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Anodic dissolution of a crack tip at AA2024-T351 in 3.5wt% NaCl solution
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Abstract: The anodic dissolution process of a crack tip at 2024-T351 aluminium alloy (AA2024-T351) was determined by means of scan-
ning Kelvin probe (SKP). Wedge-open loading (WOL) specimens were immersed in a 3.5wt% NaCl solution. After various durations of
immersion, the Volta potential distributions around the crack were measured by SKP and the surface morphologies were observed by scan-
ning electron microscopy (SEM). It is found that there is a nonuniform distribution of Volta potential around the crack. Before immersion,
the Volta potential at crack tip is more negative than that in other regions. However, after immersion, a converse result occurs with the most
positive Volta potential measured at the crack tip. SEM observations demonstrate that the noticeable positive shift of Volta potential results
from the formation of corrosion products which deposit around the crack tip. Energy-dispersive spectrometry (EDS) analysis shows that the
corrosion products are mainly Al oxide and Cu-rich particles. These observations implicate that the applied stress contributes to the preferen-

tial anodic dissolution of the crack tip and the redistribution of Cu.
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1. Introduction

As the primary load-bearing material, high-strength alu-
minium alloys are widely applied to the aerospace industry
because of their attractive properties, such as high strength,
low density, and good machining properties [1-2]. Much at-
tention has been paid to the corrosion behaviour of
high-strength aluminium alloys under the combined effect
of corrosion medium and tensile stress, which may result in
stress corrosion cracking [3-4] and corrosion fatigue [5].
Constant efforts [6-8] are made to find out the structural,
electrochemical, and mechanical mechanisms that govern
the failure process at a crack tip and to identify factors that
influence the crack initiation and propagation. However, no
consensus has been reached for the governing mechanism.
Hahm et al. [9] found that applied tensile stress could en-
hance the electrochemical reactivity of AA2024-T3, and this
enhancement increased monotonically with the increase of
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the applied stress. Kermanidis et al. [10] estimated the ten-
sile behaviour of corroded 2024-T351 aluminium alloy
(AA2024-T351) specimens by finite element analysis.
Magnin et al. [11] introduced the concept of critical surface
defects to explain the effects of anodic dissolution and hy-
drogen on the different stages of the stress corrosion crack-
ing (SCC) process for 316L stainless steel. Furthermore,
Najjar et al. [12] extended the concept of critical surface
defects to AA7050 alloy and concluded that the main role of
anodic dissolution was to produce the critical defects, which
could promote a localized plasticity and, more importantly,
provide a fast entry for hydrogen getting into the material
and cause subsequent embrittlement. Recently, much more
attention has been paid to the electrochemical and mechani-
cal behaviour of the localized region at a crack tip. Cooper
and Kelly [13] investigated the chemistry and electrochem-
istry environment at a crack tip using a suite of mini-elec-
trodes. Shoji and his co-workers [14] formulated a theoreti-
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cal equation for SCC growth rate of austenitic alloys in
high-temperature water based on crack-tip asymptotic fields
and crack-tip transient oxidation kinetics. In general, the in-
teraction between tensile stress and corrosion at a crack tip
during the SCC process remains an open issue to the scien-
tific community. So far, there is no acceptable mechanism to
describe the effect of stress on electrochemical activity at a
crack tip or provide a reasonable explanation to corrosion
behaviour in this region.

The objective of this research was to study the influence
of applied stress on the electrochemical activity of a crack
tip and develop a better understanding for the local corro-
sion behaviour at the crack tip. In this paper, the evolution
of the Volta potential distribution around the crack tip was
measured by the scanning Kelvin probe (SKP) technique
after wedge-open loading (WOL) tests. Scanning electron
microscopy (SEM) and energy-dispersive spectrometry
(EDS) were used to characterize the surface morphologies
and element composition of corrosion products.
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2. Experimental

2.1. Specimens and solution

The chemical composition of AA2024-T351 is presented
in Table 1. A WOL specimen was machined according to
GB 12445.3—90 with the dimension shown in Fig. 1. The
working surface of the specimen was wet ground on emery
paper down to 1000 grit subsequently, cleaned by ultrasonic
wave in deionized water, and degreased in acetone. The
WOL specimen was loaded by a bolt to fix the crack open-
ing, resulting in a constant displacement loading situation.
Therefore, the stress was along the short transverse direction
(S direction), while the crack propagated along the longitu-
dinal direction (L direction). The bolt was sealed by silica
gel to inhibit the galvanic and crevice corrosion between the
bolt and the sample. Before immersion, the sample was
stored in a desiccator for 24 h for curing of silica gel and
reduction of creep.

Table 1. Chemical composition of tested AA2024-T351 wt%
Cu Mg Mn Si Zn Ti Cr Al
3.8-49 1.2-1.8 0.3-0.9 <0.5 <0.5 <0.25 <0.15 <0.1 Balance

SKP scanning area
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Fig. 1. Schematic diagram of WOL sample (unit: mm).

WOL tests were conducted in a 3.5wt% NaCl solution.
The solution was made from analytic-grade reagent and de-
ionized water (0.054 puS/cm). The WOL specimen was im-
mersed in the 3.5wt% NaCl solution for different periods of
time. For every 24 h, the solution was changed, and the
specimen was cleaned by deionized water and dried for SKP
measurements. All the tests were performed at room tem-
perature in the air.

2.2. SKP measurements and SEM observations

After every 24 h immersion, SKP measurement was per-

formed to study the evolution of Volta potential on the
working surface of the WOL specimen by M370 scanning
electrochemical workstation. In the present study, a tungsten
tip of 500 um in diameter was used to monitor the Volta po-
tential distribution around the crack. The area potential
scanning mode was selected. The scanning area was marked
by dotted lines in Fig. 1. The step size was 50 and 100 um
along X and Y axes, respectively. The amplitude of probe
oscillation was 30 um and the vibration frequency was set at
80 Hz. The probe tip was calibrated at about 100 um above
the specimen for all measurements.

After SKP measurements, the surface morphologies were
investigated by SEM (Quanta FEI 250). Secondary electron
images and backscatter electron diffraction (BSED) images
were recorded after various immersion periods of time. The
element composition for corrosion products was identified
by EDS (EDAX A10X).

3. Results

3.1. Volta potential evolution by SKP measurement

Fig. 2 shows the Volta potential distribution on the WOL
specimen surface before immersion. The dotted line repre-
sents the crack location schematically. It can be seen that
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Fig. 2. Volta potential distribution around the crack before
immersion with the dotted line representing the crack sche-
matically.

Volta potentials around the crack tip change from —1.58 to
—1.72 V, and the Volta potentials of the area away from the
crack change from —1.16 to —1.44 V. The average Volta po-
tential of the crack tip is lower than that of the matrix, indi-
cating an anodic character of this area compared to the sur-

0
06 -06 00

: 0
06 00 06 -06 00

X/ mm X/ mm

X/ mm

rounding matrix.

The contour maps of Volta potential distributions after
various immersion periods of time from 24 to 96 h are
shown in Fig. 3. For comparison, the contour map of the
Volta potential distribution before immersion is presented as
well. The dotted lines represent the crack location sche-
matically, with the upper and lower endpoints representing
the crack tip and the notch root, respectively. It can be seen
that there is an apparent nonuniform distribution of Volta
potential after immersion within the SKP scanning area with
the most positive values measured nearby the crack tip.
With the immersion time increasing, the region with more
positive Volta potential expands from the crack tip to the
notch root. Comparatively, the Volta potentials away from
the crack are found to remain almost unchanged with the in-
crease of immersion time (still within the range from —1.16
to —1.44 V). These results imply that the region nearby the
crack is subject to severe corrosion compared to the matrix
away from the crack.
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Fig. 3. Volta potential distributions around the crack before immersion (a) and after 24 h (b), 48 h (c), 72 h (d), and 96 h (e) immer-
sion in the 3.5wt% NaCl solution with the dotted lines representing the cracks schematically.

3.2. Surface morphologies and composition analysis

The secondary electron images of the corroded surface
after 24 and 96 h immersion in the 3.5wt% NaCl solution
are shown in Fig. 4. In Fig. 4(a), it can be found that corro-
sion products are generated at and ahead the crack tip after
24 h immersion, indicating that the region of the crack tip is
subject to corrosion. However, the crack propagates further
with the increase of immersion time and the corrosion
products can not inhibit this propagation, as shown in Fig.
4(b). Moreover, the region on both sides of the crack is also
covered by corrosion products after 96 h immersion.

BSED observations around the crack after 96 h immer-
sion are shown in Fig. 5. Fig. 5(a) shows the BSED image
around the crack, in which corrosion products and a great

number of fine white particles can be observed. The corro-
sion products are located on both sides of the crack, while
the fine particles are prone to accumulate around the crack
tip. Fig. 5(b) reveals the details of surface morphology
alongside the crack tip. It is seen that the region nearby the
crack is covered by corrosion products, on the top of which
the fine white particles are distributed dispersedly. Element
composition analysis results by EDS at locations A and B in
Fig. 5(b) are listed in Table 2 to estimate the type of corro-
sion products. The result shows that the corrosion products
(location A) are mainly composed of aluminium and oxygen
with a small amount of magnesium, indicating that the cor-
rosion products are mainly aluminium oxide. As for the fine
white particles (location B), EDS result demonstrates that
they are rich in Cu, implying that they are remnants by the
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selective dissolution of S phase (ALCuMg) [15]. In addition,
a small amount of aluminium and oxygen can also be found
at location B. This may result from Al oxide beneath the
Cu-rich remnant.

1 mm
(4 WCESCSENNE o

1 mm

Fig. 4. SEM images of surface morphology after 24 h (a) and
96 h (b) immersion.

4. Discussions

As well known, a singular stress field occurs at the crack
tip when the specimen is subject to external tensile stress
[16]. This singular stress field is characterized by apparent
stress concentration nearby the crack tip, which declines
rapidly with the increase of distance from the crack tip.
Therefore, the energy of electrons within the region gov-
erned by the singular stress field is raised. For SKP meas-
urements, Volta potential represents electron energy on the
specimen surface [17]. The local surface region with nega-
tive Volta potential indicates its high electron energy, and
vice versa. As a result, Volta potentials around the crack tip
are more negative than that away from the crack before im-
mersion in the 3.5wt% NaCl, as shown in Fig. 2. Under the
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Fig. S. BSED images after 96 h immersion at lower magnifi-
cation (a) and higher magnification (b).

Table 2. EDS results of locations A and B in Fig. 5(b) wt%

Location o Al Mg Cu
A 36.09 62.47 1.44 -
B 5.78 10.23 - 83.98

effect of applied stress, the electron energy of the crack tip is
raised high enough for electrons to escape from the metal
when the specimen is immersed in the solution. Therefore,
the electrochemical activity at the crack tip is enhanced
within the singular stress field. Consequently, the region at
the crack tip can be seen as an anode with respect to the
surrounding matrix. After immersion in the solution, anodic
dissolution occurs at the crack tip preferentially and gener-
ates corrosion products therein, as shown in Fig. 4(a). In this
case, the corrosion products of aluminium alloys in a neutral
NaCl solution is mainly composed of Al oxide, and the cor-
responding reactions are as the following equations [18].
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0,+2H,0+4e~ — 40H" (1)
Al > AP +3e- )
AI¥*+30H" — Al(OH); 3)
2AI+60H ~—> Al,0;+3H,0+6e" (4)

The contour maps of Volta potential distributions meas-
ured after immersion demonstrate a positive shift of Volta
potential of the crack tip, as shown in Fig. 3. Al oxide can be
attributed to this positive shift because it has a more positive
potential than that of the matrix.

With the immersion time increasing and the crack prop-
agating, the stress intensity factor (K) decreases for the
WOL specimen. Therefore, stress concentration and its ef-
fect on the enhancement of electrochemical activity at the
crack tip decline. As a result, severe corrosion takes place
and corrosion products are generated on both sides of the
crack, as shown in Fig. 4(b). Consequently, the Volta poten-
tials gradually become more positive from the crack tip to
the notch root with the increase of immersion time, as
shown in Fig. 3. On the other hand, chloride ions are prone
to migrate from the bulk solution into the crack [13]. A
chloride-rich and acid environment may develop within the
crack and promote corrosion on both sides of the crack,
which can also play a vital role in the corrosion process
nearby the crack.

Besides the corrosion product of Al oxide, Cu-rich parti-
cles are also found around the crack tip. These Cu-rich
remnants can be caused by the selective dissolution of Al
and Mg from the S phase (ALLCuMg) particles [15, 19], re-
sulting in the de-alloying of S phase and the enrichment of
the surface with Cu, as shown in Fig. 5(a). As the work
function under the vacuum condition of Cu (4.70 eV) is
higher than that of Al (4.19 eV) [20], the enrichment of Cu
around the crack tip can lead to a positive shift of the meas-
ured Volta potential. Furthermore, the Cu-rich remnants can
act as cathodes compared to the surrounding matrix, as the
Cu-rich remnants are nobler than the Al matrix. These noble
Cu-rich remnants can also promote the corrosion of the sur-
rounding matrix and generate corrosion products. Therefore,
the increase in Volta potential can be partially contributed to
these Cu-rich remnants.

Fig. 5(a) shows the heterogeneous distribution of Cu
remnants on the surface. Cu particles are prone to accumu-
late around the crack tip, while a little Cu can be found on
both sides of the crack. Buchheit et al. [21] reported that
some Cu-rich remnants detached from the alloy surface and
could be moved by the mechanical action of the growth of

hydrous corrosion products or by the solution, which indi-
cated a non-Faradaic liberation of Cu. Observations in Fig.
5(a) suggest that the stresses around the crack tip can induce
the non-Faradaic liberation of Cu under the free corrosion
condition. Under the effect of stresses, the fine particles rich
in Cu are redistributed around the crack tip. However, the
mechanism needs to be verified in the further work.

5. Conclusions

(1) The anodic dissolution of a crack tip at AA2024-T351
is enhanced by applied stress. The dissolution process is ac-
companied by the formation of corrosion products, i.e., Al
oxide and Cu-rich remnant, around the crack tip.

(2) A nonuniform distribution of Volta potential is de-
veloped around the crack. Before immersion in the 3.5wt%
NaCl solution, the most negative Volta potentials are meas-
ured at the crack tip. The electrochemical activity and sus-
ceptibility to dissolution are enhanced within the region of
stress concentration.

(3) After immersion, Volta potentials at the crack tip in-
crease remarkably, which are more positive than those in
other regions. This noticeable positive shift of Volta poten-
tial can also be contributed to Al oxide and Cu-rich rem-
nants around the crack tip.
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