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1 | INTRODUCTION

Reducing fossil fuel consumption, consequently, greenhouse gas
emission, is a critical target in the transport and aircraft sectors. In
this sense, weight reduction is an efficient way to reach these
goals.! Research has been carried out to develop new Al alloys
with lower weight compared to commercial alloys. The addition of
Li replacing some of the alloying elements is one of the
possibilities.

Al alloys have a crucial role in the aerospace sector.!? Al alloys'
strength and lightweight characteristics are the reasons for being used
as materials for aircraft fabrication for more than 80 years.'®

The Al-Cu-Li alloys have been developed over the last decades

due to their decreased weight compared to the commercial Al alloys

Fabienne Delaunois® |

Isolda Costa® |

In this study, the localized corrosion susceptibility of AA2050-T84, AA2198-T851,
and AA2024-T3 alloys was compared by immersion in three test solutions, specifi-
cally sodium chloride solution (3.5% NaCl), EXCO solution, according to ASTM
G34-18, and a solution for intergranular corrosion (IGC) test recommended by ASTM
G110-15 and via scanning vibrating electrode technique (SVET). The results showed
higher susceptibility of AA2050-T84 alloy to all types of corrosion tested compared
to the other studied 2XXX series alloys. Corrosion penetration was deeper in the
AA2050-T84 due to its microstructural characteristics as a difference in the micro-
metric Cu-Rich intermetallic particle distribution on the surface and related to the
distribution of the T1 (Al,CulLi) phase.

aluminum alloys, immersion tests, localized corrosion, microstructure, SVET

from the 2xxx series.>? The efforts aim to reduce fossil fuel consump-
tion and, consequently, CO, emissions. In this context, the new gener-
ation of AI-Cu-Li alloys has been developed with the purpose of
replacing conventional alloys from the high-strength 2XXX and 7XXX
series.? The AA2050-T84 is a new Al-Cu-Li alloy generation with a
lower density than the conventional alloys from the 2XXX series. The
addition of lithium (density of 0.54 g.cm™3) as an alloying element is
of interest due to its high solubility in aluminum.2* Each 1% of Li
added to the aluminum alloy leads to a 3% reduction in the alloy den-
sity and an increase of 6% in the alloy modulus of elasticity.>* How-
ever, intermetallic (IM) precipitates result from the addition of alloying
elements, giving rise to complex microstructures and increased het-
erogeneity, favoring corrosion. Due to the high activity of lithium, the

new generation of Al-Cu-Li alloys is highly susceptible to localized
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corrosion®™® that affects the aesthetics of parts and, more
crucially, the integrity of structures that are subjected to fatigue
and/or static stresses and then can result in catastrophic failures, 1011
especially when these alloys are used in wing and/or fuselage
structures.

The localized corrosion susceptibility of the AI-Cu-Li alloys is
mainly associated with the hexagonal T1 phase (Al-Cu-Li) located
preferentially in regions with high density of dislocations.”*2-2°
According to the literature, the T1 phase (Al-Cu-Li) is initially
anodic relative to the matrix,>*3?! because of its high reactivity, Li
is preferentially dissolved resulting in copper enrichment, leading to
reversal polarity, and, ultimately, to dissolution of the Al
matrix.813222% The literature indicates development of severe local-
ized corrosion in Al-Cu-Li alloys when exposed a corrosive solu-
tions.1”?#25 Machado et al?* displayed the development of severe
localized corrosion on AA2198-T851 even in low concentration
sodium chloride solution (0.001 M). Milagre et al showed severe
types of corrosion, pitting, trenching, and intergranular attack, on
the AA2098-T351 after exposition in 0.005 MxI~*NaCl. Da Silva
et al?®> showed the influence of the near-surface deformed layer
present in this alloy (AA2098-T351) that decreased the local elec-
trochemical activity on the surface when compared with the
polished one, both exposed in NaCl 0.005 M solution. On the other

12 indicate that the tensile properties for

hand, Alexopoulos et a
AA2024 T3 are more affected by exposition in Exco solution than
AA 2198-T3 alloy indicating a superior corrosion degradation resis-
tance for the Al-Cu-Li alloy.

As mentioned earlier, the AA2050 alloy was developed to
replace the AA2XXX alloys, however, not many studies are compar-
ing the corrosion behavior of AA2050, especially with the one of
the AA2024 and AA2198 alloys. The AA2024 is an Al-Cu-Mg alloy
widely employed in the aircraft manufacturing sector. This alloy
presents a complex microstructure with the presence of coarse
Cu-rich intermetallic particles (cathodic to the matrix) and S-phase
(Al-Cu-Mg) that selective Mg corrosion converts from anodic to
cathodic to the matrix.?’~3* The AA2198 is one alloy of Al-Cu-Li
third generation as AA2050, and presents a similar density (2.70%
for AA2050 and 2.69% for AA2198) and Li content (1%), although
it has a smaller amount of Cu (3.5% for AA2050 and 3.3% for
AA21‘98).32 As a result, the AA2198 has a complex microstructure
with micrometric Cu-rich precipitates and a nanometric T1 (Al,CuLi)
phase. This alloy is associated with the highest susceptibility to
severe localized corrosion.”*8332* This justifies its selection for
comparison.

In this work, the distinct localized corrosion behavior of the new
generation Al-Cu-Li AA2050-T84 was compared with that of the
commercial AA2198-T851 and AA2024-T3 alloys by exposure to vari-
ous test solutions followed by analysis of the exposed surfaces. It
explored how precipitates, both at micro and nanoscales, affect the
corrosion resistance of aluminum alloys. In an aqueous corrosive
medium, a relationship between composition, particle distribution,

and corrosion resistance is determined.

2 | EXPERIMENTAL

21 | Materials

Plates of the AA2050 (Al-3.5Cu-1Li-0.3 Mg-0.04Fe-0.08Si-0.5Ag-
0.11Zr[wt.%]) alloy with 6 mm thick was employed in this investiga-
tion. The metallurgical conditions of the AA2050 rolled plates were
T84, which corresponds to a heat treatment at 520°C for 60 minutes
followed by water quenching at 25°C. After quenching, the alloy was
submitted to cold work (a plastic strain of 4%) and artificial aging at
(155 + 5) °C for 18 hours.>>3¢

For comparison, the AA2198-T851 (Al- 3.31-Cu 0.96 Li - 0.31 Mg
- 0.03 Si - 0.04 Fe - 0.25 Ag - 04 Zr - 0.01 Zn [wt. %]) and
AA2024-T3 (Al-4.5 Cu-1.41 Mg-0.61 Mn-0.12 Fe-0.03 Zn [wt.%])
alloys were tested. The Al-Cu-Li samples (AA2050 and AA2198) were
supplied by Constellium.

All the samples were sequentially polished to a 1 um surface fin-
ishing using SiC papers and diamond pastes before any test. For the
macrographs, in order to reveal the grain boundaries, the sample was
exposed for 15s to Weck's reagent (1 g NaOH + 4 g
KMnO, + 100 ml deionized water) for a metallography attack.

2.2 | Immersion tests
Immersion tests were carried out in the following solutions and condi-
tions: (i) naturally aerated 3.5% NaCl solution at room temperature for
72h; (i) EXCO solution (4 molL™* NaCl + 05 mollL™?
KNO3 + 0.1 mol L= HNO3) for exfoliation corrosion test performed
according to ASTM G34-2018. The samples were immersed in this
solution for 6 h and 24 h; (iii) IGC test solution (1 mol L™ NaCl +
10 ml of H,0O, [30%]/L) for corrosion immersion tests according to
ASTM G110-2015 for 6 h. In order to evaluate the corrosion evolu-
tion in sodium chloride solution ofAA2050, a naturally aerated
0.1 mol L~ NaCl solution at room temperature for 24 h and 48 h
exposition time was used.

Weight loss of the specimens was carried out according to ASTM

G 34 before and after exposure to the Exco solution.

2.3 | Macro and microstructure examination

For the determination of the particles per surface area, the software
ImageJ) was used to count the micrometric intermetallic (IM) particles
from the SEM Images of alloy surfaces.

Macro and microstructural characterizations of the alloys were
carried out by optical microscopy (OM) using a KH 8700 Hirox Digital
Microscope, and scanning electron microscopy (SEM-FEG) using a
Model SU8020 microscope, equipped with an energy-dispersive X-ray
spectroscopy (EDX) detector.

X-ray diffraction analyses (XRD) were performed using a Panalyti-

cal Empyrean diffractometer, operating in Bragg-Brentano geometry
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with a CuKal radiation (A = 0.1540598 nm). Patterns were recorded
from 10° to 100° with a step size of 0.026° and a dwell time of 1 s
per step.

24 | Localized electrochemical evaluation

The localized corrosion characteristics were further assessed via scan-
ning vibrating electrode technique (SVET) in a 15mM NaCl electrolyte,
employing an applicable electronics instrument. The panels were pre-
pared for the cut-edge configuration by being embedded in epoxy
resin (EpoFix), and then mechanically polished with 800, 1,200, 2,400,
and 4,800 grit size sandpapers. By using 3 M™ Scotchrap™ 50 tape,
the exposed surface area of the samples was set at around 3 mm?2. To
increase the tip capacitance, the platinum/iridium SVET probe with
20 um diameter was platinized in a solution comprising 10% (wt/wt)
platinum chloride and 1% (wt/wt) lead (ll) acetate. Thereafter, follow-
ing the instrument instruction manual, the SVET calibration was car-
ried out using a 15mM NaCl (604 Q cm resistivity) solution. The
operational parameters were 40 um, 60 Hz, and 200 pum correspond-
ing to vibration amplitude, vibration frequency, and vibrating elec-
trode distance from the sample, respectively. To assure the precision
of the results, at least two SVET measurements with 31 x 31 grid
points were conducted.

3 | RESULTS

Figure 1A shows the AA2050-T84 surface, which is composed of
equiaxed grains with a mean grain size of ~ 28 um, according to
ASTM E 122. Figure 1B displays the surface of AA2050 with the pres-
ence of coarse IM particles. In order to identify the composition of
the coarse IM particles, EDX analysis was carried out in the particles
as indicated in Figure 1C, and the results are presented in Table 1,
which shows these micrometric particles are mainly composed of Al,
Cu, Fe, and Mn, and have a mean Cu/Fe ratio of 3.2. The EDX map of
a micrometric particle in the AA2050-T84 is shown in Figure 2 show-
ing that these are Cu, Fe, and Mn enriched.

f\ and_WI LEY 645

Figure 3A displays the XRD patterns for the Al alloys' surface. For
the three alloys the identified phases correspond to a face-centered
cubic (FCC) and the Al peaks were indexed to the hkl lattice plane
(111), (200), (220), and (311), this last also could be attributed to 6-
Al,Cu. For the Al-Cu-Li alloys (AA2198 and AA2050), two additional
peaks are detected for 2 theta angles at ~ 42° (with a medium inten-
sity) and ~ 21° (with a weak intensity). Both peaks match with
Al,Culi, but also with 6-Al,Cu for the peak at ~ 21°. A similar XRD
pattern was found by Jagadeesh et al*” for the AA2050 alloy obtained
by different forging routes. This is due to the main hardening phase in
this alloy, that is, the nanometric T1 (Al,CuLi). This phase results from
metastable precursors, such as 6 (Al,Cu), T, (AlsLizCu), Tg (Al;Cu,li),
S (Al,CuMg), and & (Al;Li).%®

Figure 4 displays the cross-section view of the alloy's after 6 h of
exposure to the IGC solution (ASTM G110). Figure 4A shows severe
localized corrosion composed of cavities and trenches on all exposed
surfaces of the AA2050-T84. The attack propagated along the grain
boundaries and penetrated the alloy reaching depths of nearly
107 um. The AA2050 alloy presented a selective corrosion attack at
grains, that spread by intergranular but also transgranular corrosion.
The literature indicates that susceptibility to IGC is due to the nano-
metric T1 phase located mainly at dislocations.>?3%3% In the same
sense, the cross-section view of the exposed surface of the
AA2198-T851, Figure 4B displayed intergranular and transgranular
attacks, although attack spreads laterally affecting lower areas (around
166 um) than for the AA2050 (around 387 um) and the penetration
was less deep (around 79 um) compared to the AA2050 (107 um).

TABLE 1 Micrometric particle composition estimated by EDX
measurements.

Weight % C-K O-K Al-K Mn-K Fe-K Cu-K

ptl 4.0 514 51 9.1 304
pt2 3.6 54.5 2.7 8.9 30.3
pt3 3.6 17 56.8 25 9.7 258
pt4 34 62.0 14.3 4.5 15.8
pt5 3.9 29 74.5 1.8 3.8 131

SU8020 15.0kV 12.6mm x500 SE(L)

FIGURE 1

Micro and macrographs of the AA2050-T84 alloy surface.

100um
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FIGURE 2 Elemental EDX map of micrometric particle in the AA2050-T84 alloy surface.

(111 Al % (A)
% (200) Al
° (220) Al
+(311) Al
+ ALCu

 ALCuli

*
i 1
*

AA2024-T3

[

o
A
*
A
L
IAA2198-T851 . °
* i jL L

IAA2050-T84

20 30 40 50 60 70 80
Bragg’s angle, 2 theta (Deg.)

Intensity, (Abs. Units)

%+o to e

Intensity, (Abs. Units)

o | 7

(B)
s Al CuLi
AA2024-T3
*
AA2198-T851 A
L.~
*
Ao
I A,
IAA2050-T84
L) v L
20 30 40 50

Bragg’s angle, 2 theta (Deg.)

FIGURE 3 XRD pattern of alloy surfaces (a) and (b) Al2LiCu XRD peak comparison plot.

AA2050-T84

387um

107pm

SU8020 20.0kV 12.8mm x300 SE(L)

SU8020 20.0kV 13.6mm x400 SE(L)

AA2198-T851

SU8020 20.0kV 12.7mm x2.00k SE(L)

AA2024-T3

FIGURE 4 SEM micrograph of the cross-section of the exposed surface after immersion in the intergranular corrosion test (IGC) solution

(ASTM G110); AA2050-T84 (A), AA2198-T851 (B), and AA2024-T3 (C).
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The AA2024-T3 is also susceptible to IGC attack due to the S-phase
(Al,CuMg) mainly at the grain boundaries.®"®%2 The cross-section
view of the surface of the AA2024-T3 exposed to the IGC solution,
Figure 4C, displays the smaller areas with less corrosion attack and
lower penetration (around 6.7 um). This difference indicates the
higher tendency of severe localized corrosion in the Al-Cu-Li alloys
compared to the Al-Cu-Mg ones (AA2024). The results of this study
are supported by the literature that showed that the presence of Cu
and Fe-enriched IM particles, cathodic to the matrix, favor nucleation
of localized corrosion,&1240-42

The exposed surface of the tested alloys after 6 h of immersion in
the exfoliation corrosion test (EXCO) solution (ASTM G34) is pre-
sented in Figure 5. The AA2050-T84 (Figure 5A) presents a severe
attack indicating its high susceptibility to exfoliation.

The depth of penetration of the corrosion attack was approxi-
mately 179 um. The penetration occurred through the grain bound-
aries. The cross-section view of the AA2198-T851 (Figure 5B)
displayed severe localized intergranular and transgranular attacks.
However, the attack was less aggressive than for the AA2050 and
penetration was less deep (around 22.4 um). As in the IGC test,
AA2024-T3 (Figure 5C) displayed the lowest areas affected by corro-
sion among the tested ones, with a depth of corrosion penetration of
around 5 pum. These results are in accordance with the literature. Ara-
ujo et al” who studied the resistance to exfoliation and intergranular
corrosion (IGC) of the AA2198 alloy and compared it with AA2024
indicated that AA2024-T3 alloy is more resistant to exfoliation
corrosion.

The results of weight-loss measurements after 24 h of exposure
to EXCO solution are shown in Figure 6. The weight-loss correspond-
ing to the AA2050-T84, AA2198-T851, and AA2024-T3 were 74.8 g/
m?, 39.7 g/m?, and 15.3 g/m?, respectively. This result is in accor-
dance with the depth of corrosion penetration observed in Figures 4
and 5 and is easily observed when comparing the cross-sectional
macrographs of the three alloys tested. The AA2050-T84 presents
higher susceptibility to exfoliation compared to the other 2XXX alloys,
Figure 5. Exfoliation penetration in the AA2050-T84 was several
times deeper than for the AA2024-T3. A comparison of the IGC sus-
ceptibility of the alloys also showed that the AA2050-T84 presented
a higher tendency to this type of attack, Figure 4. These results are in

179 pm

T T
SU8020 20.0kV 12.3mm x300 SE(L) 100um

I
SU8020 20.0kV 16.9mm x1.10k SE(L)

A
accordance with the literature. Araujo et al” presented the susceptibil-
ity of IGC of Al-Cu-Li alloys and indicated that AA2024-T3 alloy is
more resistant to exfoliation corrosion. The low resistance to exfolia-
tion is mainly due to the nanometric T1 phase that is preferentially
located at the dislocations inside the more deformed grains favoring
IGC, exfoliation corrosion, and severe localized corrosion.>?333?

The exposed surface of the alloys after 72 h of immersion in NaCl
3.5% solution is presented in Figure 7. AA2050-T84 sample,
Figure 7A, presented severe localized corrosion that propagated
under the exposed surface, resulting in detachment of material from
the surface. The corrosion process propagated through the grains
resulting predominantly in transgranular attack (red arrow) but also
intergranular corrosion (yellow arrow). At high magnification, the
transgranular attack is easily observed, Figure 7D, leading a several
alloy material consumption. A severe localized attack is also observed
on the surface of the AA2198-T851 after immersion in NaCl 3.5%
solution, Figure 7B,E. In the same way, intergranular and transgranular
attacks were observed spreading along the deformation direction. The
AA2024-T3 after immersion in NaCl 3.5% solution (Figure 7A,F) pre-
sented corrosion penetration around (16 um), lower than for the
AA2050 (44 um), and AA2198 (24 um). The results are in accordance

90 r . ' . T
80 4 E

— 70- -

%, 60 -

-

N I '

g 30 4 ]
20 - 1
10 - I .
0

1 o ] ]
AA2050-T84 AA2198-T851 AA2024-T3
FIGURE 6 Weight-loss for immersion test in the exfoliation

corrosion test (EXCO) solution (ASTM G34).

AA2024-T3

AA2198-T851

22.4 pm

I I
' " 50.0um SUB020 20.0kV 13.4mm x2.00k SE(L)

FIGURE 5 SEM micrograph of the cross-section of the exposed surface after immersion in the exfoliation corrosion test (EXCO) solution

(ASTM G34); AA2050-T84 (A), AA2198-T851 (B), and AA2024-T3 (C).
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FIGURE 7 SEM micrograph of the cross-section of the surface of the alloy after immersion in naturally aerated 3.5 (wt.%) NaCl solution;
AA2050-T84 (A), AA2198-T851 (B), AA2024-T3 (C), AA2050-T84 (D), AA2198-T851 (E), and AA2024-T3 (F).
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FIGURE 8 Threshold treated SEM images of studied alloys; AA2050-T84 (A), AA2198-T851 (B), AA2024-T3 (C), comparison of number of
micrometric particles per area (D), and particle diameter comparison (E).

with the other used tests suggesting a special role of the T1 phase in the alloys is presented in Figure 8. The threshold-treated image of
the severe corrosion development tendency. AA2050-T84, AA2198-T851, and AA2024 surface alloys are dis-

To better understand the differences presented in the immersion played in Figure 8A-C, respectively, in order to compare the charac-
corrosion tests, the distribution of coarse intermetallic (IM) particles in teristics of the particles at the surface. It is worth mentioning that the
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alloys show differences in the distribution and quantity of micrometric
intermetallic at the surface. The AA2024-T3 (Figure 8C), displayed the
highest number of particles per area (1.27x10° IM-micrometric parti-
cles/m?). The AA2050 presented 3.15x10° IM-micrometric particles/
m? and the AA2198-T851, 2.57 15x10° IM-micrometric particles/m?.
The comparison is presented in Figure 8D. The distribution of the par-
ticles in the three tested alloys also differs. The AA2050 showed
agglomeration of the particles, while the particles in the
AA2198-T851 were distributed along the surface. The IM-particle
diameters were compared, and the alloys presented similar mean
diameters, Figure 8E.

In order to evaluate the evolution of the severe localized corro-
sion in the AA2050-T84, a sample was exposed to 0.1 mol L~ NaCl
solution for 24 h and 48 h. The exposed surface is presented in
Figure 9. Localized corrosion starts with trenching surrounding the
IM- -micrometric particles (Figure 9A,B), which are Cu and Fe-rich,
Figure 2. In Figure 9C, the surface exposed for 48 h to 0.1 mol L2
NaCl solution indicates that the corrosion propagated under the
exposed surface laterally and resulted in material detachment from
the surface. The propagation occurs through the grain boundaries and

results in intergranular attack and transgranular corrosion.

L I R |

20.0um

KLUMPP ET AL.
24 h
| T |
SU8020 20.0kV 12.5mm x2.00k SE(L) 20.0um SUB020 20.0KV 12.5mm x2.00k SE(L)
48 h
[
SU8020 20.0KV 13.2mm x500 SE(L) "100um | $U8020 20.0KV 13.2mm x450 SE(L) 100um
FIGURE 9 SEM images of the cross-section of AA2050-T84 surface after immersion (24 h and 48 h) in naturally aerated 0.1 Mol L~* NaCl
solution.

The SVET maps along with the optical images of different grades
of aluminum alloys after 16 hours of immersion in 15mM NaCl elec-
trolyte are presented in Figure 10. The SVET results were obtained
using the cut-edge design, resulting in approximately a 3 mm?
exposed area for the coated samples. The susceptibility of all alloys to
local corrosion is evident by the presence of anodic spots (red
regions). For AA2024, galvanic corrosion resulted from the existence
of Cu-rich IM particles in the aluminum body. Since the passive layer
on these particles has poor resistive qualities, AA2024 is vulnerable to
localized corrosion, which reveals the substrate to the aggressive elec-
trolyte. The anodic region was enlarged during the exposure as the
corrosion phenomenon progressed. In the case of Al-Cu-Li alloys,
the presence of T1 and T2 precipitates led to their preferential disso-
lution as they acted as anodic zones. The potential difference
between these precipitates and the aluminum matrix resulted in pref-
erential corrosion. For AA2198, localized corrosion was recorded with
a significant enhancement in the current density compared to
AA2024. Meanwhile, AA2050 exhibited more anodic spots, indicating
more severe localized corrosion. The differing vulnerability to local-
ized corrosion observed between AA2050 and AA2198 (both Al-Cu-Li
alloys) might be attributed to differences in the dispersion of
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FIGURE 10 SVET maps of AA2024, AA2198, and AA2050 alloys after 16 h immersion in 15mM NaCl electrolyte.

intermetallic particles within these alloys. Notably, AA2050 demon-
strates a greater density of particles per unit area than AA2198, mak-
ing it more vulnerable to localized corrosion. The optical images
obtained at the end of the immersion test corroborated the SVET
maps and poor corrosion resistance of Al-Cu-Li alloys to the localized

corrosion.

4 | DISCUSSION

The results presented in this work showed higher susceptibility of the
Al-Cu-Li alloys to all types of corrosion tested compared to
the AA2024-T3. In this sense, the results pointed out the highest sus-
ceptibility of the AA2050-T84 to severe localized corrosion.

The susceptibility of the Al-Cu-Li alloys to the development of
severe localized corrosion is well known>1%1820234043-45 Thjg
observation was also confirmed in this study by immersion in various
solution tests (IGC, EXCO, and NaCl solution) and SVET maps,
Figures 4-7, 9, and 10. As indicated in Figure 1, the AA2050 surface
has Cu-rich coarse IM particles distributed in the alloy. The copper-
rich particles have a special role in corrosion nucleation and propaga-
tion. The cathodic behavior of these particles relative to the aluminum
matrix is well established®?2%%44 @ (Al,Cu) and Fe-Cu-rich coarse IM
particles can sustain a large cathodic current and are associated with
pitting.8 These particles are responsible for a selective dissolution
associated with pitting formation.®22
Figure 9A,B shows anodic dissolution surrounding coarse IM par-

ticles. The severe localized corrosion starts at sites of high
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TABLE 2 Immersion tests summary.
Weight-loss
Penetration Penetration  (g/m?) Penetration
Alloy ASTM G110 (1m) ASTM G34 (um) after 24 h NaCl 3.5% (um)
AA2024 Intergranular attack. 6.7 exfoliation in 5.0 15.3 Severe localized corrosion ~ 16.0
lowest areas - intergranular and
transgranular attack
AA2198  Severe localized corrosion 79.0 Severe 22.4 39.7 Severe localized corrosion ~ 24.0
that spreads by exfoliation that spreads by
intergranular and intergranular and
transgranular attack. transgranular attack.
AA2050  Severe localized corrosion 107.0 Severe 179.0 74.8 Severe localized corrosion ~ 44.0
that spreads by exfoliation that spreads by

intergranular and
transgranular attack.

concentration of IM particles after the dissolution of the thin anodic
superficial film (naturally air-formed Al,O3) in contact with the corro-
sive environment. Due to CI™ in the corrosive environment, damage
to the oxide film occurs leading to nucleation of pitting. The IM coarse
particles, initially cathodic sites, represent a lower area compared to
the matrix (anodic sites). The galvanic effect initiates localized corro-
sion due to potential differences. Buchheit et al??> showed a Cu-
depleted zone around S-phase IM particles, formed during heat treat-
ment. The IM particles are not redissolved during solidification. This
increases alloy heterogeneity and, consequently, the galvanic effect.
The anodic dissolution observed in Figure 9C,D and the SVET maps
correspond to the Cu-depleted zone. As it is well known, the corro-
sion propagation of Al alloys is autocatalytic. In the case of Al-Cu-Li
alloys, several authors have reported the presence of nanometric T1
phase (Al,CuLi) at their grain boundaries.>®12244° The dissolution of
this phase is accelerated due to the increasingly aggressive environ-
ment inside the cavities and initiated by micro galvanic effects. This
leads to IGC and sub-grain boundary attack, as is easily observed in
Figures 4 to 5 where IGC and exfoliation corrosion are highlighted.

Similarly, to the S-phase (Al,CuMg), the T1 phase (Al,CulLi) cor-
rodes preferentially by initial leaching of Li (selective Li dissolution).
This selective dissolution leads to a Cu-rich remnant that is eventually
released into the electrolyte. This Cu is in the free corrosion potential
and ionizes.®®?2 As indicated in the pieces of literature the Cu ions
are redeposited, acting as micro-cathodes.®®2?? This situation corre-
sponds to very small cathodic areas embedded in a large anodic area,
consequently, accelerating corrosion propagation, either intergranular
or intragranular.>1222:34

After initial dissolution, the sub-grains are exposed to a corrosive
environment leading to corrosion propagation under a covered sur-
face, until the surface is detached from the substrate due to a large
volume difference between corrosion products and the matrix.

The influence of the T1 phase (Al,Culi) on the severe localized
corrosion of the Al-Cu-Li alloys is easily observed for the exposed sur-
faces to EXCO solution by comparing with that of the exposed Al-
Cu-Mg alloy, Figure 5. In the same sense, the weight-loss differences
are due to the T1 phase in the Al-Cu-Li alloys and SVET maps.

intergranular and
transgranular attack.

The comparison between the tested Al-Cu-Li and Al-Cu-Mg alloys
must consider that the microstructures of the two alloys are
completely different. The T1 phase is found only in the Li-containing
alloy and it precipitates preferentially within some of the grains,
according to their crystallographic orientation, leaving the neighbor-
hood depleted in copper. This increases susceptibility to intergranular
and intragranular corrosion. The intragranular attack might lead to
reduced corrosion penetration. Li seems to have an important role in
the mechanism of corrosion penetration into the alloy.

The lower resistance to severe localized corrosion presented by
the AA2050-T84 when compared to AA2198-T851 (both Al-Cu-Li
alloys) could be related to a difference in the intermetallic particle dis-
tribution in these alloys with the AA2050 presenting a higher number
of particles per area and tendency to agglomeration, Figure 8. As
stated earlier, the nucleation process is associated with these particles
that act as preferential sites of corrosion propagation.

Table 2 summarizes the main findings of each immersion test con-

dition and the severity of the corrosive attack.

5 | CONCLUSIONS

The results of this study pointed out a correlation between micro-
structure and the development of severe localized corrosion in Al-
Cu-Li alloys. The micrometric constituent particles played a major role
in the initiation of corrosion, and their distribution has a correlation
with the severe localized corrosion intensity.

After corrosion initiation by microgalvanic effects due to Cu-
rich micrometric particles at the surface, corrosion propagation is
dependent on the microstructure of the alloy. The initial corrosion
mechanism is due to microgalvanic coupling at the surface between
the matrix and the Cu-Fe enriched particles and the matrix. This
leads to preferential dissolution of Li and Al relative to Cu, but
later, reversal polarity, due to Cu enrichment in the particles. Sub-
sequently, trenching occurs due to the Cu-enriched particles acting
as cathodic sites relative to the matrix that is preferentially
attacked.
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Corrosion propagation in Al-Cu-Li alloys is related to the nano-
metric T1 phase (Al,CuLi) particles, which might lead to either intra-
granular or intergranular attacks, depending on the preferential

localization of the T1 phase.
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