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Abstract: The exfoliation corrosion behavior of a novel Al-Li alloy treated by T6- and T8-peak ageing was studied by
electrochemical impedance spectroscopy(EIS) technique. The surface morphology of corroded samples was examined by scanning
electron microscope(SEM). The microstructure of un-corroded samples was observed by transmission electron microscope(TEM). At
early stage of immersion in EXCO, EIS plots of the two differently processed samples are composed of a capacitive arc in the high
frequency range and an inductive loop in the low frequency range. Inductive loop disappears with the increasing of immersion time
and two capacitive arcs appear. T6-treated alloy has higher exfoliation susceptibility than T8-treated one, suggested by different
exfoliation starting time, which is 23 h and 27 h respectively. 77 phase and equilibrium precipitate at the grain boundary of T6-treated
alloy are larger in amount and size than those of T8-treated alloy. This is the main reason for the higher exfoliation susceptibility of

Té6-treated alloy.
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1 Introduction

Al-Li alloys are valued in airplane application
because of their excellent properties, such as low density,
high strength and large elastic modulus. In the near
future, they will be widely applied in airplane structures.
However, they are susceptible to localized corrosion in
moist environment. So it is important to investigate their
corrosion behavior for their application [1]. The existing
researches about the corrosion behavior of Al-Li alloys
are mainly concentrated on pit corrosion, stress corrosion
and intergranular corrosion, while the exfoliation
corrosion(EFC) was less studied[2]. Considering the
strong negative effect resulted from EFC[3-5],
investigating the EFC behavior of Al-Li alloys is quite
meaningful.

There are several methods to quantitatively study
the EFC behavior of aluminum alloys, including EIS
technique, corrosion product force measuring and
electrical resistance testing[6]. Recently, ZHAO and
FRANKEL[7] suggested a method named ESH
technique to quantitatively study the exfoliation
corrosion. In those methods, EIS has been widely used in

the study of localized corrosion processes for a variety of
systems since the end of 1980s[8]. In the 1990s,
researchers began to use EIS technique in determining
EFC of aluminum alloy[6]. CONDE et al[9] adopted EIS
technique in electrochemical modeling of 8090 Al-Li
alloy’s EFC behavior, and found that the EIS of
exfoliation-attacked electrode was composed of two
capacitive arcs. Similar research has also been done in
2091 Al-Li alloy[8]. Recently, LI et al[10] investigated
the effect of different aging treatments on an Al-2.8%Cu-
1.5%Li-0.3%Mg-0.3%Zn-0.3%Mn-0.15%Zr alloy’s EFC
activity.

The dependability of EIS method lies on the fact
that obtained Nyquist plots could be a reflection of
corrosion progress. In general, when the immersion time
increases to some extent, two capacitive impedances
with different time constant appear, indicating the
occurrence of EFC. Thus, the susceptibility of EFC in
alloy can be quantitatively represented by the appearance
and duration of the two capacitive impedance arcs
[9-10].

The purpose of this work is to study the exfoliation
corrosion behavior of T6- and T8-peak aged new Al-Cu-
Li alloy by EIS method, trying to find the relationship
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between corrosion behaviors and ageing condition. This
study is valuable for the practical use of the alloy and it
can also make sense to exfoliation corrosion research of
other aluminum alloys.

2 Experimental

Testing samples were taken from a newly developed
Al-Cu-Li alloy containing small amounts of Mg, Zn, Mn
and Zr. The samples were processed as follows: forged
slap (20 mm in thickness) — annealing (470 , 2 h) - hot
rolling to 12 mm in thickness — annealing (450 , 1.5 h)
- hot rolling to 5 mm in thickness — annealing (450
2 h) and cooling to room temperature in furnace — cold
rolling to 2 mm in thickness — solution treatment (520 ,
2 h and cold water quenching) -~ T6 (165 , 50 h) or T8
(135 , 50 h, with 6% pre-deformation) peak ageing
treatments. A schematic flow chart for the processing is
shown in Fig.1.

Exposed surface of sample (2 cm><3 cm) for
corrosion was ground, polished, degreased, rinsed and
dried in turn. The corrosion-isolated surface was sealed
with epikote. Corrosion experiment was performed
according to EXCO test of ASTM G34—79. The tem-
perature of EXCO (4.0 mol/L NaCl + 0.5 mol/L KNO; +
0.1 mol/L HNO;, pH=0.4) solution was maintained at
(25+2) . The samples were immersed in the solution
for 96 h with the ratio of exposed surface to the solution

Forged
slab (20 mm)

[Annea]ing at 470 °C for 2 h|

|H01 rolling to 12 mm {thickness}|

volume maintained at 25 mL/cm® Three electrode
systems with Pt as the auxiliary electrode and saturated
calomel electrode as the reference electrode were used.
in a CHI660A
electrochemical workstation at open-circuit potential

EIS measurement was conducted

under the since-wave current with a frequency from 20
kHz to 0.01 Hz. The signal voltage is 10 mV. According
to equivalent circuit based on exposed surface, EIS result
was simulated via Z-view software. The corroded surface
was examined by SEM (KYKY-2800). The samples
without attack of corrosion were observed by TEM
(Tecnai G*20).

3 Results and discussion

3.1 Morphologies of corroded surfaces

Fig.2 shows surface morphologies of samples when
immersion time increases to 7 h. Great amount of
corrosion spots distribute on the exposed surface. Some
corrosion spots have grown into pits. Obviously, the pit
corrosion of T6-treated sample is more serious than that
of T8-treated sample. It is favorable to EFC afterward.

Fig.3 shows side surface morphologies of samples
with immersion time of 96 h. The morphologies exhibit
typical corrosion features of EFC with corrosion path
running parallel with the exposed surface. Fig.3 suggests
that the depth of corrosion and width of corrosion path in
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Fig.1 Flow chart of sample processing
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Fig.2 Surface morphologies of samples with immersion time of 7 h: (a) T6-treated; (b) T8-treated
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Té6-treated sample exceed those of T8-treated one,
implying greater extent of EFC for T6-treated sample.

3.2 EIS features of T6- and T8-treated samples

The Nyquist plots of the samples immersed no more
than 1 h consist of a compressed capacitive impedance at
high frequency and an inductive arc at low frequency, as
presented in Fig.4. It can be seen that the radius of the
capacitive arc decreases with increasing the immersion
time for both the T6-treated and T8-treated samples. This
phenomenon is due to the fact that the weakening of
protective oxide film on surface during immersion
the
acknowledged explanation about the inductive arc at low
frequency. KEDAM et al[12] indicated that it resulted
from the weakening of protective effectiveness of oxide
film due to the anodic dissolution. CAO et al[ll]
suggested that inductive resistance could be produced in
inducing period of pit corrosion of oxide film. As soon as

reduces reaction resistance. There is no

the pits are perforated, inductive resistance disappears.
Abandoning the debate, what can be sure is that the
features and evolving regularities concluded from EIS
plots of Fig.4 have close relationship with the change of
oxide film on alloy surface.
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According to observation, EFC occurs at the 23rd
hour for T6-treated alloy and the 27th hour for T8-treated
one, indicating the higher EFC susceptibility of the
To6-treated alloy. Corresponding EIS plots are given in
Fig.5. Plots of testing samples immersed in EXCO
solution for 81 h and 96 h are also given. The
exfoliation-attacked surface consists of two parts. One is
the original alloy surface, and the other is the new
surface exposed in the EXCO solution due to corrosion.
These two kinds of surface have different response to
frequency. The capacitive impedance arc at high-medium
frequency is associated with the original alloy surface
and that at low-medium frequency is derived from the
new (or corroded) interface[8, 11]. These features are
reflected in the plots of Fig.5.

Based on the structure of corroded surface after
exfoliation, an equivalent circuit was proposed and
presented in Fig.6.

In the circuit, Rgis the solution resistance. Pore and
charge-transfer resistances are defined as R,, and R,
respectively. The capacitance of original surface is
described as C,, while the capacitance corresponding
with the newly formed interface is represented by Cgy. To
better simulate the EIS data, the capacitances are replaced

KYKY 2800

Fig.3 Side surface morphologies of sample with immersion time of 96 h: (a) T6-treated; (b) T8-treated
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Fig.4 Nyquist plots of testing samples immersed in EXCO solution for no more than 1 h: (a) T6-treated; (b) T8-treated
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Fig.5 Nyquist plots of tested samples after exfoliation: (a) T6, 23 h; (b) T8, 27 h; (¢) T6, 81 h; (d) T8, 81 h; () T6, 96 h; (f) T8, 96 h

Fig.6 Equivalent circuit for corroded surface structure

by a constant-phase element(CPE) defined by[13—14]
Zeve=Zy/(jo)* (1)

where 7, is a constant, o is the angular frequency, j=
x/—_l and o corresponds to the nature of circuit. For
ideal capacitance, a=1; for resistance, a=0; for
inductance, a=—1; and for Warburg impendence, a=—0.5.

According to EIS data and the equivalent circuit,

some fitted circuit constants are listed in Table 1.
The value of C,, decreases with immersion time.

Table 1 Some fitted constants of circuit for T6- and T8-treated
samples with exfoliation

Immersion Cy/ Cy/ R/
Alloy e (102Fem®) (10 %F-em ) (Qomd)
23 3.12 2.511 10.27
T6 81 1.82 2.086 23.41
96 0.84 1.389 37.19
27 0.94 1.745 2.621
T8 81 0.65 0.341 9.519
96 0.35 0.311 13.05
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This reflects the area reduction of original surface. Cy
also trends downwards, which should be an indication of
thickening of corrosion product on the newly formed
surface. R, rises with the development of exfoliation due
to the accumulation of corrosion products on surface plus
the consumption of secondary phases. Additionally, R, in
Té6-treated sample is much larger than that in T8-treated
one, meaning greater accumulation amount of corrosion
morphology
observation and also indicates greater extent of EFC of
Té6-treated alloy than that of T8-treated alloy.

products. It is consistent with the

3.3 Microstructure analyzing

From the surface morphologies in Figs.2 and 3 and
different observed starting time of exfoliation, together
with simulation result of EIS data, it is determinate that
the T6-treated sample has higher susceptibility of EFC
when being exposed in same EXCO solution than
T8-treated sample.

It is generally thought that EFC is developed from
intergranular attack[14]. During corrosion process, the
corrosion product accumulates at the grain boundaries,
resulting in a wedging force and finally lifts the alloy
surface. The corrosion product force is strongly
dependent on the susceptibility of the grain boundaries to
intergranular corrosion, as controlled by the composition
and distribution of the age-hardening precipitates[15].

T\(AL,CuLi) phase is considered as one of the most
effective strengthening phases in Al-Cu-Li alloy[16]. It is
inclined to precipitate at grain boundary, sub-grain
boundary and dislocation. 7; phase has very high
electrochemical activity to cause intergranular corrosion
[13]. Pre-deformation in T8-treated sample produces
great amount of dislocations within grains, playing the
role of nucleating point for 7| phase. As a result, T}
phase in T8-treated alloy precipitates finely and
uniformly both within grains and at grain boundary
(Fig.7(b)). On the contrary, T6-treated sample has much
fewer dislocations within grains to serve as nucleating
point. Therefore, 7| phase in T6-treated sample is larger
in size and it is preferably to precipitate at grain
boundaries (Fig.7(a)), which promotes the happening and
expanding of intergranular corrosion.

In Fig.7, some coarse precipitates at grain boundary
(marked by horizontal arrows) can be seen, with large
size in T6-treated sample and small size in T8-treated
sample. Judged by morphology, they are not able to be
the needle-like 77 phase. However, it was found that the
equilibrium precipitate existing at the grain boundaries of
an Al-Cu-Li alloy AF/C458 (Al-2.8%Cu-1.5%Li-
0.6%Zn-0.3%Mg-0.3%Mn-0.07%Zr) is T»(AlsCuLi;)
and R(AlsCuLis)[17]. LI et al[10] also considered that

Fig.7 Bright field TEM images of grain boundary area of
samples: (a) T6-treated; (b) T8-treated

the similar precipitate in an Al-Cu-Li alloy (Al-2.8%Cu-
1.5%Li-0.3%Mg-0.3%Zn-0.3%Mn-0.15%Zr) was
T5(AlgCuLiz) or R(AlsCuLi;). This studied alloy has
similar composition with the two above. Thus coarse
precipitates at grain boundary may also be 7>(AlsCuLi;)
or R(AlsCuLis). According to potentiodynamic scanning
curves of simulated 7, and Al in 3.5% sodium chloride
solution tested by LI et al[10], it can be concluded that 7,
precipitate is more sensitive to corrosion than Al and will
be preferentially dissolved. The composition of R phase
is close to that of 75, so they should have similar
electrochemical behavior. Therefore, the coarser
precipitates at grain boundary of To6-treated sample
accelerate its intergranular corrosion process too.

In summary, both the 7; and equilibrium
precipitates at the grain boundary in T6-treated sample
are larger in amount and size than those in T8-treated
sample. These phases are favorable to intergranular
corrosion, thus, more corrosion product on grain
boundaries is produced in T6-treated sample, which
leads to stronger lifting force to the surface to cause
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exfoliation. This explains why the T6-treated alloy has
higher exfoliation susceptibility than T8-treated one.

4 Conclusions

1) At early stage of immersion in EXCO, EIS plots
of the two differently processed specimens are composed
of a capacitive arc in the high frequency range and an
inductive loop in the low frequency range. When
exfoliation corrosion occurs, two capacitive arcs in
different frequency ranges appear.

2) Té6-treated alloy has higher exfoliation
susceptibility than T8-treated one. This is because 7 and
equilibrium precipitates at the grain boundary of
To6-treated alloy are larger in amount and size than those
of T8-treated one. Thus, more corrosion product is
produced and stronger lifting force is supplied to the
occurrence of exfoliation.
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