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Abstract: The exfoliation morphologies and electrochemical impedance spectroscopy ( EIS) features of as received rolled

AA8090 AFLi alloy in EXCO solution were studied. The EIS was simulated using an equivalent circuit. The results show

that once the exfoliation occurs, the EIS is composed of two capacitive arcs at high frequency and mediate low frequency;

among them, the capacitance corresponding to high frequency ( C;) is originated from original flat alloy surface, while the

capacitance corresponding to mediate low frequency ( C») from new interface exposed to EXCO solution due to the exfolia-

tion and the ratio of C, to C; increases with exfoliation degree. It is advanced that the exfoliation degree can be quantita-

tively judged through this ratio.
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1 INTRODUCTION

AFLi alloys, compared to traditional Al alloys,
have more excellent properties, such as lower densi-
ty, greater elastic modulus and higher specific
strength'" ?! . In the near future, they will be widely
applied to airplane structures. While, exfoliation, a
main kind of localized corrosion, lowers their
strength, plasticity and fatigue properties, and also
decreases their service lifel* !

exfoliation will be very

So investigating their
important to their
application.

Usually, the exfoliation ratings are observed by
naked eyes. Hence, they are subject to variation a
mong inspectors. It is essential to find out other ways
to judge exfoliation degree. LI et al'® measured the
electricity resistance of exfoliation-corroded LY 12 al-
loy, and calculated exfoliation depth from this resis-
tance. The exfoliation susceptibility of LY12-T3 and
LY 12-T6 alloys was distinguished through the exfoli
ation depth.

It is generally thought that exfoliation corrosion is
developed from intergranular attack. During corrosion
process, the corrosion product accumulates on grain
boundary, resulting in a wedging force and finally lifting
the alloy surface. So it is possible to judge the exfoliation
degree through this wedging force. Kelly et all " * mea
sured the corrosion product force of AA2090 and AA8090

alloys in EXCO solution and found that the highest force
is different due to various heat treatments. M eanw hile,
an incubation period in the corrosion product force vs time
curve was found. They suggested that the exfoliation sus-
ceptibility be quantitatively represented by the highest
force and incubation period.

The purpose of this work is to study the exfoliation
of rolled AA8090 AFLi alloy using electrochemical
impedance spectroscopy (EIS), try to find out some regu-
lar relationships between exfoliation degree and EIS fea
tures, and develop an electrochemical method for judging
exfoliation degree quantitatively.

2 EXPERIMENTAL

The alloy used for this study was asreceived
rolled AA8090 plate with a thickness of 3 mm. Specr
mens were cut from the alloy plate, connected to a
copper wire, then mounted on epoxy with a surface
exposed. The exposed surface with an area of approx-
imate 3 ecm X 2 cm was ground using abrasive papers
through 500 grit to 1 200 grit, polished with dia-
mond paste, rinsed using acetone, degreased with de
ionized water and then dried in air. The accelerated
exfoliation test was performed according to EXCO
test of ASTM G 34 —79'°1. The EXCO solution of 4.
O mol/L NaCl + 0.5 mol/L KNO3;+ 0.1 mol/L
HNOs;(pH= 0.4) was used and solution temperature

was maintained at 25 C in a thermostat water bath.
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The volume of EXCO solution was about 150 mL,
providing ratio of solution volume to metal surface of
25 mL/ cm’.

The test specimens were continuously immersed
in the EXCO solution for different durations. Before
the end of immersion, EIS was measured with a
CHI660A Electrochemical Workstation at the open
circuit potential and always carried out from high fre-
quency of 20 kHz to low frequency of 5 HHz. Then
the exfoliation morphologies were recorded by a
Nikon Coolpix995 Digital Camera and the ratings
were judged by naked eyes according to ASTM
G34—79. Meanwhile, the EIS was simulated

through a Zview Program.
3 RESULTS AND DISCUSSION

3.1 Corrosion morphology

Due to the low pH of the EXCO solution, corro-
sion occurs on the rolled alloy rapidly. After 12 h of
immersion, some blisters appear on specific zones of the
surface, which can be distinguished through naked eyes,
as can be seen in Fig. 1(a). After 24 h, delamination
with exfoliation degree EB is produced( Fig. 1(b)). While
after 36 h and 48 h, the exfoliation is very severe( Figs. 1
(¢), (d)), the exfoliation degree is ED according to
ASTM G34- 79. So it is indicated that the exfoliation is
aggravated with the increase of immersion time, though
some corrosion morphologies for different immersion time
are not_displayed.

3.2 EIS features

The EIS patterns of the rolled alloy in EXCO so-
lution are shown in Figs. 2, 3 and 4. It is clearly seen
that the Nyquist plots are mainly comprised by a de-
pressed capacitive arc at high-mediate frequency and
an inductive loop at low frequency at the beginning of
immersion. Usually, aluminium alloy surface is cov-
ered with an oxide film in air. At the beginning of
immersion, due to the protection of this oxide film,
the reaction resistance is high and the corrosion rate is
slow. However, once the alloy is immersed in the
EXCO solution, the dissolution of the oxide film oc
curs. The weakening of the protection of the oxide
film leads to the appearance of the inductive arc at
low frequency!'”. When the oxide film is fully dis-
solved and bare metal is exposed to the solution, the
reaction resistance decreases, being represented by
the steep decrease of the capacitive arc radius at 2 h of
immersion. The inductive component also disappears
L0 Meanwhile, the
corrosion process causes an increase in the surface ir

slowly, due to the same reason

regularity and leads to the surface roughness, which
can explain why the capacitive semrcircle is de
pressed '

With prolonging the immersion time up to 12 h,
exfoliation with degree EA is produced, another

capacitive arc appears at mediate-low frequency.

Fig. 1 Corrosion morphologies of rolled AA8090 alloy in EXCO solution for different immersion

durations (sample dimension 3 cm X 2 c¢m)
(a) —12 h; (b) —24 h; () —36 h; (d) —48 k
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Fig. 2 Nyquist plots of rolled AA8090

alloy in EXCO solution for different durations
&—10 min, O—2h

Though these two capacitive arcs overlap partly, they
still can be distinguished from each other through the
Nyquist plots and the Bode diagrams in Fig. 3 and
Fig. 4. The exfoliation-attacked surface is obviously
composed of two parts, one is an original flat alloy
surface, the other is a new interface exposed to the
EXCO solution due to the exfoliation. According to
Refs. [ 11, 12], the capacitive arc at high frequency
is originated from the original flat surface, while that
at mediate-low frequency from the new interface.
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3.3 EIS simulation and discussion

The schematic diagram of exfoliation-corroded
surface is presented in Fig. 5. Usually the original flat
surface is covered with a thin oxide film or corrosion
product film. According to this exfoliation structure,
an equivalent circuit model is designed as Fig.
6'% " In this equivalent circuit, R, is the elec
trolyte resistance, which can be negligible. The resis-
tance corresponding to the original flat surface is rep-
resented by R and the capacitance corresponding to
this surface is defined by C;. The chargetransfer re-
sistance and the capacitance from the new interface
are described as R> and C; respectively, while R, is
the resistance through the pore.

A better simulation between the model and the
experimental data can be obtained if the capacitance
in this circuit is replaced with constant-phase ele-
ments (CPE), which is defined by the following e

quation:
Z cpE= Z()/(] (D) a or Yepe= 1/ Y()‘(j (*)) a
where Zo(or Yo) and a are constants, ® is angular

frequency, and j= - 1. For a= 1, Zcpg represents
an ideal capacitance; a= 0, a resistance; a= - 1, an
inductance; and a= 0.5, a Warburg impedance.
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Fig. 3 Nyquist plots of rolled AA8090 alloy in EXCO solution for different durations
(a) =12 h; (b) —24 h; (¢) —36 h; (d) —48 h
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Fig. 4 Bode(phase) diagrams corresponding to relevant Nyqyist plots
(a) =12 h; (b) —24 h; (¢) —36 h; (d) —48 h
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Fig. 5 Schematic diagram of exfoliation structure

Fig. 6 Equivalent circuit used for this study

The simulated results are consistent with
Conde s view!'" ! on the origin of capacitive compo-

nents at high frequency and mediate-low frequency.

The simulated parameter values are displayed in T able
1. It is found that C decreases with immersion time,

indicating the decrease of the original flat surface area
or the thickening of the film due to corrosion. A
trend, that C; increases with the immersion time, al-
so can be found. Maybe because of loss of some de-
laminated surface layer, C»> value at 47 h is a little
less than that at 36 h.

It is known that capacitance is defined by the
follow ing equation:

C= e&8/d (1)
where € 1is dielectric constant, S is the area of sur
face or interface, and d is the thickness of the film or
the double-layer. Then

C]Z 81'Sl/d1 (2)

Car= &S/ d> (3)
where S and S, are the areas of the original flat
surface and the new interface respectively, while d
and d, represent the thickness of the film and the

double layer. So
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Table 1 Simulated EIS information for exfoliatiorr corroded alloy in EXCO solution
Time/ h R/ Q 10° C,/F a R,/ Q 10° C,/F X C,/ C,
12 31 6.0 0. 67 16. 00 5.6 0. 82 0.93
24 30 5.4 0.75 11.00 8.0 0. 80 1.48
36 39 4.2 0.82 10. 05 12.0 0.77 2.85
47 57 3.3 0. 83 10.90 10.0 0. 80 3.03
_ .52
Cof o=k g (4) REFERENCES
& d .. .
w here k= e o e [1] HUANG Guangjie, WANG Ling yun. Development ,
)

That is to say, the ratio of Coto Ci( Co/Cy) is
in direct proportion to the ratio of the new interface
area to the original surface area. An enlargement in
C, will indicate the increase of exfoliation degree. So
it is possible that exfoliation degree can be judged
through the value of C»/ Cy. In this case, this ratio
at 12 h of immersion time is about 0. 93 and the cor-
responding exfoliation degree is EA. At 24 h of im-
mersion, it is increased to 1. 48 with exfoliation de-
gree EB. While it is 2. 85 and 3.03 at 36 h and 47 h
respectively, corresponding to exfoliation degree ED.
This means that the value of C»/ C; increases with
the increase of exfoliation degree or immersion time.
Thus, it seems that the EIS technique can provide
quantitative information on the exfoliation degree. To
develop this new method, a substantial amount of re-
search work is being done on different aluminium al-
loys with various heat treatments.

4 CONCLUSIONS

1) The rolled AA8090 alloy undergoes severe ex-
foliation after 36 h of immersion in EXCO solution.
At the beginning of immersion, the Nyquist plot is
mainly comprised by a depressed capacitive arc at
higlr mediate frequency and an inductive arc at low
frequency. When exfoliation occurs, it is composed of
two capacitive arcs at high frequency and mediate-low
frequency respectively.

2) The exfoliatiorr corroded alloy surface consists
of two parts, an original flat alloy surface and a new
interface exposed to the aggressive EXCO solution due
to the exfoliation. The capacitance at high frequency
( C1) is originated from the original flat alloy surface,
and the capacitance at mediate-low frequency ( C»)
from the new interface.

3) The ratio of C, to C increases with the in-
crease of exfoliation degree, due to the change of the
new interface area and original surface area. It is ra-
tional that exfoliation degree can be judged through
this ratio.
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