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ARTICLE INFO ABSTRACT

Handling editor: SN Monteiro Aluminium (Al) alloy sheets are usually stretched to manufacture aircraft structures with complex geometries.

The corrosion susceptibility of AA2198 Al alloy is examined as a function of the extent of pre-stretching, using a

Keywords: wide range of advanced microscopy, electrochemical techniques, and tensile mechanical testing. Intergranular
A. aluminium alloys corrosion attack manifested in sub-surface secondary cracking for the 1.5 % pre-stretching level. A mechanism of
B. SEM . R deformation-induced chemical heterogeneity is believed to be responsible for the resulting intergranular
C. exfoliation corrosion . . . . . . T e 1.

C. hardening corrosion, in which §-phase nucleation following pre-stretching allows for the removal of matrix Li within highly
C: fracture deformed grains, creating a micro-galvanic coupling between neighbouring grains. At pre-stretching levels of 4.0
C. hydrogen embrittlement % and higher, a transition to transgranular corrosion was observed, whilst the electron backscattered diffraction

results indicated that recovery occurs at these pre-stretching levels. At 7.5. % pre-stretching level, the charge
transfer resistance values were essentially increased due to the segregation of Li to sub-grain boundaries,
allowing for more matrix Li removal and, hence, to the more rapid transgranular attack. On the contrary, the
level of corrosion degradation of the tensile properties of AA2024-T3, although being more severe than that of

the AA2198 alloy, is not essentially influenced by varying the extent of pre-stretching.

1. Introduction

The increasing interest in environmental protection, and more pre-
cisely the rigorous requirements of fuel efficiency and greenhouse gas
emissions, have triggered the development of lightweight materials in
aerospace industry [1-3]. Employing third-generation Al-Cu-Li alloys is
an efficient and favoured approach to achieve weight targets, since Li
has the lowest density of all metals [4]. Among commercially available
third generation Al-Li alloys, the Aluminium Alloy (AA) 2198 is the
most advanced, being used as fuselage skin sheet material in the Airbus
A350 and as material of fuselage elements and the second stage fuel
tanks for the SpaceX Falcon 9 Spacecraft [5]. It was developed to replace
the conventional Al-Cu-Mg alloys (e.g., AA2024 and AA2524) in aircraft
structures, where damage tolerance is the critical design factor [6]. This
is due to improved mechanical properties [7] and corrosion resistance of
these alloys when compared to the conventional Al-Cu-Mg alloys
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[8-10]. According to articles by Moreto et al. 11,12, AA2198-T851
presented higher yield stress and ultimate tensile strength values than
AA2524-T3 and better long-term corrosion resistance, despite the more
negative corrosion potential due to the presence of Li. Significant dif-
ferences in the mechanisms of corrosion attack between Al-Cu-Li and
conventional Al-Cu-Mg alloys were reported by Milagre et al. [13] and
Araujo et al. [14]. Al-Cu-Li alloys were found to be susceptible to
intragranular [13], transgranular as well as exfoliation corrosion attack
with variations in the level of susceptibility between the different
thermomechanical tempers [14], highlighting the effect of
micro-constituent particles on the corrosion mechanism; the predomi-
nant corrosion mechanism of Al-Cu-Mg 2024-T3 alloy was intergran-
ular corrosion (IGC).

The enhanced mechanical performance and damage tolerance of
Al-Cu-Li alloys are ascribed to their complex precipitation hardening
system. This includes several intermetallic phases and dispersoids,
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where § (AlsLi), T; (AlyCuli), 6 (AloCu) and S (Al;CuMg) are the main
strengthening phases 15,16. Precipitation of such strengthening phases
and their interaction with dislocations may influence both the me-
chanical strength properties and corrosion resistance of 2xxx series Al
alloys. The T; precipitate is the major strengthening phase of these al-
loys because it can remain coherent with Al-matrix even after prolonged
ageing and subsequent coarsening while it is sheared only by single
dislocations at a specific region, thus hindering strain localisation [17].
Nevertheless, it acts as non-shearable obstacle in later stages of ageing
(over-ageing) and has to be bypassed by dislocations during deformation
[18-22]. These precipitates nucleate heterogeneously on dislocations,
sub-grain boundaries and grain boundaries [23-26]. Differences in the
electrochemical potential of these phases with either the Al-matrix or
other adjacent phases can trigger corrosion attack [26-29]. Signs of
intergranular/inter-subgrannular corrosion susceptibility were found in
Al-Cu-Li alloys due to preferential precipitation of Li-rich precipitates
such as T; and/or § on grain boundaries. The corrosion was found to
initiate within grains with high stored energy (dislocation content),
where high concentrations of (dislocation assisted) T; nucleation
occurred and extended along their periphery (grain boundaries) because
of chemical heterogeneity regarding surrounding (less deformed/lower
T1 volume fraction) boundaries. Thereafter, corrosion follows along
preferred paths, such as grain-boundaries and sub-grain boundaries 30,
31. Formation of such phases is highly dependent on the Cu/Li ratio,
minor solute element content as well as the thermomechanical condi-
tions and heat-treatments the alloy has been subjected to during
manufacturing 32,33. Commercial wrought Al alloys of 2xxx series were
found to have increased corrosion resistance when artificially aged at
certain tempers, such as T6 or T8 34,35. Additionally, severe localized
corrosion attack associated with micrometric precipitates [36] was
revealed at the slip bands of high energy grains, which were introduced
by the stretching process on AA2198-T851 alloy [37]. In particular, T8X
temper variations of 2198 aluminium alloy, i.e., solution heat treatment,
followed by cold working with X % strain hardening and a final artificial
ageing, combine high compressive strength and toughness, which ren-
ders them as good substitutes for conventional 2024-T3 and
2524-T3/351 alloys in fuselage/pressure cabin skins [38].
Additionally, since conventional metal fabrication techniques, i.e.,
forming and casting methods, powder metallurgy, welding, as well as
production processes of aircraft components, i.e., heat treatments and
refining are constantly advancing to reach higher productivity and
formability, alloys such as AA2198-T8X which offer more options for
heat-treatability (e.g, hot stamping) are also desired for achieving
simplifications in the production chain [39]. The conventional
manufacturing procedure for Al aerospace plate and/or sheets usually
includes a cold working operation following the solution heat treatment.
The aim of this step is to relieve residual stresses, developed during
quenching, by means of introducing between 2 and 5 % plastic defor-
mation, as well as providing a good distribution of dislocations to act as
precipitate nucleation sites [40]. Regarding Al-Cu-Li alloys, the defor-
mation process is crucial for T; phase precipitation, since it preferably
nucleates on dislocations formed during this step. It is generally
accepted, that pre-stretching in conjunction with artificial ageing in-
creases dislocation density within the Al-matrix [41-43], which act as
nucleation sites for the precipitation of the strengthening phases, thus
leading to improved mechanical performance [44-46]. Pre-stretching of
Al-Cu-Li alloy 2195 at high strain levels (close to plastic instability, 15
%) revealed a continuous refinement (decrease in diameter and nar-
rowing of size distribution) of the T} precipitates, along with an increase
in their number and density. This was attributed to an increase in
dislocation density, as well as a more uniform distribution of the dislo-
cations with increasing stretching level and resulted in significant in-
creases of the T8 yield strength. However, the contribution of T
precipitates to the improvement of the mechanical strength properties
was reduced with increasing pre-stretching levels, with the increase in
mechanical strength at high levels of pre-stretching attributed to the
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high level of strain hardening retained in the material following artificial
ageing [47].

For the AA2099 Al-Cu-Li alloy, similar findings were detailed by
Huang et al. [48], demonstrating that the dislocation distribution within
the deformed AA2099 microstructure is significantly dependent on the
orientation of the grains. Some grains were shown to have experienced
localized plastic deformation, which in turn favoured the nucleation of
the highly electrochemically active T; precipitates, leading to their se-
lective localized corrosion. They further proved the preferential nucle-
ation of Ty precipitates on slip bands. The same research group
published similar work [49], investigating why only certain grains
showed preferential corrosion attack. It was found that grains with high
stored energy containing more crystallographic defects, displayed
reduced corrosion resistance, partly due to the preferential precipitation
of the T; phase on the dislocations. Through electron backscattered
diffraction (EBSD), they found that localised corrosion was confined to
parent grains with subgrains present in the form of low angle grain
boundaries. Furthermore, they found that corrosion was more prevalent
along grain boundaries as opposed to grain interiors. Grains with higher
stored energy were selectively attacked. Similar behaviour has also been
noticed for AA2024 [50] where intergranular corrosion was found to be
mainly ascribed to the joint effect of grain boundary composition and
stored energy distribution. According to Zang et al. [51], intergranular
corrosion tends to occur in the periphery of grains with relatively high
stored energy (dislocation density) due to the galvanic coupling between
the Cu-rich grains and the grain boundaries. Cu tends to segregate at
dislocations, which leads to high amount of Cu inside the grains with
high stored energy and, thus, intergranular attack is not confined to the
grain boundaries, but tends to propagate further into the neighbouring
grains with increased dislocation density.

Regarding the AA2198 alloy, higher degrees of pre-stretching
induced fatigue life and damage tolerance improvement, as achieved
for 3 % pre-stretching level and ageing for 15 h at 155 °C [52]. Recent
studies concerning pre-stretching and corrosion of Al alloys [53],
showed that pre-stretching impedes the formation of grain boundary
precipitates and precipitate free zones (PFZs) along the grain bound-
aries. This is a result of dislocation-assisted nucleation of precipitates
within the grains and intergranular corrosion (IGC) attack is therefore
significantly reduced.

In the present work, the effect of pre-stretching on the corrosion
behaviour of AA2198-T8 is investigated. Simulation of the effect of
additional axial pre-stretching, after sheet production, applied during
the assembly processes of aircraft parts, is attempted. The corrosion-
induced degradation of the alloy’s mechanical properties after pre-
stretching to various levels is examined, and a quantitative estimation
of ductility decrease is established. A comparison with respect to the
mechanical property degradation was set against the conventional
AA2024-T3, which is widely used in the aeronautical industry, to
investigate the superiority of AA2198 regarding corrosion resistance.
The results are interpreted by referring to dislocation-precipitate
interactions.

2. Materials and experimental set up
2.1. Materials

Commercial wrought aluminium alloys (AA) 2198-T8 and 2024-T3
were used in the present study. They were received in sheet form of
3.2 mm nominal thickness from Constellium. According to the sheet
manufacturer, the chemical composition of AA2198 is a combination of
the following elements as percentage by weight; 2.9-3.5 % Cu, 0.8-1.1
% Li, <0.35 % Zn, <0.5 % Mn, 0.25-0.8 % Mg, 0.04-0.18 % Zr, <0.08 %
Si, 0.1-0.5 % Ag, <0.01 % Fe and Al remaining. The respective
composition of AA2024 is a combination of the following elements as
percentage by weight; 4.35 % Cu, 1.50 % Mg, 0.64 % Mn, 0.50 % Si, 0.50
% Fe, 0.25 % Zn, 0.15 % Ti, 0.10 % Cr, 92.01 % Al. The T3 condition
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refers to a solution heat-treatment performed at between 488 and
499 °C, which is followed by a water quench (max 43 °C) before cold-
working and natural aging at ambient temperatures (25 °C) to a sub-
stantially stable condition [54]. The T8 temper corresponds to
under-ageing condition for AA2198, since it does not possess the highest
tensile strength properties during artificial ageing (peak-ageing condi-
tion) and had an appropriate artificial ageing heat-treatment from the
T3 temper, as was also shown in a previous publication by Char-
alampidou et al. [55]. Sheet type tensile specimens (in accordance with
the ASTM E8 [56] standard) and small rectangular coupons were
machined from the longitudinal (L) rolling direction. The geometrical
dimensions of the tensile specimens were 12.5 x 3.2 mm at the reduced
cross section with total length of 155 mm, shown in Fig. 1(a). The
rectangular coupons had dimensions 10 x 20 x 3.2 mm.

2.2. Experimental procedure

2.2.1. Pre-stretching procedure

Fig. 1(b) depicts schematically the flow chart of the experimental
procedure while Table 1 presents the code names and abbreviations used
throughout the manuscript for the different experimental cases. As a first
step, specimens of AA2198-T8 and AA2024-T3 were machined from the
sheets according to the ASTM E8 standard [56]. Tensile coupons were
subsequently axially pre-stretched in a 100 kN Instron 8801
servo-hydraulic test system to specific levels of total strain (elongation to
fracture, At) and then performed unloading to zero load. Tensile tests
were carried out according to the ASTM E8 standard [56] and the strain
rate was kept constant at 0.833 sec!. The applied axial strain was
measured using an external extensometer attached to specimen’s surface
at the reduced cross-section gauge length.

The pre-stretching simulation step was programmed to bring the
tensile specimens to specific fractions of the uniform elongation (Ag).
Three different pre-stretching levels were selected for the present
investigation, corresponding to low, medium, and high plastic defor-
mation level for mechanical processing of aeronautical aluminium al-
loys. However, due to the difference in the plastic response of the two
alloys considered, the selected pre-stretching levels were different for
each alloy as the elongation at fracture A¢ is approximately 12 % for
AA2198-T8 and 19 % for AA2024-T3. Consequently, Ag is 9 % and 15 %
respectively, as shown in Fig. 2. The selected pre-stretching levels were
selected at 1.5 %, 4.0 % and 7.5 % for AA2198-T8 and 2.0 %, 5.0 % and
10 % for AA2024-T3 (see Figs. 2 and 3). Finally, the pre-stretched
specimens were directly analysed through microscopic techniques and
afterwards tensile tested to fracture, while the rest of the specimens were
corrosion exposed and subsequently analysed through microscopic
techniques and tensile testing to investigate the effect of pre-stretching
on corrosion initiation and propagation mechanisms.
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Table 1
Code names for the different experimental cases and materials used in the
manuscript.

Code name Material Treatment Post-treatment
2198-T8 AA2198- no pre- no post treatment
T8 stretching
2198-T8-2h_EXCO AA2198- no pre- Exfoliation corrosion
T8 stretching (EXCO) for 2 h
2198-T8-1.5 %ps AA2198- 1.5 % pre- no post treatment
T8 stretching
2198-T8-1.5 %ps- AA2198- 1.5 % pre- Exfoliation corrosion
2h_EXCO T8 stretching (EXCO) for 2 h
2198-T8-4.0 %ps AA2198- 4.0 % pre- no post treatment
T8 stretching
2198-T8-4.0 Y%ps- AA2198- 4.0 % pre- Exfoliation corrosion
2h_EXCO T8 stretching (EXCO) for 2 h
2198-T8-7.5 %ps AA2198- 7.5 % pre- no post treatment
T8 stretching
2198-T8-7.5 %ps- AA2198- 7.5 % pre- Exfoliation corrosion
2h_EXCO T8 stretching (EXCO) for 2 h
2024-T3 AA2024- no pre- no post treatment
T3 stretching
2024-T3-2h_EXCO AA2024- no pre- Exfoliation corrosion
T3 stretching (EXCO) for2h
2024-T3-2.0 %ps AA2024- 2.0 % pre- no post treatment
T3 stretching
2024-T3-2.0 %ps- AA2024- 2.0 % pre- Exfoliation corrosion
2h_EXCO T3 stretching (EXCO) for 2 h
2024-T3-5.0 %ps AA2024- 5.0 % pre- no post treatment
T3 stretching
2024-T3-5.0 %ps- AA2024- 5.0 % pre- Exfoliation corrosion
2h_EXCO T3 stretching (EXCO) for 2 h
2024-T3-10.0 %ps AA2024- 10.0 % pre- no post treatment
T3 stretching
2024-T3-10.0 %ps- AA2024- 10.0 % pre- Exfoliation corrosion
2h_EXCO T3 stretching (EXCO) for 2 h

2.2.2. Corrosion exposure

Prior to corrosion exposure, the side-surfaces: (i) thickness direction
(TD); (ii) rolling direction (RD); and (iii) normal direction (ND), ac-
cording to Fig. 1 of tensile coupons and the exposed surfaces (large
surfaces parallel to rolling direction, RD-TD schematic in Fig. 1, of small
rectangular coupons were ground up to 1200 grit with SiC paper, rinsed
with deionized water and acetone, and finally dried at room tempera-
ture (RT) according to ASTM E8 [56] and ASTM G1 standards [57].
Grinding and cleaning are necessary processes in order to avoid het-
erogeneity on the materials surface and to remove any impurities, which
accelerate corrosion in the micro- or macroscopic surface irregularities
(claws).

For the case of tensile specimens, further preparation was required
prior to their immersion to the relevant exposure environment. The
preparation included shielding of specimens’ surfaces so that only

Machining of AA2198-T8 & AA2024-T3 tensile
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Fig. 1. (a) Schematic representation of tensile specimens according to ASTM E8 specification [56]. Grey area represents the exposed surface to corrosion attack.
Orientations used during XRD studies are included and (b) experimental procedure flow diagram of the present investigation.
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Fig. 2. Calculation of the three work hardening stages in AA2198-T8 (black
hollow rectangulars) and AA2024-T3 (blue hollow circles) tensile specimens.

specific areas of interest (reduced cross-section) were exposed. Masking
with appropriate insulating polyvinyl chloride PVC tape (with excellent
adherence) was performed to avoid crevice corrosion beneath the
masking tape. The exposed area was within the reduced cross-section to
ensure fracture within gauge length, as indicated with grey colour in
Fig. 1. The laboratory exfoliation corrosion environment (hereafter
referred to as EXCO solution) was selected for this case, prepared ac-
cording to the ASTM G34 standard [58]. EXCO solution consisted of the
following chemicals diluted in 1 1 distilled water: (a) sodium chloride
(4.0 M NaCl), (b) potassium nitrate (0.5 M KNO3) and (c) nitric acid (0.1
M HNO3). Solution volume was calculated per exposure area of speci-
mens and was 20 ml/cm? for all specimens, while solution temperature
was 25 + 1 °C. The specimens were then placed into containers and
allowed to be exposed for 2 h to the corrosive solution. This solution was
selected for time savings since it is an aggressive solution, which better
simulates the exfoliation corrosion of aeronautical 2xxx and 7xxx series
Al alloys [58]. It has been found that 24 h exposure of AA2024-T4 to
EXCO solution corresponds to approximately 6 years of natural exposure
of the same structural element regarding mass loss [59]. This short
exposure time period (2 h) was chosen according to the findings of
previous studies of the authors [60] where no significant surface dete-
rioration and pitting attack was noticed, while for higher exposure times
surface corrosion products were formed, which led to significant
degradation of surface condition and mechanical properties 61,62. After
corrosion exposure, the tensile specimens were immediately cleaned
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with acetone according to ASTM G34 standard [58] and then subjected
to tensile mechanical testing at RT. At least three (3) specimens in each
test series were used for the reproducibility of the results.

Additionally, electrochemical measurements were performed on
reference (non-pre-corroded) specimens for the investigation of corro-
sion mechanism. Electrochemical impedance spectroscopy (EIS) as well
as linear sweep voltammetry (LSV) tests were performed in a typical
three electrode cell system composed of a Pt mesh as counter electrode, a
saturated Ag/AgCl electrode used as reference electrode and a polished
small rectangular specimen of the investigated AA2198-T8 Al alloy as
working electrode which are the common minimum requirements for
electrochemical tests [63]. The exposed area of specimens was 0.5 cm?
since 0.5-1 cm? are the common test areas [63]. A PalmSens4® poten-
tiostat was used for all measurements. The EIS measurements were
selected since this method provides analysable information at each
frequency while it allows for the determination of real surface areas in
situ. The electrolyte was 3.5 % wt. NaCl (aq.), naturally aerated at RT =
25 + 1 °C. This solution was selected since the in-service obtained
corrosion damage correlates well to that caused by this solution [64].
Initially, the open circuit potential (OCP) was measured by recording
values with 1 s interval for 30 min where stability was achieved. The
OCP selected for the EIS measurements was - 0.6 V, which is the value
where it was stabilized. EIS measurements were performed in a fre-
quency scan range from 10° Hz down to 0.01 Hz, 10 mV (rms) voltage
perturbation range and 10 points per decade acquisition rate. The
measurements were repeated at fixed intervals of 0 (after 5 min im-
mersion), 1, 3, 6, 12, 24, and 48 h of immersion time with rest periods at
OCP between the measurements, in an increasing equilibration time. In
parallel, LSV measurements were performed on a second, identical
sample. LSV tests started after the OCP measurement in the range from
—0.5 V vs. OCP to +1.5 V vs. OCP with a voltage scan rate of 0.2 mV/s.
The obtained data were fitted employing PStrace5® analysis software.
Each test was performed at least three times to evaluate the reproduc-
ibility of the results.

2.2.3. Mechanical tests

Tensile tests were carried out at RT using a 100 kN servo hydraulic
Instron 8801 test system. Tests were performed in accordance with the
ASTM ES8 standard [56] and with a constant crosshead displacement rate
of 0.7 mm/min. An external Instron extensometer with 50 mm + 10 mm
maximum travel was attached at the reduced cross-section gauge length
of the specimens. A data logger was used during all tensile tests and the
values of mechanical load, displacement and axial strain were recorded
and stored in a computer. More than three (3) specimens were tested in
each different case to get reliable average data. The raw data from each
test were then analysed using a specially programmed Excel spreadsheet
and edited with the aid of Microcal Origin© 8.5 software.
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Fig. 3. Typical axial nominal stress — strain curves showing the pre-stretching process through loading — unloading steps to different investigated strain levels for (a)

AA2198-T8 and (b) AA2024-T3.

7256


astm:G34
astm:G34
astm:E8

C.M. Charalampidou et al.

2.2.4. Electron backscatter diffraction analysis

EBSD was used to analyse the effect of pre-stretching on deformed
structures. Examined samples were first cold mounted and ground to 3
mm in thickness. Following grinding to a 1200 grit, samples were me-
chanically polished with a 3 pm solution and finished with a colloidal
silica solution. Following mechanical polishing, samples were electro
polished with A2® solution. EBSD acquisition was performed at a
working distance of 20 mm, at an accelerating voltage of 20 kV and tilt
of 70° on a JEOL IT300LV SEM equipped with an Oxford Nordlys Nano
EBSD detector. Step sizes were typically around 0.4 pm unless specified
otherwise. Post-processing was conducted on Channel 5 HKL software.
Analyses were conducted on the RD-ND plane as depicted in Fig. 1.
Analyses were completed close to the edge of the ND plane as corrosion
is seen to be a phenomenon originating at the surface of the sheet
material.

EBSD data were used to produce texture maps, local misorientation
maps, misorientation angle distribution data and orientation distribu-
tion functions. For Al alloys with face-centered cubic (FCC) structures,
the orientations of specific interest, are shown in Table 2. Preferred
orientations essentially have their resultant effects on the macroscale
properties of material, such as strength properties and ductility. For
instance, at low deformation, a-fibre texture, with {011}//ND prevail in
FCC metals such as Al alloys. This varies from Goss texture with {011}
100) to Brass texture with {011}(211). Under higher deformation
schedules, g-fibre texture prevails which varies from Copper {112}(111)
through S {123}(634) to Brass orientations {011}(211) 65-67.

Furthermore, local misorientation mapping (LMM), and orientation
distribution function (ODF) were also basic constituents of the EBSD
analysis. LMM displays minute orientation changes within a material’s
structure to relate it to the deformation of structure. The process cal-
culates the misorientation of a pixel relative to surrounding pixels and
states the average misorientation of the pixel relative to its neighbours
[68]. ODFs are useful in identifying textures present in a sample ana-
lysed. These maps represent the frequency of specific orientations being
present [69].

2.2.5. Scanning electron and light optical microscopy

Specimens were sectioned from the as-received AA2198-T8 material
for microscopy. The samples were sectioned and cold mounted such that
the L-T plane could be investigated. Following grinding (1200 grit) and
polishing with a 1 pm solution, the samples were etched with Dix-Kel-
ler’s reagent (190 ml distilled water, 5 ml HNO3, 3 ml HCI and 2 ml HF)
for different exposure times. The samples were first analysed using an
Olympus BX51 M light optical microscope, followed by scanning elec-
tron microscopy (SEM) using a Zeiss 540 Ultra high resolution FEG-SEM
at an excitation voltage of 10 and 20 kV.

SEM analysis of the fracture surfaces and exposed surface of the
tensile specimens were performed after fracture, with the aim to eval-
uate the effect of pre-stretching on the corrosion and fracture behaviour
of the AA2198-T8 alloy, due to short-term EXCO exposure. The Zeiss 540
Ultra high resolution FEG-SEM was used at an excitation voltage of 20
kV for these investigations. Thereafter, a Future-tech FM-700 micro-
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hardness tester — with a micrometer controlled, moveable X-Y stage/
holder — was used in order to measure the secondary crack widths and
the distance of the cracks from the fracture surface.

3. Results
3.1. Microscopic analysis of pre-stretched specimens

Fig. 4(a) shows the microstructure of AA2198-T8 prior to corrosion
exposure. In general, the microstructure comprised of an elongated
grain structure that reflects the rolling direction. Near the external
surfaces, however, a tendency towards a more equiaxed structure is
observed as shown in Fig. 4(b). Such a change in microstructure may
result in differences in the corrosion resistance of the external and in-
ternal structure. An example of such changes was given by Araujo et al.
[701, in which the corrosion behaviour of different tempers of Al alloy
2198 was investigated. Although so-called severe localized corrosion
(SLC) was proposed to exist in both the pre-stretched T851 and T8
tempers, the propagation of corrosive attack was found to be different in
the two conditions. In the case of the cold worked T8 temper, Araujo et
al. [70] proposed that variations in the amount of deformation within
given grains would result in variations in the fraction of T; phase pre-
cipitation. Therefore, grains with higher degrees of deformation would
have higher densities of T; phase and are believed to be more reactive.
As such, these grains would act as the anode, whilst the surrounding
(less deformed) grains would act as the cathode, resulting in the selec-
tive dissolution of the highly deformed grains. Nevertheless, in the case
of the T851, selective dissolution of the slip-bands (anodic) is believed to
occur intra-granularly. This is due to creation of slip-bands inside grains
during pre-stretching, and the selective precipitation of the T; along
these bands [70].

Evidence of dissolution of the more reactive (highly deformed)
grains within T8 temper may also be seen after etching the sample with
Keller’s reagent, e.g., the optical micrographs in Fig. 4(a) and (b) as well
as the SEM micrograph in Fig. 4(c). That is, the corrosive attack due to
exposure of AA2198-T8 to the etchant appears to have selectively dis-
solved some of the grains (yellow arrowed in both figures), whilst other
grains appear to be less corroded. This is especially evident from a fuzzy
surface appearance in the under-etched sample shown in Fig. 4(c). It is
noted that this surface appearance is observed to a higher degree within
the dissolved grains. Considering the corrosion mechanisms described
by Araujo et al. [70], the speckled appearance is probably a result of
localized etchant-induced corrosion of the hardening precipitates (i.e., &
or Ti), in the vicinity of which corrosion (or corrosion products) is
observed. Micrometric constituent intermetallic particles (phases) were
also observed during SEM microscopy and energy dispersive spectros-
copy (EDS) mapping (the bright constituents in the SEM micrograph of
Fig. 4(c). These particles were found to comprise of Cu and/or Fe and are
represented in various sizes and morphologies. These observations are in
good correlation with the work by Araujo et al. [70]. In the presence of a
corrosive atmosphere, these particles will create micro-galvanic cou-
plings with the surrounding matrix acting as the anode. Ultimately, this

Table 2
Important orientations, properties and portrayal of colour used for aluminium as used in discussion at Fig. 5
[65], [66].
Designation Dominant Miller Characteristics Colour used
Indices in texture
{hkl}{uvw) ma
Goss {011}(100) B-fibre component. Results from Brass after breakdown of
Brass texture following deformation or recrystallisation
Copper {112}(111) B-fibre component. Formed after recrystallisation of Brass
Brass {011}(211) B-fibre component. Typically found in deformed materials
after thermomechanical processing
S {123}(634) Typically found in deformed materials
Cube {001}(100) Formed after recrystallisation of Brass




C.M. Charalampidou et al. Journal of Materials Research and Technology 35 (2025) 7253-7272

Fig. 4. Optical micrographs summarizing the grain morphologies of etched AA2198-T8 in cross-section; (a) at a location away from the outer exposed surface, (b) at
the exposed surface (etchant: Keller’s reagent, 30 s exposure) and (c) SEM micrograph, showing the selective dissolution of some grains after short term exposure to
Keller’s reagent.

.., - 120 Govs (), Cube 5), 6105 (1), Copper (), 5 () 315 boundares; Step=0 4y Groe0m 177 |

_2198-T8-7.5%ps

N - (00 ."; Loc Misorientation Sdegrees 3-15 boundaries; Step=0.4 em; GridS00x 163

Fig. 5. Textural maps (left micrographs, with corresponding colour legend, see also Table 2) and local misorientation intensity (varies between 0° represented by
blue colour to 2° represented by green colour) maps (right micrographs) of AA2198-T8 for the reference T8 temper as well as for the three different investigated pre-
stretching levels. Imaging along the RD-ND plane.
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will result in trenching around the particles, and localised corrosive
attack.

3.2. EBSD analysis of pre-stretched specimens

Following EBSD analysis, textural maps were produced and are
presented in Fig. 5 (left micrographs). They show a dominance of yellow
and green colours for various grains, which correspond to Brass-type and
S-type texture respectively (see Table 2). The elongated grains have
bands of Cube, Copper and Goss-type grains but are dominated by the
Brass and S textures. It is noted that the dominance of Brass- and S-type
textures is typical of highly deformed structures 65-67. Holroyd et al.
[71] also mentions that random equiaxed orientations favour inter-
granular corrosion whilst elongated structures favour exfoliation of
grains. Areas that are shaded in white on texture maps are generally
characterised as not aligning to a specific textural orientation.

Deformation maps in the form of local misorientations are shown in
Fig. 5 (right micrographs), where a blue colour represents no misori-
entation (0°) and green represents a misorientation of 2°. As the as-
received sample is already cold worked, the reference sample is found
to also have some misorientation distributed within the sample as shown
by the distribution of green colour in the sample. A close observation of
Fig. 5 (left and right) shows that the reference sample had deformation
concentrated in S oriented grains (on texture maps), whilst in the pre-
stretched samples, strain/deformation was more concentrated in the
Brass-type grains.

As the step sizes are consistent and the areas analysed are relatively

25 . 4
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large, the local misorientation maps in Fig. 5 (right micrographs) can be
compared effectively. It is found that for the 2198-T8-1.5 %ps sample,
the local misorientation map has misorientation scattered throughout
the map area, whilst for the other cases, 2198-T8, 2198-T8-4.0 %ps and
2198-T8-7.5 %ps, deformation is concentrated in smaller regions and
within specific grains. This observation is believed to be significant,
indicating that pre-stretching beyond 1.5 % could be linked to some
form of recovery in the samples, allowing for dislocations to re-organize
within the structure [72].

Misorientation angle distribution (MAD) data give an idea of
misorientation within a sample. These can be classified as correlated or
uncorrelated data. Uncorrelated data are taken for misorientations
relative to a random starting point, correlated data are taken for
misorientation between neighbouring points of data. As correlated data
give misorientation between adjacent points, it can be analogous for
grain boundary identification. It is seen from the correlated data in Fig. 6
(a) and (b), that the non-deformed sample (2198-T8) has a higher
amount of low angle grain boundaries (LAGBs), and substructure rela-
tive to that of the sample stretched at 7.5 % (2198-T8-7.5 %ps). The
intensity of the low angle misorientation in 1.5 % pre-stretched sample
shows that the entire structure has a high proportion of LAGBs mis-
orientations (shown in light green bar in the correlated MAD data). The
correlated misorientation distribution of the 4.0 % and 7.5 % pre-
stretched samples (Fig. 6(b)) shows an even distribution of mis-
orientations typical of recovery in the samples due to increased defor-
mation [72].

Fig. 6(c) shows the cumulative distribution of MAD of different grain
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Fig. 6. (a) Local misorientation distribution at the edge of the specimen with correlating intensity scale for local misorientation distribution, (b) correlated
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boundaries as a function of the pre-stretching level. These data were
taken from the correlated MAD data in Fig. 6(b). The figure shows a
transition to HAGBs structure with increasing the pre-stretching level
beyond 1.5 % to the 7.5 % pre-strained sample. This increase in the
amount of HAGBs is typically due to occurrences such as continuous
dynamic recovery and/or recrystallization 72,73. Previous research
[74] has shown that an increased proportion of HAGBs leads to an
increased corrosive susceptibility.

The orientation density function (ODF) analysis presented in Fig. 7
shows that the dominant texture present within the sample (mid-
thickness) is a Brass texture arrowed in red with the presence of an S
texture arrowed in white. This corresponds to the texture maps plotted
previously showing the dominance of yellow- and green-coloured grains
correlating to Brass and S texture, respectively. Work by Zhang et al.
[75] on an Al-Li alloy has shown that surface grains and orientations
could be equiaxed with Cube, Brass and Cu textures due to shearing from
processing during extrusion.

The general grain structure of the material is elongated, with the
typical orientation being consistent with Brass and S orientations.
Naturally, an increase in deformation resulted in an increase in
misorientation and dislocation density within samples. The presence of
Brass and S textures are typical of highly deformed structures. This is
also evident by the increased intensity of the S texture for the 7.5 % pre-
strained sample shown in Fig. 7.

3.3. Corrosion results of pre-stretched specimens

Electrochemical impedance spectroscopy (EIS) results for AA2198-
T8 in different pre-stretched levels are shown in Fig. 8 in the form of
Nyquist and Bode plots. Well-defined capacitive loops are noticed in all
investigated cases. One capacitive loop is noticed in high frequencies
regime, for all exposure times and all cases, which corresponds to the flat
surface oxide film while a Warburg element is noticed in low frequencies
regime. Nonetheless, distinct differences still exist. For the non-pre-
stretched samples, the impedance values (capacitive loop, semi-circle
arc) fluctuates with immersion time as presented in Fig. 8(a;), while
for those pre-stretched at 1.5 % ps level, see Fig. 8(b;), the impedance
values climb up to 12 h and then for higher exposure times are signifi-
cantly decreased. For higher pre-stretched levels (i.e., 4.0 % and 7.5 %)
the impedance values climb up to 6 h and then degrade; but this
degradation is lower than the one presented in non-pre-stretched sam-
ples. Nevertheless, the values for the non-pre-stretched samples are one
order of magnitude higher from those of pre-stretched. The phase angle
vs. frequency plots revealed one time constant at low frequencies (102
to 10~1) and one at medium frequencies (10° to 103), respectively. Time
constants distributing at medium frequencies are correlated to charge
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transfer procedures coupled with the double layer capacitance [70],
[76], while those at low frequencies, accompanied with a low slope of
the impedance modulus at low frequencies, are likely to be related to
diffusion-controlled corrosion processes. The results for 2198-T8 speci-
mens, e.g., Fig. 8(ag), which were taken from a previous paper of the
authors [61], revealed a general decreasing trend for the impedance
modulus |Z| with increasing immersion time to 3.5 wt % NaCl solution
and after 1 h of immersion; nevertheless, it was not significantly reduced
for the short exposure times and up to 3 h. A significant sudden drop of
the impedance modulus was noticed after 6 h, followed by a gradual
decrease for higher exposure times. However, the gradual decrease be-
tween exposure times was diminished at high exposure times and after
12 h due to the formation of stable pits and control of the corrosion
process by the diffusion-limited cathodic oxygen reduction. The
decrease of impedance modulus |Z| in the middle and low frequencies
regime was accompanied by a decline of the phase angle and shift of
relaxation process towards lower frequencies (i.e., from =~ 102 to 10Y).
This can be correlated to a loss of the capacitive behaviour on the
specimen’s surface when the system is highly kinetic and consequently
to a total decreased corrosion resistance.

Regarding the pre-stretched specimens, the EIS spectra showed that |
Z| was lowered when compared against the non-pre-stretched specimens
(AA2198-T8). However, the effect of corrosion exposure and immersion
increasing time was diminished, with the lowest differences between the
curves of different exposure times to be noticed for 2198-T8-1.5 %ps
specimens. Nonetheless, a shift of time constants towards lower fre-
quencies with increasing exposure time was noticed for all pre-stretched
levels, revealing a decreased corrosion resistance.

To gain a better insight into corrosion mechanisms, in order to define
the differences between the results of various pre-stretched levels of
AA2198-T8, EIS response is modelled using equivalent electrical cir-
cuits. The circuit fitting was performed on PSTrace® software, from
which several circuit models were chosen according to the electro-
chemical impedance spectroscopy response of each condition. The cir-
cuit model with the lowest Chi-Squared value and low error values of
each parameter involved was selected for further analysis. The chosen
model is shown in Fig. 9, and the fitting results are presented in Fig. 10,
showing the data fitting for the pre-stretched samples of AA2198-T8
after 1 h exposure to 3.5 % wt. NaCl solution. From the equivalent
electrical circuit model several useful parameters were calculated such
as R; element, which represents corrosive medium resistance, and the
pair Ry//Q, representing the resistance of electron flow through double
layer in parallel with capacitance of double layer, i.e., the charge held in
the double layer interface. A constant phase element (CPE) — that is
denoted with Q in the present work — was used instead of an ideal
capacitor to take into consideration the heterogeneity of the surface, as

2198-T8-1.5%ps
[

=00

§2=65° §2=90° Cube

i=-45° #2=65° §2-90° 2=45°

Brass

Copper

@=65°

Fig. 7. Orientation density function (ODF) maps showing the relevant sections for the sample edge, with legend of arrow colours highlighting specific textures

of interest.

7260



C.M. Charalampidou et al.

Journal of Materials Research and Technology 35 (2025) 7253-7272

1.0x10° t ;i t L -90 L . . . . . 10° i! . .
—=—5min
AA2198-T8 AA2198-T8 —~ -
. | LExposure to 3.5 wt % NaCl soluﬁuJ . ;: _ 807 Exposure 1035wt % NE , i -
8.0x10 &h + § 70| NaCl solution a 10 'Eﬁwmnq_
——12h £ =
‘qg . —a—24h _g;',’ -60 g : %
6.0x10° ——48h [ z 2
s o -50 2 10 ‘N\
<] k=) ]
N 4 % -404 E 2 \
¥ 4.0x10 Py $ 10 it
& -30 £ i,
) T 20 B
2.0x10* e T B g 10
10 = AA2198-T8
e o | | Exposure to 3.5 wt. % NaCl solution
0.0 L 2 et 0 1 "2 03 " 5 10 2 1 0 1 2 3 4 5
0.0 20x10*  4.0x10*  6.0x10°  8.0x10°  1.0x10° 10° 107 10 . 10 10H 10° 10" 10 10° 100 100 10" 10° 10° 10" 10
requen: Z
(al) z@*om) (az) quency (Hz) Frequency (Hz)
. : * * : " " . " " ' 5 " . ' I .
7x103-{ AA2198-T6-1.5% ps | -0 ; . 10 ———— ‘
Exposure to 3.5 wt, % NaCl solution| 80/ | AA2198-T8-1.5% ps - | S AA2198-T8-1.5% ps —%— 5min
6x10°4 Exposure to 3.5 wt. % NaCl solution : ;: € D to 3.5 wt. % NaCl solution - ;:
" T r ——
. ? hmln 0 -701 =6 [ 210 ‘ —=—6h |L
< o & [— + o Lo —m—12h . —m—12h
s i 5 -60 y }q‘%{’ — i % *~=2-.§§&, —m—2h
g 4o’ < 12h T -504 ; / —=—4sh || = —=—48h
& ——24h o 710
T a0 - <L 2 40 7 g
pre ? g -30] -8
2x10°4 e | r @ & 10%4 L
o S Ny, -204
3 s :“"“:l\-‘ "'/ i % % E’- M
1x10° Lo -104 st E Tetesessae]
° y ! 0 2 i 0 o1 3 4 5 10’ 2 1 0 1 2 3 4 5
0 1x10° 2x10° 3x10° 4x10° 5x10° 6x10° 7x10° 102 10" 10° 10" 10° 10° 10' 10 10° 100 100 10 10° 10° 10" 10
(b 1) Z@*em?) (bz) Frequency (Hz) Frequency (Hz)
Lot AA219I8 T84 0/:, . I 0 ; : ‘ : 10° : : “ : :
-18-4.0% ps ' J AA2198-T8-4.0% ps Py AA2198-T8-4.0% ps —=—5min
1.5¢10° Exposure to 3.5 wt. % NaCl solution -80+ Exposure to 3.5 wt. % NaCl solution Ng Exposure to 3.5 wt. % NaCl solution - ;:
+f:’nin 'g 2} .—6h | L
-« 11— 15} &) —=—12h
§ 12 o <) @ - —=—24h
E: : 12h g g “"’“‘\\.‘ —a—48h
= 9.0x10° | —— Y 8 10° N
A on = ) g 10
P g 5 N
6.0x10° ® & \\
/ - g 10 -
=
i (7}
3.0x10° f L o g
X' § N%!kq
00 ! 3 3 3 4 4 4 0 -1 : 0 j 1 - 2 3 : 4 5 101 -1 0 1 2 3 4 5
00  30x10° 6.0x10° 9.0x10° 1.2x10* 1.5x10° 1.8x10 10 10 10 10 10 10 10 10 10 10 10 10 10 10
* 2,
(cl) zZ (@*em?) (CZ) Frequency (Hz) Frequency (Hz)
5
1.4x10‘-<‘ AA2198-TB-7.5% ps ‘ -90 e 1 10 S S S
Exposure to 3.5 wt. % NaCl solution 80| AA2198-T8-7.5% ps || [—= Smin|[ JE“ AA2198-T8-7.5% ps —=— 5min|
1.2x10*4 L 5 Exposure to 3.5 wt. % NaCl solution - ;: B Exposure to 3.5 wt. % NaCl solution - ;:
—«— 5min 2 -70 — —m6h "G 10* . s 6h
¢ 10x10' 4 ——1h ) ikl —=—12h TR —=—12h
b o s A 3 2
Q 8ox10° 1 o o P ~r
& o 210
' o [ 4 : :
6.0x10° 4| ——
(/r/ [ o
0 c
© ©
4.0x10° — g '§ 1024 L
-~
2.0x10° F E S
o0 . . 20‘2 10" 10" 10" 10° 10° 10° 10° 10; 0 10" 10° 10' 10° 10° 10° 10°
0.0 2.0x10°4.0x10° 6.0x10° 8.0x10° 1.0x10* 1.2x10* 1.4x10*
(dl) z@*om) Frequency (Hz) Frequency (Hz)

(d2)

Fig. 8. Impedance spectra of AA2198-T8 exposed to 3.5 % wt. NaCl (aq.) for various times and for the samples (a) 2198-T8, (b) 2198-T8-1.5 %ps, (c) 2198-T8-4.0 %

ps and (d) 2198-T8-7.5 %ps.

already mentioned in literature [77]. Additionally, a Warburg W
impedance element was added to the model, to better correspond to the
response at low frequencies as they are being controlled by
diffusion-controlled processes. A Warburg element is a parameter used
to model the charge transfer between the electrode and redox species in
the corrosive medium as well as the depletion of the diffusion layer in
systems of semi-infinite diffusion. In contrast to the Warburg element
the Warburg open/short does not assume semi-infinite diffusion. The
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Warburg open (T) model, used in the present case, is representative of
systems with reflective boundaries of a diffusion layer and are applied
when a finite length diffusion layer is assumed.

The charge transfer (Rcy) resistance (Ry in the electrical circuit
model) was selected for further investigation, since it represents the
resistance of electron flow through double layer, thus the specimen’s
corrosion resistance. As can be seen from Fig. 9, the pre-stretching
process results in decreased charge transfer resistance. This



C.M. Charalampidou et al.

30 PR IS ST SR S [N ST SR TR T AT N S TN S N TR ST ST TN N S S T T |
AA2198-T8
1| Exposure to 3.5 wt. % NaCl solution
25 -
=]
1 no pre-stretching
20 - / -

7.5% ps

Charge transfer resistance R | (kOhm*cmz)

1.5% ps

—T T T T

10

Corrosion exposure time (hours)

Fig. 9. Charge transfer resistance (Rcr) derived from EIS data fitting vs.
corrosion exposure time for AA2198-T8 specimens pre-stretched at various
strain levels.

degradation is attributed to the higher amount of deformation, which
leads to increased dislocations and consequently increased volume
fraction of naturally-aging second-phase precipitates (such as § in this
alloy). The 2198-T8-1.5 % ps specimens exhibited the lowest charge
transfer resistance throughout immersion time range, while increasing
pre-stretching levels resulted in higher Rc¢r values, especially for the
short exposure times and up to 12 h. Hence, it seems that the recovered
surface with higher misorientation angle of grain boundaries (higher
angle grains) contributes to corrosion resistance and hinders corrosion
attack initiation. Nevertheless, specimens with higher pre-stretching
level seem to corrode at higher rates with increasing exposure time.
What is of major interest is the high degradation rate of Rct for non-pre-
stretched specimens represented by the black curve, with increasing
exposure time and beyond the peak resistance value. It seems that pre-
stretching at low levels enhances corrosion attack susceptibility, but
the corrosion propagates with lower rate in the LAGBs structures.

Fig. 10 shows the impedance plots (Nyquist and Bode) for each
different pre-stretching level, i.e., 1.5 %, 4.0 % and 7.5 % ps, after 1 h
corrosion exposure with the fitting curves of the chosen equivalent
electrical circuit model. Good fitting results are observed in Fig. 10,
which confirm that the selected equivalent electrical circuit model is the
one that better simulates the corrosion mechanism of AA2198-T8 under
different pre-stretching conditions.

The LSV experimental data are summarized in Fig. 11. The general
asymmetric shape of the plots is similar to the respective reported by
Prakashaiah et al. [78] for AA2024-T3. Nevertheless, more negative Ecor
values were recorded in the present case for AA2198-T8. The asym-
metrical branches (cathodic and anodic) of the curves are attributed to
localized corrosion [79], thus making it difficult to quantitatively
extract results. The absence of a distinct Tafel region in the cathodic
branch of the curves is due to diffusion limitations of dissolved oxygen
during reduction reactions as well as reduction of protons added to the
diffusion-limited current of oxygen reduction, which leads to a steep
increase of total current at more negative potentials. On the contrary, in
the anodic region it is the oxidation of the alloy’s elements, mostly
oxidation of Al to its trivalent ions (Al3+), which combine with 02 jons
produced by the O5 reduction reaction to form the passive oxide film. It
must be noted that since an intrinsic oxide layer is already present before
the LSV measurements, the anodic branch has no active and passive
regions as was also defined by Makuch [80], and the sharp increase of
the anodic current density immediately above the corrosion potential
Ecorr, Which is noticed for the non-pre-stretched samples in the present
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case, indicates an immediate pitting attack, confirming that the alloys
are already in their breakdown potential at E.q, in such an aggressive
electrolyte. When comparing the different pre-stretching levels of
AA2198-T8, it can be noticed that there are several differences. The
non-pre-stretched sample presented only one clearly defined peak at
Ecorr = —0.86V vs. Ag/AgClsat, while the three pre-stretched samples
revealed this same peak and one additional peak at approx. —0.78V vs.
Ag/AgClgy. For the first peak, the values of i.o,r were almost the same for
all four samples with slightly lower cathodic activity to be noticed for
the pre-stretched specimens, while for the second peak, respective cur-
rent values exhibited slight differences. This second Tafel peak is more
pronounced for lower pre-stretching degrees and the fact that it appears
at a more anodic potential in respect with E.o suggests that, despite
enhanced crack formation upon pre-stretching, simultaneously, a more
corrosion-resistant phase is formed at the grain-boundaries. This more
corrosion-resistant phase is possibly favourably formed inside cracks,
since cracks are only present in pre-stretched samples. As it is well
known, defect-richer areas, such as cracks, are more prone to corrosion
and therefore corrosion products, such as oxides and hydroxides, can
form in these areas in more significant amounts and locally passivate the
surface. As a result, the crack areas of pre-stretched samples act as a
different electrode with more anodic Eco, which manifests itself as a
second peak in Tafel plots. The values of the LSV measurements are
shown in detail in Table 3. This observation is in accordance with the
results of R¢r data. The higher reactivity of higher deformed specimens
is also in accordance with the results by Araujo et al. [70] and Jinlong et
al. [81]. Finally, no essential differences in E o, were noticed since it
seems to fluctuate for the different pre-stretching levels.

Overall, literature data on corrosion of 2024-T3 Al alloy in 3.5 wt %
NacCl solution, as reported by Prakashaiah et al. [78], are very similar to
the experimental EIS and LSV data of the present study regarding
2198-T8 alloy’s untreated and pre-stretched samples. Table 4 shows all
the parameters of the fitted electrical circuit model of the various
pre-stretching levels of AA2198 along with three (3) different corrosion
exposure times for comparison purposes. The initial increase of the
derived charge transfer resistance followed by its decline, reported by
Prakashaiah et al. [78], is in agreement with the EIS-derived R vs. time
diagrams of the present study, as presented in Fig. 9. It must be noted
that the approach in the present study differs from Prakashaiah et al.
[78] in that a different equivalent electrical circuit model is chosen
(insert in Fig. 9).

3.4. Effect of pre-stretching on corrosion-induced degradation

Fig. 12 presents the tensile flow curves (stress-strain) of AA2198-T8
for the specimens pre-stretched at various levels (Fig. 12(a)) as well as
the pre-stretched and subsequent corroded specimens (Fig. 12(b)). By
comparing the two figures, ie., Fig. 12(a) and (b), higher corrosion-
induced degradation of elongation to fracture was noticed for the non-
pre-stretched as well as for the low level pre-stretched specimens
(2198-T8-1.5 %ps) while differences in elongation to fracture are not
substantial for the high level of pre-stretching. Regarding the surfaces of
the EXCO-exposed specimens, several corrosion products were observed
on the fractured surface at locations near the exposed surface (refer to
Fig. 12(c)). Corrosion was found to extend to a depth of approximately
20 pm, where after a transition to the general fracture morphology is
observed. The corrosion, however, was not found to follow the entirety
of the external surface layer, as can be seen in the left figure of Fig. 12(c)
showing the opposite side of the gauge section to that of the right figure.
Less but not least, Fig. 12 demonstrates that both an increased yield
stress (represented by Ac() and extended Stage I work hardening (“easy-
glide) region are observed after the 1.5 % pre-stretching operation. The
combination of these two observations is an indication of a Liiders strain
mechanism, as observed in other Al alloys [82]. It seems that at low
pre-strain levels, the movement of newly generated dislocations are
hindered by some means, resulting in the increased yield stress. With
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Fig. 10. Plots of EIS spectra of AA2198-T8 pre-stretched specimens exposed to 3.5 % wt. NaCl (aq.) solution for one (1) hour with the fitting curves (red lines) of the
chosen equivalent electrical circuit model included for the samples of (a) 1.5 % ps, (b) 4.0 % ps and (c) 7.5 % ps level.

Table 3
Corrosion parameters derived from LSV measurements of AA2198 specimens
pre-stretched at various strain levels.

AA2198-T8
Different pre-stretching levels
Exposure to 3.5 wt% NaCl solution

'
N
1

Fig. 11. Tafel plots from LSV measurements in 3.5 % wt. NaCl (aq.) electrolyte
with 0.2 mV/s scan rate for AA2198-T8 specimens pre-stretched at various

strain

-1.2

levels.

i
41 10

i
-0.9

T
-0.8

Potential [V vs. Ag/AgCl sat. KCI]

o Pre- icorr (0A/cm?) Ecorr (V vs. Ag/AgCl  f. (mV/decade)
g 4 | stretching sat. KCI)
2 : level
=9 ; ) average error average error average error
‘; {non pre-stretching i value value value
@ 2 o 0.0 % 1.707 +0.22 —0.866 +0.045 124.235 +10.23
8 1.5% 0.665 +0.092 —0.879 +0.024 29.851 +9.56
€ 1 4.0 % 0.749 +0.13 —0.868 +0.061 65.236 +4.09
g 0 7.5% 1.155 +0.91 —0.869 +0.016 41.938 +9.77
3
o
o
|

increasing applied strain in Stage I, however, the dislocations are
released from the obstacles, resulting in flow at a low work hardening
rate. An explanation that accounts for both the increased yield stress and
the extended Stage I region is the nucleation of second phases on the
dislocations generated during the pre-straining.

The experimental results of the tensile properties derived from the
stress-strain curves are summarized in Fig. 13 as average values. The
mechanical properties selected for further investigation were yield stress
R, and elongation to fracture At (as shown in Fig. 3(a)), since these
mechanical properties are measures of the mechanical strength and
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tensile ductility characteristics of the material, respectively. More spe-
B! i N8 g8 .9 i cifically, in Fig. 13(a) the experimental results of yield stress (left y-axis)
= s |~ ) &) . . .
L8RS 8 853z ¢ R and elongation to fracture (right y-axis) of AA2198-T8 are presented as a
= = function of the pre-stretching level. The effect of corrosion exposure on
- - - - both mechanical properties tends to decrease with increasing pre-
=% X X X X . .
S8 § N § o 8 & § ) stretching level. Nevertheless, the effect is more pronounced for elon-
£8|Ssg S5 Sg Sg gation to fracture, where significant corrosion-induced degradation of
the property is evident for 2198-T8 and 2198-T8-1.5 %ps specimens
colds 25 28 28 while for 2198-T8-7.5 %ps it is almost eliminated. This behaviour can be
S - S S
—25g 3°e g IQ attributed to different types of corrosion attack and propagation
Sldg|(ag oL dag 94 . ] . o
5 -2 o RIS mechanism; crystallographic corrosion attack is likely to take place at
higher pre-stretched specimens rather than intergranular (IGC), which
NE 2 2% 8o 9g seems to be present on 2198-T8-1.5 %ps specimens due to the higher
; g 2% 45 & % &g number of low-angle grains and, consequently, higher density of grain
=8 § “ E N E 0 § s boundaries. For the 2198-T8-1.5 %ps case, for example, a high pro-
& portion of low-angle grain boundaries (LAGBs) is present, promoting
_ B B nucleation of T; and §° precipitates on the large surface area of these
Ng olw® w8 3 2 grain boundaries and formation of precipitate free zones (PFZs).
« O ~ 2 ~ . . sl . .
SE|la8 28§ s = Consequently, the intergranular corrosion susceptibility of this sample is
& fe 98 4 s high. With increasing pre-stretching, recovery takes place as was
revealed from the EBSD analysis (e.g., section 3.2), and the proportion of
eEles o8 o2 o s LAGB:s is reduced, making for reduced total grain boundary surface area
= 9 = [ ) HE ) N . 1e1s
=] 7 g s 8 2 s 2 = 3 E and lower intergranular corrosion susceptibility. Recovery leads to a
= more homogeneous distribution of dislocations in smaller regions and
_ _ _ _ inside specific grains, thus promoting intragranular corrosion with
232 3 g% g<& deceased corrosive degradation [53], [83].
TE|le8 58 *B K& . . . . .
£8|lsg S5 o3 Sg A comparison with AA2024-T3 is also included (refer to Fig. 13(b))
and it seems that the level of pre-stretching has no effect on corrosion
|ezs wo vz wo degradation mechanism in this alloy, since the difference in corroded
z g ‘g‘ § ; E ; E ; § > and non-corroded curves of the pre-stretched AA2024-T3 specimens
> s} d d 3 = N . . .
i o SI32 S 2o S remains relatively high and almost the same for all pre-stretching levels.
g
= . .
S ) 0 mem s ma 3.5. Fractographic analysis
O E~|S3 o £ S X S X
3 |28|de 43 a2 4%
g S5|¥I2 So Ius 3 9 In all the pre-stretching conditions considered, the macro-fracture
g ~ Z y & .8 . . . .
) ~ ~ © © ™ behaviour is observed to be a shear failure; with the fracture surfaces
E _ o o oriented at a 45° angle to the applied load. The high-resolution SEM-
5 Eolws B w3 o fractography in Fig. 14 summarizes the general fracture morphology,
3 N < ~ o~ [ ~ o~ . ..
K= ; = 28 of 28 XN which presents as a layered, lamella-type structure comprising of
—_ o 3 =} @
? = e g 4 g apparently featureless or smooth fracture. The apparently featureless
g fracture surface resembles that observed by Guo et al. [84], which was
% 5 o @ +~ 8 ascribed to intergranular delamination along the elongated
= E 2 S % S S grain-structure; the latter produced during the cold rolling operation.
; © § = g = q § 5 = The current work corroborates these results, with some of the fractog-
"é’ B ® = - & raphy (e.g, Fig. 14(by) and (b;)) revealing the underlying grain struc-
= ture. Guo et al. [84] also showed that — although the majority of the
§ =58 s o s © 5 3 g fracture surface comprised of a delaminated fracture morphology — the
B= = = (=)} — o (= . . .
S £5l33 32 32 3¢ layer or lamella edge comprised of a ductile (dimpled) fracture
8 = = = = morphology when viewed perpendicular to the thickness of the spec-
S, . . . .
Z © ~ b~ B~ . imen. However, in comparison, the current work revealed very little to
gl Ef|gs gy a3 &3 no evidence of a dimpled fracture morphology at the lamella edges.
Q s8|¥® X¢ T2 RI i i i i
29835 B =& S&= Although some isolated dimpled morphologies may be seen in the case
g of the 2198-T8 (0 %ps) EXCO exposed specimen, no such morphology is
o P
& _ - observable for the 2198-T8-7.5 %ps condition (EXCO exposed and un-
a - 9% 2% 9= .
g g 52 235 %% %% exposed). Moreover, the dimpled morphology observed for the 2198-T8
£ a5lg § ge &2 8 E (0 %ps) sample is apparently associated with the intergranular constit-
b} £ |dY 8 88 E¥ uent particles, as was revealed in the microscopy section, and this is in
E accordance with the literature [85].
“E’ NE R B b > A possible reason for the presence of the corrosion product on the
£ S8l€c €45 S5 g fracture surface becomes evident when considering the low magnifica-
a g BE|loX o X «+ X o X . . : . : :
* e e 3 i b tion SEM images in Fig. 15. After the tensile testing of the EXCO-exposed
= ~ 3] ~ 3 3] . . .
S specimens, extensive secondary cracking was observed throughout the
k= 2 . a  , a different pre-stretching conditions employed but being the most severe
o | o ) 0 & o0& o0& .
<+ ° & g g o g S g S for the 2198-T8-1.5 %ps-2h_EXCO sample, where intergranular sub-
% 2|8 E g — g < % ~ surface cracking was dominant. These results support the findings of
< . .
S the previous sections 3.2 to 3.4 where the pronounced EXCO
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Fig. 13. The effect of pre-stretching and subsequent corrosion on yield stress Ry, (left black Y-axis) and elongation to fracture Ay (right blue Y-axis) for (a) AA2198-T8

and (b) AA2024-T3.

degradation of the 2198-T8-1.5 %ps specimens were attributed to
localised and intergranular corrosion; the latter of which results in the
formation of corrosion-induced secondary cracking during subsequent
tensile straining. As previously mentioned, IGC is more aggressive than
crystallographic pitting [53], [83] and, therefore, these specimens
reveal a larger degradation of Ar. With an increase in the level of
pre-stretching (i.e., more evenly distributed dislocation density and
precipitation), a transition is observed towards intragranular corrosion,
which is less detrimental to the Ar.

In general, the secondary cracking was observed concentrated within
the necking area and along the specimen corners. Several secondary
cracks were noticed in all the pre-stretched specimens (Fig. 15);
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however, in some cases secondary cracking was more intense and se-
vere. SEM-EDS analysis revealed the presence of corrosion product
within and surrounding the secondary cracks (refer to Fig. 16); sup-
porting that they are likely a result of corrosion induced cracking (CIC).

In order to establish the degree of secondary cracking in the different
pre-stretched samples to correlate it with the tensile properties results, i.
e., At decreased percentage, the cracks were counted as a function of
distance from the fracture surface. Additionally, the widths of the cracks
were also measured as depicted in Fig. 17.

From the above analysis, the results were extracted as shown in
Fig. 17 plotting the secondary crack densities (crack width per interval
divided by cumulative crack width over section length) for the different
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Fig. 14. Summary of the general fracture surface morphology observed throughout the conditions considered, using (a) the 2198-T8-2h_EXCO sample, (b) the 2198-

T8-7.5 %ps-2h_EXCO sample and (c) the 2198-T8-7.5 %ps sample.

investigated pre-stretching levels of AA2198-T8 and correlate it with
total elongation to fracture At (Fig. 17(a)) as well as charge transfer
resistance Rcr (Fig. 17(b)). It is worth mentioning that the worst case of
secondary cracking was taken into consideration. It is noticed that 2198-
T8-1.5 %ps-2h_EXCO specimens revealed the highest secondary cracks
density followed by 2198-T8-4.0 %ps-2h_EXCO and 2198-T8-7.5 %ps-
2h_EXCO samples. Lower values for the crack densities indicates lower
penetration depth (more superficial cracks) whilst at the same time
incorporating the quantity of the cracks. The secondary cracks width
tendency with increasing pre-stretching level is in accordance with At
decrease percentage, whilst Rcr was found to be conversely analogous.
Fig. 17(c) presents the SEM micrograph of 2198-T8-4 %ps-2h_EXCO
specimen in order to illustrate the method used for the calculation of
secondary crack widths.

Furthermore, the chart of Fig. 18 comparing the overall crack width
densities as a function of distance from the fractured surface also shows
that the sample 2198-T8-1.5 %ps-2h_EXCO stands out with most cracks
on its surface, even at locations away from the fractured surface. This
was not the case for 2198-T8-7.5 %ps-2h_EXCO specimens, in which
several secondary cracks with high width were mostly observed near the
fracture surface but little to no cracks further away. More and wider
cracks in the intrinsic protective oxide layer provide more and easier
channels for the 3.5 wt % NaCl solution to reach the alloy’s surface and,
therefore, result in corrosion intensification. These results are in
accordance with the respective of total elongation At percentage
decrease as well as with the respective of electrochemical
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measurements, where the sample with the lowest R¢r vs. corrosion
exposure time curve, and the most negative Eq potential, i.e., most
susceptible to corrosion attack, was found to be the 2198-T8-1.5 %ps.

4. Discussion

In order to explain the difference of the corrosion behaviour between
the different pre-stretching levels of AA2198-T8, the results of micro-
scopic and macroscopic analyses as well as mechanical testing were
further examined and analysed.

The lower charge transfer resistance values of the 2198-T8-1.5 %ps
specimens revealed by the EIS results (section 3.3) are reflected in the
results of total elongation to fracture, presented in Fig. 19. In this figure,
the At percentage decrease is plotted against the normalized pre-
stretching level, that was defined as the level of pre-stretching as a
fraction of the total elongation to fracture At. As can be seen from the
figure and for the AA2198-T8 alloy, the 2198-T8-1.5 %ps specimens
exhibited the highest degradation percentage of At due to corrosion, i.e.,
approximately 14 %, followed by 2198-T8-4 %ps. Corrosion-induced
degradation reduced to approximately 8 % (almost half of the respec-
tive percentage in 2198-T8-1.5 %ps) after 7.5 %ps level, reaching to
lower decrease percentage even from the AA2198-T8 specimens.

In total, it is observed that the pre-stretching process deteriorates the
material’s corrosion behaviour for the first stages of stretching, ie.,
2198-T8-1.5 %ps in the present case, while a reduction of the degra-
dation effect is noticed with increasing pre-stretching level due to
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Fig. 15. SEM fractographs showing the effect of pre-stretching and EXCO exposure on the surface damage behaviour of AA2198, by comparing the unexposed
specimens (noted as subscript 1) to the exposed specimens (noted as subscript 2); (a) AA2198-T8, (b) AA2198-T8-1.5 %ps, (c) AA2198-T8-4.0 %ps and (d) AA2198-
T8-7.5 %ps.
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Fig. 16. (a) SEM image of secondary cracking and SEM-EDS analysis (of the area depicted by A,) of the corrosion induced cracks observed near the specimen corner
of 2198-T8-4.0 %ps-2h_EXCO specimen, following tensile fracture and indicating the presence of a highly oxidized product within the cracks (the blue arrows

indicate the loading direction).
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Fig. 17. Correlation of total elongation to fracture (a) and charge transfer resistance (b) with secondary cracking (right Y-axis) for the different pre-stretching levels

of AA2198-T8 and (c) measuring details of cracking length.

recovery of the grain structure, with more HAGBs, at higher levels of
pre-strain. Nonetheless, despite the reduced corrosion resistance
degradation observed with increasing pre-stretching level, the corrosion
was found to propagate easier and in higher rates for higher pre-
stretching levels (ie., icorr values and slope of Rey vs. time curves).
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This phenomenon is attributed to the different corrosion attack mech-
anism for the different pre-stretching levels; for instance, the 2198-T8-
1.5 %ps samples were found to exhibit intergranular corrosion attack
with severe secondary cracking on the fractured surface. As can be
noticed from the trend in Fig. 17(a), the secondary cracking seems to
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Fig. 19. Corrosion-induced degradation percentage of elongation to fracture At
for the various pre-stretching levels of AA2198-T8 and AA2024-T3.

highly contribute to the At degradation as well as R¢r. Secondary
cracking forms due to grain boundary embrittlement and segregation, as
was also mentioned in [83], [86], and this is the reason why specimens
pre-stretched at 1.5 % level exhibited the highest corrosion-induced
degradation of elongation to fracture. Ma et al. [31] and Huang et al.
[48] conducting similar work on other Al-Cu-Li alloys, found similar
results, where high density of deformation or stored energy in grains
were associated with high levels of corrosion. In the present work it was
shown that highly deformed grains present in the 1.5 % pre-stretched
sample, Figs. 5 and 6(c), have high thermodynamic activity, thus lead-
ing to the IGC and increased secondary cracking observed in Fig. 17(a).
There is a direct correlation in terms of the charge transfer resistance,
grain stored energy from pre-stretching and the decrease in total elon-
gation following corrosion exposure.

The difference observed in the mechanism of attack is believed to be
linked to deformation-induced chemical heterogeneity. The T8 temper
designation refers to the artificially under-aged condition of the alloy.
According to the literature [87] the elevated temperature treatment
(artificial ageing) allows for the nucleation and growth of the T;
(Al,CuLi) phase in this alloy, with the nucleation promoted/assisted by
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dislocations (i.e., favoured by cold work). However, due to the alloy
being in the under-aged condition in the present study, slight matrix
supersaturation may still be present with regards to the principal
alloying elements. Nonetheless, since the pre-stretching was performed
at ambient temperatures and sometime before the tensile test, nucle-
ation of the T; phase is not possible since this phase requires elevated
temperatures to nucleate. According to the work by Zhang et al. [87],
the §-phase may nucleate at ambient temperatures during natural
ageing, with the nucleation also promoted/assisted by dislocations
(similar to the findings by Cassada et al. [88]). As was already discussed
in section 3.4 (Fig. 12) regarding the increased yield stress and the
extended “easy-glide” region which was observed at low strain levels (i.
e., 1.5 %), dislocation pinning via dislocation-assisted &-phase nucle-
ation is probable, with the under-aged material condition providing the
driving force (supersaturated matrix) for the nucleation, whilst the
presence of dislocations facilitate the nucleation of the phase.

Furthermore, heterogeneous deformation of neighbouring grains
was revealed by EBSD analysis (section 3.2). Therefore, during the pre-
stretching operation, certain grains would have a more favourable
orientation to the deformation axis and, consequently, will deform with
relatively higher ease. This, in turn, implies that higher dislocation
densities will be associated with these more-favourably orientated
grains and, as such, a higher degree of dislocation-assisted §-phase
nucleation may be expected within these grains. Evidence for this may
also be seen in Fig. 5. Although more uniformly distributed than the
other pre-stretching conditions, the deformation observed within the
purely pre-stretched AA2198-T8-1.5 %ps material condition varies from
grain to grain.

Combining the above-mentioned considerations and observations, it
is proposed that the resulting heterogeneous deformation within
neighbouring grains may allow for variations in the volume fraction of
&-phase nucleation between them. Therefore, chemical heterogeneity is
induced between these grains, resulting from unequal removal of Li in
solid solution. The resulting micro-galvanic coupling allows for corro-
sion attack that follows along the periphery of the more anodic grain (in
accordance with the work by Zhang et al. [51]), translating into IGC
attack. The proposed method may also explain the increased suscepti-
bility to attack (lower Rc¢r) for the 1.5 % pre-stretched condition,
accompanied by a reduced corrosion rate (lower icor). That is, although
corrosion may initiate at numerous sites (due increased volume fraction
of grain boundaries and consequently §-phase nucleation), the attack is
localised along the grain boundaries of the material (reduced icorr). This
is shown schematically in Fig. 20(a).

At pre-stretching levels of 4 % and higher, the EBSD results indicated
that recovery is favoured. From Fig. 5, it can be observed that sub-grain
boundaries (SGBs) have started to form after 4 % pre-stretching level,
with the SGBs becoming more defined after 7.5 % pre-stretching level.
According to the misorientation maps (Fig. 5), certain grains will have
high densities of these sub-grain boundaries, whilst other grains are
seemingly unaffected, revealing that deformation is concentrated to
specific grains in these stretching levels. According to the proposed
mechanism for the 2198-T8-1.5 %ps specimens, §-phase nucleation is
expected to be higher within the more deformed grains. Therefore, more
Li is removed from the matrix of the more deformed grains, where the
sub-grain boundaries may also serve as the preferred sites for §-phase
nucleation and, as such, a transition is seen towards crystallographic/
transgranular attack. According to this proposed mechanism, the sites
available for the initiation of corrosion is reduced, increasing Rct.
However, due to a larger difference in the deformation (and §-phase
nucleation) observed in neighbouring grains, the rate of attack (icorr) is
increased (larger potential difference). With the preferred nucleation of
the §-phase within SGBs, corrosion may rather be initiated by dissolu-
tion of the anodic § phase — formed within the SGBs — followed by
crystallographic pitting attack of the more anodic matrix (refer to Fig. 20
(b)). Nevertheless, a mixed-mode corrosion attack moving towards
transgranular corrosion mechanism was found to dominate in higher
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Sub-grain boundary formation (Li removal from matrix)

(b)

Fig. 20. Schematic diagrams illustrating the corrosion mechanism for (a)
AA2198-T8-1.5 %ps-2h_EXCO and (b) the higher prestretching levels (AA2198-
T8-4 %ps-2h_EXCO and AA2198-T8-7.ps-2h_EXCO).

pre-stretched samples due to recovery and the formation of sub-grain
boundaries, due to a reduced dependency of the corrosion mechanism
on the presence of LAGBs.

5. Summary and conclusions

In the present work, the effect of the magnitude of the pre-stretching
process on the corrosion attack mechanism of AA2198-T8 specimens is
assessed. The findings of the work can be summarized as follows.

1) Pre-stretching at low levels was found to be detrimental for corrosion
initiation and corrosion-induced degradation of tensile mechanical
properties, and especially for elongation to fracture (ductility).
Approximately 14 % decrease of At due to corrosion exposure was
observed for the AA2198-T8-1.5 %ps specimens, while the respective
decrease for AA2198-T8-7.5 %ps specimens was diminished to 8 %.
Additionally, the charge transfer resistance of the specimens pre-
stretched at 1.5 % pre-deformation level was found to be the
lowest, while an improvement was noticed with further pre-
stretching. Similarly, the cumulative crack widths of secondary
cracks present on the gauge length surface was found to be at a
maximum for the AA2198-T8-1.5 %ps specimens. These differences
are attributed to the different corrosion attack mechanisms active at
the individual levels of pre-stretching investigated, owing to the
different grain structures and substructures and its impact on the
corrosion initiation resistance of the material.

Intergranular corrosion attack was found to be the dominant
degradation mechanism for the specimens characterized by low-
angle grain morphology (i.e., AA2198-T8-1.5 %ps), triggered by
the high density of grain boundaries and associated dislocation
density. On the contrary, a transition to transgranular corrosion
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attack was observed for the specimens in higher pre-stretching levels
due to the recovery of the grain structure and the reduction of grain
boundaries density.

Despite of the detrimental effect of low-level pre-stretching on
corrosion initiation and corrosion-induced tensile properties degra-
dation, the propagation rate of corrosion appeared to be almost the
same for all samples, based on their similar i, values. However,
only the Tafel plots of pre-stretched samples had an additional
corrosion peak that appeared at 0.1 V more anodic of Eq,r, which can
be ascribed to pre-stretching-induced onset of a parallelly occurring
localised corrosion inside the formed cracks.

4) The AA2198-T8 alloy showed superior resistance to corrosion-
induced tensile property degradation at all levels of pre-stretching,
compared to earlier generations of high-strength Al alloys such as
AA2024-T3. The AA2198-T8 however did suffer from corrosion-
induced tensile mechanical property degradation, with the 1.5 %
ps level showing the greatest extent of degradation due to grain
boundary embrittlement (secondary cracking), while increasing pre-
stretching levels reduced the effect of corrosion attack, especially on
the elongation to fracture At degradation. In contrast, the AA2024-
T3 alloy is not essentially influenced by pre-stretching regarding
the extent of corrosion degradation of the tensile properties.
Pre-stretching at higher levels enhances dynamic recovery and a
higher concentration of dislocations inside grains, thus eliminating
precipitate free zones (PFZs) and localised corrosion. Accordingly,
higher levels of pre-stretching will lead to transgranular corrosion
attack as opposed to the more aggressive intergranular corrosion
observed at lower pre-stretching levels.
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