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Abstract

In this study, the resistance to exfoliation and intergranular corrosion (IGC) of

the 2198 Al–Cu–Li alloy submitted to different thermomechanical treatments

(T3, T8, and T851) was investigated. The tests were carried out following the

standard practices, ASTM G34‐18 and ASTM G110‐15, respectively. All the
tested alloys showed susceptibility to exfoliation and some alloys showed

susceptibility to IGC, but the artificially aged alloys presented a higher ten-

dency to exfoliation. The extensive hydrogen evolution reaction (HER) was

observed on the surfaces of artificially aged alloys when immersed in the

EXCO solution. The HER resulted in an increase in solution pH with the time

of immersion. Also, the weight losses related to the artificially aged alloys

were higher than that of the naturally aged ones. The T8 treatment was the

only condition that resulted in susceptibility to both, intergranular and

transgranular corrosion, whereas the T851 treatment did not show IGC

susceptibility, only transgranular corrosion. Finally, the 2198‐T3 condition

showed the highest corrosion resistance among the thermomechanical

treatments tested. The results of the 2198 alloy subjected to various treatments

were compared with that of the 2024‐T3 alloy. This last alloy showed higher

resistance to exfoliation and IGC as compared with the 2198 alloy.
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1 | INTRODUCTION

Exfoliation and intergranular corrosion (IGC) are common
types of localized corrosion in Al alloys. Exfoliation is
described as a kind of IGC, usually associated with rolled
materials and extruded materials, and sometimes forged
materials, with elongated grains.[1] IGC is associated with

an attack at grain boundaries or their vicinities when the
second phase is precipitated there. The second phase
might act as anodic or cathodic sites in relation to Al
matrix, depending on their chemical composition.[2]

The attack might propagate along the grains or at their
adjacent regions.[3] Both types have been reported as
common corrosion morphologies in metals.[4,5] In the last
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few decades, the susceptibility of Al alloys to exfoliation
and IGC has been studied.[6–15] Some works showed that
these attacks are harmful to aircraft structures.[16–19]

Consequently, many research studies have been developed
to understand the influence of Al alloys' microstructural
features in the propagation of these kinds of corrosion
morphologies.[20–26] The effects of the fabrication
process[27–31] and heat treatment[32–41] on the micro-
structural features, and thus on the corrosion behavior are
commonly investigated.

Keddam et al.[42] studied the corrosion behavior of the
2024‐T351, 2219‐T87, and 6013‐T6 Al alloys by electro-
chemical impedance spectroscopy measurements in the
EXCO solution. The corrosion rates in these alloys in-
itially increased (during the first 6 hr of test), but it was
followed by a progressive decrease in the corrosion rate,
until the end of test (48 hr). This phenomenon was at-
tributed to variation in the cathodic reaction kinetics
during the progress of test and also to the different mi-
crostructural features of each alloy.

Yue et al.[43] studied the corrosion resistance of the
2195 Al–Li alloy submitted to rolling deformation in
different directions. It was verified that the main causes
of IGC and exfoliation corrosion were the precipitation of
second phases, as T1 (Al2CuLi) and θ′ (Al2Cu), which led
to galvanic coupling between the precipitate‐free zones
and the matrix. Moreover, according to the authors, ex-
foliation corrosion occurred preferentially on the surface
parallel to the rolling direction. In contrast, Zhou et al.[10]

reported that IGC corrosion susceptibility in the 2024
(Al–Cu) and 2099 (Al–Cu–Li) alloys is related to the
grains with relatively high levels of defects, in which
second phases are absent.

Yan et al.[44] investigated the effect of artificial aging
at 155°C and 200°C on the IGC susceptibility of the 2050
Al–Cu–Li alloy. The high IGC corrosion susceptibility
was correlated with Li segregation at the grain bound-
aries, which increases with the aging temperature. Huang
et al.[45] compared the effect of heat treatment and the
predeformation on the 1460 alloy containing 0.12 wt% Li.
The authors monitored the IGC development at the open
circuit potential (OCP). A diagram correlating aging time
with OCP curves was proposed. According to authors, the
alloy was susceptible to four types of attacks, depending
on the potentials, such as pitting with IGC (−0.50 to
−0.64 V vs. saturated calomel electrode [SCE]), which
was characterized by pits associated with deeper IGC;
general IGC (−0.64 to 0.68 V vs. SCE) associated with pits
and shallow IGC; local IGC (−0.68 to −0.71 V vs. SCE), in
which the attack is centralized in a specific area; and
pitting (−0.72 to −0.77 V vs. SCE) characterized by a type
of attack close to the surface.

Machado et al.[27] and Milagre et al.[20] studied the
IGC and exfoliation development in two different types of
Al–Cu–Li alloys welded by friction stir welding (FSW). It
was verified that susceptibility to these forms of corrosion
changed according to the microstructural features of each
FSW zone, such as grain size and dissolution of
strengthening phases. Recently, Peng et al.[46] examined
the effect of aging treatment on the susceptibility to IGC
and exfoliation corrosion of the Al–Cu–Li–Zr–Sc alloy.
Three different stages of aging were investigated: (a)
single‐stage aging, where the samples were given heat
treatment at 160°C; (b) strain aging, where the samples
were submitted to a predeformation (cold work) of 3.5%
and heat treatment at 160°C; and (c) double‐stage aging,
in which the samples were submitted to 3.5% of pre-
deformation (cold work) and heat treatment at 160°C for
2 hr, followed by heat treatment at 160°C for 24 hr. It was
verified that the alloy submitted to single‐stage aging at
160°C showed the best corrosion resistance due to its
lower amount of T1 precipitation at the grain boundaries.

The literature[4] has reported that susceptibility of the Al
alloys to IGC and exfoliation can be influenced by different
factors, such as manufacturing process and microstructural
features. The 2198 alloy has been proposed as a potential
replacement of alloy 2024 due to its higher fatigue re-
sistance.[47] It is applied in aircraft structures with the T3,
T8, and T851 tempers on beams or seat rails, skins, and
cradle frame, respectively.[48,49] The search for mechanical
properties leads to different treatments used according to
the mechanical property necessary to the specific material
application. However, the choice of temper according to
application usually does not take into account the damage
that these materials might cause due to limited corrosion
resistance if they are used in improper tempers.[50] The
corrosion susceptibility of age‐hardened Al–Cu–Li alloys
(such as T8 and T851) when compared with the naturally
hardened alloys (T3), is known[50] due to the heterogeneous
microstructure of the age‐hardened alloys when compared
with the fairly uniform microstructure related to the T3
alloy. Usually, T3‐tempered aluminum alloys exhibit im-
proved corrosion resistance in comparison to age‐hardened
alloys; these last ones with numerous precipitates form a
large number of galvanic cells. However, a comparison of
the effect of artificial aging on the resistance to IGC and
EXCO of Al–Cu–Li alloys, specifically the 2198 Al–Cu–Li
alloy, comparing the aged‐hardened with naturally aged
alloys, has not yet been studied. Considering the im-
portance of the resistance to exfoliation and IGC in alloys
used in aircrafts, this study aims to fill this gap. In this
study, the susceptibility of the 2198 Al–Cu–Li alloy to ex-
foliation and IGC corrosion submitted to different thermo-
mechanical treatments was investigated following the
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ASTM G34‐2018[51] and the ASTM G110‐2015[52] standard
practices. The mechanisms of corrosion propagation ob-
served for each temper condition were described. Finally, a
comparison of the susceptibilities of the different tempers of
the 2198 Al–Cu–Li alloy to IGC and exfoliation with the
most commonly used Al alloy in aircraft structures, the
commercial 2024‐T3 Al‐Cu alloy, was carried out once the
Al–Cu–Li alloys were proposed to replace the Al–Cu ones.
The main contribution of this manuscript is to clarify the
effect of the temper on the susceptibility to IGC and ex-
foliation, with a relation between weight loss and pH being
clearly established in the EXCO solution. Besides, in-
formation about the corrosion attack depth in the IGC so-
lution is discussed. This information has great importance
for the aeronautical industry, as failures of these materials
caused by corrosion might lead to fatal aircraft accidents in
the operating condition.

2 | EXPERIMENTAL

2.1 | Materials

Alloys 2024‐T3 and 2198 in the commercially available
tempers, T3, T8, and T851, were investigated. The che-
mical composition of each alloy is presented in Table 1.

The T3 temper corresponds to a sequence of solution
heat treatment, cold working, and natural aging steps. The
T8 temper comprises a solution heat treatment step, a cold
working step, and an artificial aging step. Finally, the T851
temper encompasses solution heat treatment, stress relief
by stretching, and artificial aging. The Al–Cu alloy 2024
does not contain lithium and is the conventional material
used in T3 temper in aircraft applications.[49] The inten-
tion is to compare the resistance against exfoliation and

IGC of a material that is largely used with a material that
intends to replace it. The thicknesses of the different types
of Al materials used are shown in Table 2.

2.2 | Evaluation of susceptibility to
exfoliation corrosion (according to
ASTM G34)

2.2.1 | Electrochemical characterization

Electrochemical characterization was carried out by OCP
measurements in the EXCO test solution at room tem-
perature (22 ± 2°C) during 48 hr of immersion using an
Ag/AgClKClsat electrode as a reference electrode.

2.2.2 | pH measurements

The pH of the electrolyte was measured during the period
of immersion in the EXCO solution using a Mettler
Toledo® pH meter.

2.2.3 | Inductively coupled plasma
optical emission spectrometry (ICP‐OES)
measurements

The electrolyte composition was analyzed by a Spectro
model Arcos® with the axial torch and Meinhard® nebu-
lizer. Aliquots of 10 ml of the EXCO solution were se-
parated from the volume of the test solution and
transferred to plastic flasks after different periods of im-
mersion, and then they were subsequently analyzed for
Al, Cu, Li, Mg, and Fe by ICP‐OES.

2.2.4 | Weight loss measurements

Weight loss measurements were carried out to monitor
the corrosion rate of the 2198 alloy with the various
tempers and the 2024‐T3 alloy as a function of time of
immersion. Samples of these alloys were weighed before
the test and after the samples were removed from the

TABLE 1 The chemical composition (wt%) of the alloys
obtained by inductively coupled plasma optical emission
spectrometry

Elements

Alloys

2024‐T3

2198

T3 T8 T851

Cu 4.50 3.24 3.34 3.31

Li – 1.02 0.95 0.96

Mg 1.41 0.30 0.31 0.31

Mn 0.61 0.01 0.02 0.01

Fe 0.12 0.04 0.05 0.04

Zn 0.03 0.02 0.04 0.01

Al Balance

TABLE 2 Thickness of the alloy plates used in this study

Alloys Thickness (mm)

2024‐T3 1.5

2198‐T3 3.2

2198‐T8 4.0

2198‐T851 1.6
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solution, cleaned in an ultrasonic bath, and dried. Extra
samples were used to evaluate the mass loss after dif-
ferent periods of immersion.

2.2.5 | Exfoliation corrosion test

Exfoliation corrosion tests were performed according to
ASTM G34‐2018.[51] The samples were immersed in a so-
lution composed of 4‐mol/L NaCl + 0.5‐mol/L KNO3+
0.1‐mol/L HNO3 and distilled H2O up to 1 L for 48 hr. The
ratio of electrolyte volume/sample surface was 30ml/cm2.
During the testing, 100ml of solution was used in all
samples. This solution is known as the EXCO test solution.
This standard is mostly used in aircraft industries in a
routine quality control procedure, which will serve as a
reference to comparison with other works in the literature.

2.3 | IGC test (according to ASTM G110)

IGC tests were performed according to ASTM G110‐
2015.[52] Samples of the tested alloys were cleaned in a
mixture of 945‐ml distilled H2O, 50‐ml HNO3 (70%), and
4‐ml HF (48%) for 1 min at 93°C. Subsequently, the
samples were exposed for 1 min in the HNO3 solution
(70%) at room temperature. Then, they were immersed in
a solution with 1‐mol/L NaCl and 10ml of H2O2 (30%)
diluted with distilled H2O up to 1 L. The period of ex-
posure for this solution, at room temperature, corre-
sponded to 6 hr.

2.4 | Microstructural characterization

After the immersion tests, the cross‐section of the corroded
samples was observed by scanning electron microscopy
(SEM) using a TM Model 3000 and JEOL JSM‐6010LA
microscope, equipped with an energy‐dispersive X‐ray
spectroscopy (EDX) detector.

3 | RESULTS

3.1 | Results from exfoliation corrosion
testing

3.1.1 | OCP variation with time in the
EXCO solution

Figure 1 shows the surface of the tested Al alloys after
16 hr of exposure to the EXCO solution. Larger amounts of
hydrogen bubbles were seen on the surface of the 2198

alloy with T8 and T851 tempers, compared with T3. H2

bubbles' evolution is observed at the cathodic sites and the
amount of bubbles is proportional to the susceptibility of
the alloy to corrosion, indicating higher susceptibility to
exfoliation of the artificially aged alloys.[20,53,54] These re-
sults are also in agreement with the variation of OCP with
the time of immersion (Figure 2). For the 2024‐T3 alloy,
the electrode potential initially shifted toward nobler va-
lues, likely due to ennoblement of the alloy resulting from
the selective dissolution of the most active elements, such
as Mg, Mn, and Al, but it soon shifted back into the di-
rection of more negative values, which could be due to
removal of the ennobled precipitates from the surface,[55]

mainly those located at the grain boundaries or inside the
grains. Also, it was accompanied by precipitation of in-
soluble corrosion products at the attacked surface. The
potential achieved fair stabilization after around 6 hr in the
EXCO solution. This phenomenon was also observed in a
previous work.[42] For the 2198‐T3, a similar behavior was
observed in the first hours of immersion; however, after an
initial potential drop (nearly 1 hr of the test), it increased
slowly and reached stability after 24 hr of immersion. The
slow corrosion kinetics related to the T3 temper, due the
lower amount of hardening precipitades, was already

FIGURE 1 Macrograph images of the 2198 alloys in the T3,
T8, and T851 conditions after 16 hr of immersion in the EXCO
solution (4‐mol/L NaCl + 0.5‐mol/L KNO3 + 0.1‐mol/L HNO3

in 1 L of distilled H2O)
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reported in previous works[50] and, consequently to their
slower kinetics and electrochemical activities as compared
with the T8 and T851 tempers. For these two last tempers,
the initial potentials were more negative than for the al-
loys with T3 temper due to the lower electrochemical ac-
tivity related to this last temper. For T8 and T851, the
potential largely increased with time and the rate of po-
tential increase was faster for the T8 alloy as compared
with T851; both reached a maximum potential, followed
by a potential decrease after approximately 10 and 12 hr of
immersion, respectively, in the test solution. Relative to
the artificially aged alloys, the T851 temper presented a
greater potential variation than the T8, which is likely due
to the higher amounts of precipitates in T851. More stable
potentials were found for the 2024‐T3 and 2198‐T3 in the
EXCO solution due to their higher electrochemical stabi-
lity as compared to the 2198 with the T8 and T851
tempers.

3.1.2 | pH monitoring in the EXCO
solution

The pH curves were recorded during 48 hr in the EXCO
test (Figure 3). According to the pH range, the curves were
classified into three stages that were dependent on the type
of alloy. At the initial periods of immersion in the EXCO
solution (Stage I), pH was in the range 0.6–0.7 for all alloys,
and during this period, it was proposed that the pre-
dominant mechanism was the selective dissolution of the
more active elements in the alloy. This resulted in an
increased concentration of cations (Li and/or Mg and Al)
in the solution, promoting water hydrolysis, followed by
hydrogen evolution, and consequently pH increase. The

large volumes of hydrogen bubbles formed on the artifi-
cially aged Al alloy samples led to a significant pH increase
from the pH range of 0.7–3.5 for the artificially aged tem-
pers, 2198‐T8 and 2198‐T851, between nearly 4 and 26 hr of
exposure to the EXCO solution (Stage II). For the naturally
aged tempers, 2024‐T3 and 2198‐T3, the pH increase was
delayed, starting after approximately 26 hr and not before
testing was finalized. The differences between the beha-
viors related to the tempers are due to the electrochemical
activity of these alloys that result in hydrogen gas pro-
duction. Finally, Stage III for the artificially aged alloys
(2198‐T8 and 2198‐T851) corresponded to the pH range
between 3.5 and 3.6 and potential stability, which must be
due to surface coverage by hydrogen bubbles. For the al-
loys with T3 temper, however, pH slowly increased during
Stage III, and it was in the range 0.8–1.2; also, the potential
gradually increased, but at a low rate, which might be
related to only partial coverage of the exposed surface with
hydrogen bubbles. These results show that besides a lower
electrochemical activity in the T3 temper, the kinetics of
this electrochemical activity was also slower as compared
with the T8 and T851 tempers.

3.1.3 | The elemental analysis of the
EXCO solution

The results of EXCO solution analysis after various periods
of immersion of samples, obtained by ICP‐OES, are shown
in Figure 4. Larger concentrations in the test solution
corresponded to aluminum ions (hundreds of times larger
compared with the other elements) in the solution, and it
increased with time since the first hour of immersion and
continuously increased throughout the test. The next ele-
ments in order of concentration in the solution were Li, in
the case of the 2198 alloy, and Mg, in the case of the 2024

FIGURE 2 The open circuit potential curves of the alloys
obtained during 48 hr of immersion in the EXCO solution (4‐
mol/L NaCl + 0.5‐mol/L KNO3 + 0.1‐mol L HNO3 in 1 L of
distilled H2O) [Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 3 Monitoring of the EXCO solution pH during
48 hr of immersion test [Color figure can be viewed at
wileyonlinelibrary.com]
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alloy. However, it must be noted that Mg was also dis-
solved from the 2198 alloy with the various tempers (T3,
T8, and T851) in significant amounts. The kinetics of
elements' dissolution in the EXCO solution was similar to
2198‐T3 and 2024‐T3, for most elements, with the excep-
tion of Mg and Li, for obvious reasons, as Li was not
present in the 2024 and Mg was found in significantly
lower amounts in the 2198 alloy, compared with 2024 al-
loy. The results suggest similarities in the kinetics of the
dissolution of the 2024‐T3 and 2198‐T3 alloys, indicating
the effect of the temper on the corrosion kinetics. Iron
concentration was also analyzed in the solutions, but it
was always below 1 ppm for all tested alloys.

The results also show that the large pH variation is
accompanied by the high rate of increase in Mg and Li
ions in the solution until 8–12 hr for the 2198‐T8 and
2198‐T851 alloys, supporting the hypothesis that selective
dissolution of these elements is the main cause of po-
tential increase and also the faster increase of pH in this
period. The pH continues to increase after this time of
test for both alloys, but at slower rates. The lower in-
crements in Li content were observed fot the 2198‐T3. In
another hand, lower increments of Mg were observed for
2024‐T3. However, a continuous increase along with the
test for these samples explains the continuous increase in
potential and pH related to these alloys. As for the Cu
content in solution, it is interesting to note the differ-
ences between the kinetics of dissolution between the
artificial and natural tempers, and the similarities

between similar tempers, even if the composition differs,
as is the case of 2024 and 2198.

3.1.4 | Weight loss measurements

A direct correlation between weight loss and pH varia-
tion was established in the EXCO solution, as shown in
Figure 5. Both the curves, that of pH and of weight loss,
follow the same profile. Tempers corresponding to arti-
ficial aging (T8 and T851) were related to greater pH
increase and larger weight losses.

3.1.5 | Exfoliation corrosion behavior

After EXCO test, the cross‐section morphologies of each
alloy tested were analyzed by SEM.

Susceptibility to exfoliation was not indicated in the
2024‐T3 alloy (Figure 6). In addition, corrosion initiation
apparently is related to intermetallic particles and its
propagation to intergranular attack, as indicated by ar-
rows in Figure 6a. At higher magnifications (Figure 6b),
these features, intergranular attack propagation and
corrosion attack at the vicinity of the intermetallic par-
ticles, are also pointed by red arrows and are seen below
the outer surface, indicating that propagation is caused
by an IGC attack. A similar behavior has been reported in
other works.[29,42,56]

FIGURE 4 Monitoring of the EXCO solution composition during 48 hr of immersion test by inductively coupled plasma optical
emission spectrometry [Color figure can be viewed at wileyonlinelibrary.com]
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Exfoliation susceptibility was indicated for 2198‐T3
(Figure 7a). Despite the exfoliation susceptibility of this
alloy, a comparison with 2024‐T3 shows that in this last
alloy, the corrosion attack penetrated deep into the
thickness of the plate (Figure 6a); for the 2198‐T3 alloy
(Figure 7b), the attack occurred at the outer layers of the
surface and along the rolling direction (yellow arrow).
The artificially aged alloys tested for exfoliation tendency,
2198‐T8 and 2198‐T851, presented susceptibility to this
type of attack (Figures 8 and 9, respectively).

In both overaged tempers of this alloy, attack propa-
gation penetrated deep into the thickness, as indicated by

arrows in Figures 8a and 9a. A common feature observed
after exposure of both artificially aged alloys to the EXCO
solution was the transgranular attack, as illustrated by
Figures 8b and 9b. In Figure 10, some of the corrosion
features are presented. It is observed that some grains are
preserved (grain A) and others are attacked (grain B).
Moreover, for the T8 condition, the attack occurred along
the deformation direction (blue arrow, Figure 10a),
whereas for the T851 temper, the preferential attack oc-
curred at slip bands, as indicated by the yellow arrow
(Figure 10b) within the most active grains. This type of
attack has been related to slip bands by other

FIGURE 5 The relation between pH increment and weight loss during 48 hr of immersion in the EXCO solution (4‐mol/L
NaCl + 0.5‐mol/L KNO3 + 0.1‐mol/L HNO3 in 1 L of distilled H2O) [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 6 (a) A cross‐section image of the 2024‐T3 alloy after 48 hr of immersion in the EXCO solution (4‐mol/L NaCl + 0.5‐
mol/L KNO3 + 0.1‐mol/L HNO3 in 1 L of distilled H2O). (b) Higher magnification of the squared region in (a). The arrows indicate
the attack along grain boundaries [Color figure can be viewed at wileyonlinelibrary.com]
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authors.[50,57–60] Grain boundaries were preserved for
T851, as shown by red arrows in Figure 9a,b and also in
Figure 10a,b. Analyses by EDX maps in the areas of
heavy corrosion attack in 2198‐T851 (Figure 11) showed
copper enrichment at the borders of the attacked areas,
indicating that elements more active than Al are dis-
solved from the alloy.

3.2 | Results of IGC testing

3.2.1 | IGC behavior

Figure 12 shows SEM cross‐section images of samples of
the 2024‐T3 (Figure 12a) and 2198 alloy with the T3
(Figure 12b), and T851 (Figure 12c,d) tempers after the
standard test for IGC. All the samples showed a selective
corrosion attack at grain boundaries in this solution.
The 2024‐T3 alloy clearly showed susceptibility to IGC
(Figure 12a). According to the literature,[61,62] this type of
attack in this alloy is related to the S phase (Al2CuMg)

precipitated at the grain boundaries. For the 2198‐T3 al-
loy, IGC susceptibility was indicated (Figure 7). It is
likely that precipitation of T1 phase or other phases oc-
curs preferentially at the grain boundaries of this alloy.
However, for the artificially aged 2198 alloys, a trans-
granular attack predominated in both alloys, T8 and T851
(Figure 12c,d), instead of IGC. In the 2198‐T851 alloy
(Figure 12d), the transgranular attack was related to slip
bands (yellow arrow), as also observed after the exfolia-
tion test.

In the 2198‐T8 sample (Figure 13), two types of cor-
rosion were identified, IGC near the surface (red arrow,
Figure 13a) and transgranular attack, deep inside the alloy
(yellow arrow). At larger magnification (Figure 13b), this
effect is more evident.

The depth of penetration attack was estimated for the
tested alloys (Figure 14). The average of corrosion attack
penetration for the 2198‐T851 alloy was around 74± 25 μm,
which is about twice of that corresponding to 2024‐T3 and
2198‐T3 (Figure 14a). As in the 2198‐T8 alloy, two types of
attacks—intergranular and transgranular—were observed,

FIGURE 7 (a, b) Cross‐section images of different regions of the 2198‐T3 alloy after 48 hr of immersion in the EXCO solution
(4‐mol/L NaCl + 0.5‐mol/L KNO3 + 0.1‐mol/L HNO3 in 1 L of distilled H2O).The red and yellow arrows indicate the attack in the
exfoliation region and in the rolling direction, respectively [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 8 (a) A cross‐section image of the 2198‐T8 alloy after 48 hr of immersion in the EXCO solution (4‐mol/L NaCl + 0.5‐
mol/L KNO3 + 0.1‐mol/L HNO3 in 1 L of distilled H2O). (b) Higher magnification of the squared region in (a). The arrows indicate an
exfoliated region [Color figure can be viewed at wileyonlinelibrary.com]
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the penetration corresponding to each type was estimated
(Figure 14b). The mean depth of penetration equivalent to
transgranular attack was around 45± 9 μm, whereas that
corresponding to IGC was nearly 15± 6 μm. The maximum
depth of attack penetration was also estimated for each
tested alloy, and the results were 47 μm (2024‐T3), 58 μm
(2198‐T3), 96 μm (2198‐T8), and 140 μm (2198‐T851). Tak-
ing into consideration the thickness of the plates, the mean
penetration depths correspond to approximately 3% (2024‐
T3), 2% (2198‐T3), 2% (2198‐T8), and 11% (2198‐T851) of
plate's thickness. The analysis by EDX maps was also per-
formed for 2198 artificially aged alloys (T8 and T851) after
the IGC test, as shown in Figure 15. Cu enrichment was
associated with the areas of intense corrosion attack that
occurred preferentially inside the grains of these alloys. In
the case of the 2198‐T8 alloy, copper enrichment occurred
at sites of transgranular attack (A) rather than at sites of
IGC (B), showing that transgranular corrosion pre-
dominated in this alloy.

4 | DISCUSSION

It is interesting to note that in the EXCO solution, the
electrochemical behavior of the naturally aged alloys,
2024‐T3 and 2198‐T3, presented similarities, despite the
significant differences between these two alloys in all the
main alloying elements. In contrast, their behavior was
different from the other two tested tempers of the 2198
Al–Cu–Li alloy, T8 and T851, which showed a similar
behavior. These results suggest that for the tested alloys,
the temper conditions are more important for their cor-
rosion behavior than their chemical composition. In the
2198 alloy, the main phases responsible for localized
corrosion are the micrometric Al–Cu–Fe intermetallic
phase and the nanometric precipitate T1(Al2CuLi)
phase.[57] In both alloys tested in the naturally aged
tempers, 2024‐T3 and 2198‐T3, the corrosion behavior is
mainly determined by the presence of micrometric pha-
ses in the two alloys. Taking into consideration that

FIGURE 9 (a, b) Cross‐section images of different regions of the 2198‐T851 alloy after 48 hr of immersion in the EXCO solution
(4‐mol/L NaCl + 0.5‐mol/L KNO3 + 0.1‐mol/L HNO3 in 1 L of distilled H2O). The arrows indicate the exfoliation region [Color figure
can be viewed at wileyonlinelibrary.com]

FIGURE 10 Cross‐section images of 2198 alloy after 48 hr of immersion in the EXCO solution (4‐mol/L NaCl + 0.5‐mol/L
KNO3 + 0.1‐mol/L HNO3 in 1 L of distilled H2O). (a) 2198‐T8; (b) 2198‐T851. The letters “A” and “B” represent different attacked and
non‐attacked regions, respectively. The yellow, red, and blue arrows represent corroded bands, grain boundary preservation, and
deformation direction, respectively [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 11 Energy‐dispersive X‐ray spectroscopy maps showing Cu redeposition at the grain boundaries of corroded grains in
AA2198‐T851 after 48 hr of immersion in the EXCO solution (4‐mol/L NaCl + 0.5‐mol/L KNO3 + 0.1‐mol/L HNO3 in 1 L of distilled
H2O) [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 12 Cross‐section images of the alloys after 6 hr of immersion in the intergranular corrosion solution composed of
1 mol/L of NaCl + 10ml of H2O2 (30%) diluted in 1 L of distilled H2O. (a) 2024‐T3; (b) 2198‐T3; (c,d) 2198‐T851 in less and higher
magnification, respectively [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 13 (a) Scanning electron microscopy images of 2198‐T8 alloy after intergranular corrosion solution test; (b) high
magnification. The arrows and “A” and “B” regions indicate intergranular and transgranular attacks [Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 14 The depth of attack propagation for the tested alloys after 6 hr of immersion in the intergranular corrosion solution
(1 mol/L of NaCl + 10ml of H2O2 (30%) diluted in 1 L of distilled H2O). (a) A comparison between the 2024‐T3, 2198‐T3, and
2198‐T851 alloys, and (b) a comparison of the depth of the intergranular and transgranular attack in the 2198‐T8 alloy [Color figure
can be viewed at wileyonlinelibrary.com]

FIGURE 15 Energy‐dispersive X‐ray spectroscopy maps of the 2198‐T8 and 2198‐T851 alloys after 6 hr of immersion in the
intergranular corrosion solution (1mol/L of NaCl + 10ml of H2O2 (30%) diluted in 1 L of distilled H2O). The “A” and “B” regions
indicate the sites of intergranular and transgranular attacks in the 2198‐T8 alloy, respectively [Color figure can be viewed at
wileyonlinelibrary.com]
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natural and artificial aging influence precipitation of the
T1 phase (Al2CuLi) in Al–Cu–Li alloys, this phase was
considered to be mainly responsible for localized corro-
sion in the artificially aged Al–Cu–Li alloys.[63] A recent
work[50] showed, by differencial scanning calorimetry
curves, that the tempers T8 and T851 have a higher
density of T1 phase when compared with the T3 temper.
This explains the similarities in the electrochemical be-
haviors of the T8 and T851 alloys, despite the differences
in the corrosion kinetics of these two tempers
(Figures 1–5). The main difference between the artifi-
cially aged (T8 and T851) and the naturally aged ones
(T3) is indicated in the figures of potential and pH var-
iation with time of the test. This occurs much faster in
the artificially aged ones as compared with the naturally
aged ones. These observations are seemingly related to
the release of Al and Li into the solution, due to the
corrosion attack of the T1 phase in large amounts in the
T8 and T851 tempers (Figures 2 and 3). The Al and Li
contents related to the start in pH increase are, respec-
tively, above 450 ppm and 5 ppm. According to Figures 2
and 3, these amounts need to be exceeded to a significant
pH increase. This observation applies to the 2198 alloys.
For the 2024‐T3 alloy, the increase in pH was related to
the contents of Al and Mg, corresponding to values above
450 and 7 ppm, respectively. On the basis of these results,
it might be proposed that whereas in the naturally aged
alloys, the selective corrosion is predominantly related to
the micrometric intermetallic phases and the corrosive
attack related to these phases, in the case of the 2024, it is
mainly associated with the S phase (Mg‐rich), anodic to
the matrix, and to the Al–Fe–Mn micrometric particles,
cathodic to the matrix, which lead to trenching. The
corrosion kinetics of the corrosion attack results in a slow
release of the elements responsible for pH change, that is,
Al, Li, and Mg. These observations are supported by the
results presented in Figure 5 that show weight loss with
time for the alloys and tempers tested.

It is worth noting that susceptibility to the types of
corrosion attacks varied for the alloy 2198 from temper to
temper. The naturally aged alloys, 2024‐T3 and 2198‐T3,
presented susceptibility to IGC, which is related to the fact
that the main nanometric phases, the S phase and T1
phase, respectively, in these alloys are located preferentially
at their grain boundaries. However, for the age‐hardened
tempers of the Al–Cu–Li alloy, 2198‐T8 and 2198‐T851,
transgranular corrosion predominated, even though sus-
ceptibility to IGC was also found for the T8 alloy. Both
tempers, T8 and T851, presented a high tendency to ex-
foliation. This observation leads to the conclusion that the
usual statement “all exfoliation corrosion is intergranular
but not all IGC lead to exfoliation” is not correct for all
aluminum materials. In fact, selective transgranular

corrosion attack leads to high susceptibility to exfoliation.
This is explained in the case of the alloys used in this study
by the fact that the T1 phase is predominantly precipitated
inside the grains. The 2024‐T3 alloy, however, did not show
susceptibility to exfoliation, despite the susceptibility to
IGC related to the phase S located at the grain boundaries.
The corrosion potentials of the T1 and S phases were de-
scribed by Buchheit et al.[64] The authors reported that in
6mol/L of NaCl, the potential of T1 phase is −0.2 V in-
ferior to that of the S phase. This explains the higher ki-
netics of electrochemical reactions for the artificially aged
alloys, with large amounts of T1 phase, compared with the
naturally aged ones. This also elucidates the slower varia-
tion of pH along with the test for the naturally aged alloys,
compared with the artificially aged ones (Figure 3). The
amount of H2 bubbles (Figure 1) and the content of ele-
ments dissolved in the EXCO solution (Figure 4) corrobo-
rate the results that showed higher corrosion susceptibility
for the artificially aged alloys.

The results of the present work also showed how
slight variation in the thermomechanical treatment,
as between T8 and T851, might lead to a change in the
corrosion mechanism, as it was observed during
EXCO test. Whereas for the 2198‐T851 alloy, the at-
tack that resulted in exfoliation was transgranular, for
the 2198‐T8 alloy, the main type of attack varied with
the depth of attack. Intergranular and transgranular
attacks were seen at the outer layers of the alloy,
whereas transgranular attack predominated higher
depths of corrosion (Figure 13). Exfoliation in the
2198‐T3 alloy (Figure 7) was related to the direction of
grain deformation. Similar results were observed for
the 2195 Al–Li alloy submitted to different levels of
deformation.[43] The transgranular attacks in the
2189‐T8 and 2198‐T851 alloys occurred due to selec-
tive dissolution of particular grains that were more
active due to their higher density of T1 phase, com-
pared with others. Consequently, galvanic coupling
occurred between grains with different amounts of T1
phase,[8,50,65] as observed in the EXCO and IGC tests
(Figures 9, 10, 13a,b, and 14).

The pH monitoring during immersion tests showed
the reason behind the relation of 2198‐T851 alloy with
high amounts of hydrogen bubbles (Figure 1). Hydrogen
evolution during the corrosion process of Al–Cu–Li alloys
has been reported in literature.[20,53,54,66] The H2 bubbles
represent the susceptibility to corrosion attack in the
highly aggressive solution of EXCO test. The bubbles also
exert pressure along the path of selective corrosion,
leading to separation of grains and consequently forma-
tion of holes. Indeed, higher susceptibility to exfoliation
was related to the alloys with larger amounts of H2

bubbles at the surface.
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The Cu enrichment was related to the regions of
strong corrosion attack in the T8 and T851 alloys, which
is explained by the selective dissolution of the most active
elements, specifically Li and Al. This enrichment might
accelerate corrosion propagation due to the formation of
microcells between the copper‐enriched sites and their
vicinity. This is indicated by the areas of copper enrich-
ment and their neighborhood, clearly observed for the
2198‐T851 alloy (Figure 15). A similar tendency was ob-
served for the alloys in the IGC standard test solution.
Larger depths of the attack were associated with T851
and T8 tempers, and mainly with T851 that was related to
the deepest corrosion penetration, corresponding to
around 11% of the original thickness. This is the reason
why intense investigation and testing of materials is a
standard procedure of aircraft industry before they re-
place an alloy in their production by a new one.

5 | CONCLUSIONS

1. All tested 2198 alloys presented susceptibility to ex-
foliation, but the degree of susceptibility was depen-
dent on the temper, with the T3 temper being related
to the lowest susceptibility and the T851 temper to the
highest. These results indicated the effect of T1 phase
on the susceptibility to this type of selective attack.

2. The 2024‐T3 alloy showed susceptibility to IGC but
not to exfoliation; consequently, this alloy is more
resistant to this type of corrosion than the 2198 alloy
with various tempers.

3. The main type of corrosion attack associated with the
age‐hardened 2198 alloys was transgranular attack.
For the 2198‐T8 alloy, two types of corrosion were
observed, intergranular near the surface and trans-
granular in areas deep into the plate.

4. The higher electrochemical activities in the EXCO
solution for the artificially aged alloys, compared with
the naturally aged ones, led to a large pH variation of
the test solution.

5. The highest depth of corrosion penetration was related
to the T851 temper, showing how variations in ther-
momechanical process affect the susceptibility of
Al–Cu–Li alloys to localized corrosion.
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