elec
trode system of a saturated calomel reference elec
trode, a platinum counter electrode and a working
electrode of the alloy being studied with about 7
em” exposed surface. Three electrode cells were
connected to a Solartron 1287 Potentiostat and a
Solartron 1255B frequency response analyzer. A
sinusoidal potential of 10 mV amplitude and a
frequency sweep of 100 kHz to 0. 005 Hz was used
as disturbance signal during the measurement.

3 RESULTS AND DISSCUSSION

The specimens were immersed continuously in
the EXCO solution for 48 h. The corrosion mor-
phologies of specimens after different immersion
time are shown in Fig. 1. And the corrosion de-
grees are listed in Table 1.

The typical Nyquist impedance spectroscopy
at early immersion stage is shown in Fig.2. The
corresponding Bode diagram is shown in Fig. 3. It
is clearly seen that the Nyquist diagram is mainly
composed of a depressed capacitive arc at high-

(a)f

Table 1 Corrosion degree of
specimens at different immersion times

Immersion time/h 10 17 24 36 48

Corrosion degree PA PB <PC PC > PC

PA, PB, PC: three degrees of pitting, PA< PB< PC!'!

mediate frequency and an inductive loop at low fre-
quency. The depressed capacitive arc is due to the
surface roughness, which is accompanied by a dis-
tribution of relaxation times around the most prob-

[12]

able value' ™. The relationship between depression

of Nyquist diagram and surface roughness is even

21 On one

more evident in aluminium alloys
hand, at the early stage of immersion, the corro-
sion process itself causes an increase in the surface
irregularity of specimen; on the other hand, there
are a lot of precipitates with different electrochemi-
cal natures due to the heat treatment of the alloys.

Cao et al'™ thought that the inductive arc is
linked to the passive film on the surface, and the
appearance of inductive component is the feature of
EIS during pit incubation. They analyzed the
growth and decline of passive film during pit incu-
bation, put forward a mathematical model and the
corresponding equivalent circuit. The Nyquist dia-
gram of the equivalent circuit is composed of a ca-
pacitive arc at high-mediate frequency and an in-
ductive loop at low frequency. Keddam et al''!
thought that the inductive loop observed is assocr
ated with the weakening of the protective effective
ness of the aluminum oxide layer due to the anodic

dissolution of aluminum alloy. Ferreira et al also

Fig.1 Corrosion morphologies of specimens after different immersion times in EXCO solution
(a) —8.2h; (b) —24h; () —36h; (d) —48h
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Fig.2 Nyquist diagram after 3. 5 h immersion

Fig. 3 Bode diagrams of specimens at
different immersion time

observed an inductive loop in the early stage of pit-
ting corrosion, and they put forward an equivalent
circuit which contains negative resistance and nega-
tive capacitance to explain this phenomenon. But
the physical meaning of negative resistance and
negative capacitance is not definite.

With increasing immersion time, the inductive
loop at very early stage of the immersion tends to
vanish. Fig. 3 shows the evolution of Bode dia-
grams. It can be seen that, the inductive loop in
the low-frequency range shifts with time to lower
frequencies and disappears gradually. The surface
oxide layer becomes progressively less and less
protective, due to the action of aggressive anions
of the EXCO solution with immersion time prolon-
ging, then, the relaxation of weak points dimini-
shes''. This can explain why the inductive loop
vanishes gradually.

After 8.2 h of immersion, it is clearly found
that two overlapped capacitive arcs appear on the
EIS pattern( Fig. 4). One is in the high-mediate
frequency, the other is in the mediate-low frequen-
cy, and the corresponding two time constants can
be clearly distinguished in the Bode diagram ( Fig.
5). Nearly at the same time, pits can be visible on
This indi-
cates the beginning of pitting corrosion and the ap-

the surface of specimens (Fig. 1(a)).

pearance of two capacitive arcs have simultaneity.
That is to say, once pitting corrosion occurs, the
inductive arc disappears and two capacitive arcs ap~
pear on EIS pattern.

With prolonging the immersion time, two
overlapped capacitive arcs become more clear in the
Nyquist diagram, and the corresponding two time
constants are revealed more clearly in the Bode dia-
gram (Fig.5). This can be seen from the reduction
in the height and width of the maximum of the
phase angle. The more clearly the two time con-
stants can be distinguished, the greater the size
and the number of the pits become. A similar be

They ob-

served that when the surface of the specimen was

havior was reported by Conde et al'".

covered by small pits, the impedance technique
was not capable of detecting them until the area
covered by pits is large enough.

Fig.5 Bode diagrams at different immersion times

A ccording to electrochemical mechanics during
pits propagation, the surface or interface of pit-
ting-attacked specimen is composed of two parts: a
passive surface and a new interface w hich is created
by pitting-attack and exposure to EXCO solution
through pits. This pitting structure is schematical-
ly shown in Fig. 6. Besides, Keddam and Conde
thought that the high-mediate frequency capacitive
arc originates from the passive surface, while the
mediate-low frequency one originates from the new
interface attacked by pitting corrosion.

During pit propagation, the area in the pit
(anode region) is much smaller than the passive
surface ( cathode region), and the anodic current
density is very high, so the solution resistance in
the pit must be considered. In the meantime, the
chargetransfer resistance from the passive surface
is much high, and its admittance can be neglec
ted . On the basis of this concept, an equivalent
circuit ( shown in Fig.7) is designed to fit the
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Fig. 7 Equivalent circuit used for fitting

impedance during pit propagation. In this equiva
lent circuit, the electrolyte resistance between ref-
erence electrode and working electrode is defined as
R, the doublelayer capacitance corresponding to
the passive surface and the new interface is repre-
sented by Cy. and Cui, respectively, Ry is the elec
trolyte resistance inside the pore and Ru is the
charge-transfer resistance from the pore.

The experimental results of the impedance are
fitted and analyzed in terms of equivalent circuit
using Zview program. During the fitting, all the
capacitances are replaced by constant-phase ele
ment (CPE) in order to consider the behaviors,
which do not correspond, exactly, to pure capacr
tances. Then, the impedance of CPE is defined by
the following equation: Zere= 1/[C(j ©)"], where
C is a constant, @is the angular frequency, n ran-
ges between 0 and 1. As n= 1, Zcr: represents an
ideal capacitance; n= 0, a resistance; n= — 1, a
inductance; and n= 0.5, a Warburg impedance.

Table 2 lists the fitted results of the electro-
chemical impedance spectroscopy. The good corre

spondence between the experimental curves and the
modeled curves is obtained using this equivalent
circuit. The experimental and fitted impedance
spectra after 12. 3 h and 36 h immersion as exam-

ples are shown in Fig. 8.
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Fig. 8 Experimental and fitted impedance spectra

after 12. 3 h and 36 h immersion
(v —12.3h, experimental; [0 —12.3h, fitted;
® —36 h experimental; A —36h, fitted)

As shown in Table 2, R is very low and can
be neglected, R, has tendency of increase and R
is a parameter which reflects the depth of pore and
the electric conductivity of solution in pore. If the
electric conductivity of solution in pore is a con-
stant, then the deeper the pore is, the higher the
Rp. Ra decreases gradually after immersion for
12.3 h, and this regularity is caused by the self-
catalyzed reaction in the pore during pit propaga-
tion. Cps decreases and C. increases with immer-
sion time prolonging. This indicates the decrease
of passive surface, the increase and growth of pit.
Capacitance C is defined by the equation: C= &/
d, where €is dielectric constant, S is the area of
surface, and d is the thickness of the film or the
double-layer. Then, Cn= &Si/d1, Cui= &S2/da.
&, & can be regarded as the constant, and the
change of S1 and S2 is greater than that of di and
d», therefore Cp. and C. are in direct proportion to
the area of passive surface and new interface. That

Table 2 Fitted values of electrochemical impedance spectroscopy

Immersion R/ Cps/ ( 100 Q1o R/ Cni/ (10° ot R/
time/ h (Q°cm?) em e s o (Q*cm?) em™ s = (Q° cm?)
8.2 7.85 16. 896 0. 847 91.82 15.250 0.868 250.2
12.3 6.92 13. 672 0.715 89. 04 20. 694 0.917 267.6
25.5 6.54 10. 784 0.722 102. 50 23.943 0. 897 191.5
36.0 8.17 9.245 0.568 104. 60 27.539 0.910 170.0
48.0 10. 38 7.610 0.541 109. 20 29.583 0.933 130.9
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is to say, the decrease of C, is caused by the de-
crease of the passive surface, and the increase of
C.i is caused by the increase of the new interface.
T his indicates that the value of C./ C,s can also re-

flect the severity of pitting corrosion''” .

4 CONCLUSIONS

1) AFMgMunScZr alloy suffers pitting cor-
rosion in the EXCO solution. During pit incuba-
tion, the Nyquist diagram is mainly composed of a
depressed capacitive arc at high-mediate frequency
and an inductive arc at low frequency. The induc
tive arc fades with immersion time. The beginning
of pitting corrosion and the appearance of two ca
pacitive arcs have simultaneity. So the EIS tech-
nique can detect the appearance of pitting-attack of
AFMgMurScZr alloy in the EXCO

through observing the variations of impedance

solution,

diagrams.

2) During pit propagation, the specimen sur-
face consists of two parts: a passive surface and a
The
Nyquist diagram is composed of two overlapped ca-
pacitive arcs. The capacitive arc at high frequency

new interface caused by pitting corrosion.

is aroused by passive surface, and the capacitive
arc at low frequency is aroused by the pitting.
With the immersion going on, two time constants
are more clearly distinguished.

3) The good correspondence between the ex-
periment results and the fitted results is obtained
using the equivalent circuit. Every element in the
equivalent circuit has distinct physical meaning.
The degree and severity of pitting corrosion can be
obtained by the features of EIS and comparing the
fitted values of parameters at different time.
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