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Abstract - This paper provides a new insight into the understanding of the susceptibility to
intergranular corrosion (IGC) of 2024 Al alloy. Whatever the exposure conditions,
coincidence site lattice high-angle grain boundaries (CSL HAGBs) slightly contributed to
IGC damage because of their low contribution to the cumulative length of GBs. Low-angle
grain boundaries (LAGBs) showed intrinsic susceptibility to corrosion initiation almost
similar to random HAGBs and lower susceptibility to IGC propagation. However, cyclic

corrosion tests promoted both corrosion initiation and propagation at LAGBs. This was
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mostly due to the trapping of corrosion-induced hydrogen in the core of the dislocations

defining the LAGBs.

Keywords: A. aluminium alloy; B. EBSD; B. cyclic corrosion tests; C. hydrogen absorption;

C. grains boundaries; C. intergranular corrosion.



1. Introduction

Intergranular corrosion (IGC) is a form of corrosion widely encountered in industrial
applications, in particular in the aeronautical sector. It constitutes one of the major bottlenecks
towards longevity for metallic structural parts, in such a way that the development of highly
IGC-resistant metallic materials will constitute a meaningful improvement for various
industrial fields. Many studies have shown that the susceptibility to IGC of metallic materials
significantly depends on the nature of the grain boundaries (GBs) [1-3], leading to the
development of grain boundary engineering as a relevant solution to overcome the issues of
durability raised by the IGC damage [4-9]. In general, whatever the materials, the authors
agree that low-angle grain boundaries (LAGBs) are more resistant to IGC than high-angle
grain boundaries (HAGBs) [1,2,10-14]. However, the IGC susceptibility of random HAGBs
(RHAGBSs) compared to coincidence site lattice (CSL) HAGBs remains controversial: some
authors showed that CSL HAGBs were more resistant to IGC than RHAGBs and proposed
that increasing the ratio of CSL HAGBs in a metallic material would improve its resistance to
IGC [3,15,16], while others concluded that both types of GBs had the same susceptibility to

IGC [1,12].

The origin of the differences in IGC susceptibility between the different types of GBs is
still a largely debated issue. A first approach consists in considering that the susceptibility to
IGC of the GBs was mostly due to the segregation of alloying elements at the GBs and/or to
the presence of precipitates. In aluminium alloys, galvanic coupling between the intergranular
precipitates, the precipitate free zone (PFZ) and the surrounding matrix was often considered
as a relevant explanation for IGC mechanisms [17-23]. Therefore, numerous studies focused
on the electrochemical behaviour of intergranular precipitates, e.g. AlI-Cu-Mg precipitates that

present an anodic behavior compared to the matrix, while Al,Cu and Al-Cu-Mn-Fe



precipitates act as a local cathode [17,24]. However, literature data clearly showed that other
metallurgical parameters had to be considered to explain the IGC susceptibility of a GB, e.g.,
their level of misorientation, their energy and/or the excess volume, and the stored energy in
the surrounding grains [11,14,21,25,26], but the intricate interplay between all these
parameters is not fully elucidated. Many studies showed that there was a strong relationship
between the susceptibility to IGC of the GBs, their level of misorientation and their
precipitation state [1,2,27-29]. For example, literature showed that LAGBs had more
discontinuous precipitation than HAGBs, explaining their lower susceptibility to IGC [28].
Meanwhile, other authors showed that the precipitation state at the GBs did not play a major
role in IGC [11,14,25,26]. For Zhang et al., dissolution occurred at the GBs, mostly because
they constituted a defect, and the lower susceptibility to IGC of LAGBs was explained due to

the similar orientation of the abutting grains of the GB [14].

Then, considering the exposure conditions of the metallic materials to the environment
makes the understanding of the IGC mechanisms even more complex. Indeed, literature data
clearly showed that the IGC susceptibility of the GBs was strongly dependent on the exposure
conditions [30-33]; for example, an increase in the IGC susceptibility of both HAGBs and
LAGBs was observed after cyclic exposures to the environment compared to continuous
immersions [30-35]. These differences could be explained by the increase in the electrolyte
concentration, i.e. in the content of aggressive species, inside the IGC defects during emersion
phases [31,36]. Hydrogen uptake, following the corrosion reactions, had also to be
considered, literature data showing that hydrogen promoted the corrosion reactions [10,37].
The influence of the exposure conditions on the IGC susceptibility of the GBs could
contribute to explain the apparent controversy about the IGC susceptibility of RHAGBs

compared to CSL HAGBs. Furthermore, it could be noted that the authors often considered



the IGC susceptibility from a global point of view, without distinguishing between the
initiation and propagation steps of the damage. Giving specific attention to each step of the
IGC mechanisms could also allow, at least partially, to better describe the behaviour of each

type of GBs.

In the present paper, the susceptibility to IGC of RHAGBs, CSL HAGBs and LAGBs of a
2024 Al alloy was analysed. This alloy was chosen because it is widely used in industry,
particularly the aerospace industry. It is susceptible to IGC and has been the subject of
numerous studies [10,18-21,23,24,30-32,37]. It was therefore a relevant choice to go further
in the quantification of the susceptibility to IGC of the different types of GBs, with a view to
providing some answers that could eventually be useful at least for other relatively similar
alloys. The aim was to compare and quantify the susceptibility to IGC of the three types of
GBs considering, on the one hand, the initiation and propagation steps of IGC, and taking into
account, on the other hand, the exposure conditions. The IGC susceptibility of the GBs after
continuous immersion and cyclic tests performed in a 5 mM NaCl solution was analysed
combining electron backscatter diffraction (EBSD) observations and scanning electron
microscope (SEM) in the backscattered electrons (BSE) mode. In view of the above literature
review, the IGC susceptibility of the three types of GBs was certainly linked to complex
interactions between different metallurgical parameters, e.g. alloying elements, precipitation
state and misorientation. However, elucidating the contribution of each metallurgical
parameter on the IGC susceptibility of the GBs was not the focus of this paper. The paper
focused on the influence of exposure conditions on the IGC susceptibility of the GBs.
According to the above literature review, the chloride concentration of the electrolyte trapped
inside the IGC defects, as well as the hydrogen uptake, could vary depending on the exposure

conditions. Consequently, some experiments were performed for different chloride



concentrations in order to assess the influence of this parameter on the IGC susceptibility of
the GBs. Scanning kelvin probe force microscopy (SKPFM) and thermodesorption
spectroscopy (TDS) experiments were also implemented to investigate further the influence of

corrosion —induced hydrogen on the IGC susceptibility of the GBs.

2. Experimental procedure
2.1. Material

The material studied was a 60-mm thick rolled plate of 2024 Al alloy in T351
metallurgical state (hot rolling, solution heat treatment, water quenching, stress relieve and
natural ageing at room temperature). Its chemical composition was 4.56 % Cu, 1.37 % Mg,
0.47 9% Mn, 0.12 % Fe, 0.14 % Zn (wt. %). Observations using an optical microscope (OM)
and a SEM combined with energy dispersive X-ray analyses (EDX) allowed two types of
coarse intermetallic particles (IMPs) to be distinguished, i.e. Alb.CuMg and Al-Cu-Mn-Fe
IMPs, in agreement with the literature [17,19-21,24]. OM observations after chemical etching
showed a microstructure gradient perpendicularly to the rolling plane, with recrystallised
grains near the rolling plane (skin) and grains elongated in the rolling direction in the core of
the plate. In the present study, all samples were removed from the core of the plate where the
average grain size was 420, 200 and 55 um in the longitudinal (L, rolling), long transverse

(LT) and short transverse (ST) directions, respectively.

2.2. Corrosion tests
Most of the corrosion tests were performed in a 5 mM NaCl solution. Chloride ions were
considered as representative of the chemical environment of aircraft structures; furthermore, it
was necessary to use a moderately aggressive electrolyte to allow proper analysis of corroded

GBs. The tests consisted in continuous immersions (referred to as CI) with immersion times



ranging from 8 h to 168 h. Cyclic tests alternating immersion periods (duration 8 h) and
emersion periods (duration 16 h) were also performed. Considering that an immersion period
followed by an emersion period constituted an elementary cycle, cyclic tests consisting in 1, 3
and 7 elementary cycles were carried out; they were referred to as 1CR, 3CR and 7CR,
respectively. All tests were performed at room temperature (25 °C) using parallelepiped
samples (3 (L) x 5 (LT) x 1 (ST) mm?). For the cyclic tests, the immersion and emersion
periods were carried out at room temperature. After an immersion period (8h), the samples
were removed from the electrolyte, hanged up using a nylon thread in an empty beaker for
16h (emersion period), before being re-immersed in the electrolyte for the next immersion
period. The samples were not rinsed between each period. Before the tests, the samples were
embedded in epoxy resin in such a way that only one LT-ST plane (5 x 1 mm?) was exposed
to the electrolyte. Then, they were grounded with SiC paper to grade 4000, polished with 1um
diamond suspension, and finally with a colloidal silica suspension (OPS) with a vibrating
plate for 3 h. They were finally rinsed with distilled water and air-dried, before being
subjected to EBSD analysis (see section 2.3), and then exposed to the NaCl electrolyte. After

the corrosion tests, the samples were rinsed with distilled water and air-dried.

Additional 24hCI tests were also performed in 10 mM and 100 mM NaCl solutions to

study the influence of the chloride content on the susceptibility to corrosion of the GBs.

2.3. Quantification of the susceptibility to corrosion of the GBs
A methodology was developed in order to identify the GBs and quantify their
susceptibility to corrosion. It included the following steps (Fig. 1): (1) Identification and
marking of the zones of interest (3 x 1 mm?, LT-ST plane) by indentation with a micro-

durometer of the non-corroded sample after the grounding and polishing steps described in



section 2.2, (2) Identification of the GBs by using EBSD analysis: several grain orientation
maps (inverse pole figure, map 1) and the corresponding band contrast maps (map 2) were
plotted and assembled to cover the delimited area, (3) Corrosion tests, (4) Mechanical
polishing using 1 um diamond paste to remove the corrosion products, (5) Locating of the
corroded GBs using SEM analysis in backscattered electron (BSE) mode: several SEM/BSE
maps (map 3) were plotted and assembled to cover the area of interest, (6) Identification of

the corroded GBs by superimposition of maps 2 and 3.

EBSD maps and SEM/BSE maps were obtained using a JEOL JSM 7100F field emission
gun scanning electron microscope (FEG-SEM) equipped with an EBSD system (Symmetry
S2, Oxford Instruments). EBSD data and SEM/BSE data were post-processed with
AztecCrystal software (Oxford Instruments) allowing maps 1, 2 and 3 to be obtained. For
EBSD analysis, fields of view of 1.8 mm x 0.8 mm in LT-ST plane were used for an accurate
analysis of the GBs. The maps were cleaned using the neighbor method before identification
of the GBs. Nevertheless LAGBs and HAGBs were identified as local interfaces having a
misorientation higher than 2 ° in order to prevent from orientation noise. Brandon criterion of
15 ° was used as critical value for misorientation angle to differentiate LAGBs and HAGBs
[1, 38-41]. A distinction was also made between RHAGBs and special HAGBs, i.e. CSL
HAGBs. ) n GBs were studied for n values from 3 to 49 (low and high )’) without distinction

between each )’ [42-43].

The susceptibility to corrosion propagation of the GBs was quantified by measuring the
cumulative (total) length of corroded grain boundaries for each type of GBs, and then
calculating an index of susceptibility to corrosion propagation referred to as Ics. For a given

exposure condition, and for each type of GBs, i.e. LAGBs, RHAGBs, and CSL HAGBs, I



value was defined as the ratio between the cumulative length of the corroded GBs (of this
type) measured on the corroded sample (Fig. 1 map 3 with GBs identified using Fig. 1 map 4)
and the cumulative length of the GBs (of this type) measured on the non-corroded sample
(Fig. 1 map 2). Moreover, for a given exposure condition, the susceptibility to corrosion
initiation of one type of GBs was evaluated by counting the number of corroded GBs of this
type. This was done manually by identifying the GBs where an IGC defect had formed; this
was highly time-consuming but possible. However, it should be mentioned here that it was
not possible to determine the number of each type of GBs for the non-corroded sample,
because the GBs form a complex network where it is not possible to distinguish where a GB
of a given type begins and ends. In other words, the end of a given type of GB is defined by
the transition to another type of GB. It was therefore not possible to calculate an index of
susceptibility to corrosion initiation. To this end, the susceptibility to corrosion initiation was
evaluated by analysing the evolution of the number of corroded GBs as immersion time

increased, or as the chloride concentration increased.
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Identification of Identification of the Localisation of corrosion defects Corroded surface
grain orientation nature of the GBs SEM/BSE Superimposition
EBSD EBSD of maps 2 and 3

Fig. 1. Identification of the nature of the corroded GBs using EBSD analysis (inverse pole
figure and band contrast figure with LAGBs, RHAGBs and CSL HAGBs) of a non-corroded

sample combined with SEM/BSE image of the same area after corrosion test.



Map 3 in Fig. 1 shows that some of the corroded GBs were interconnected (i.e. some
corroded GBs were connected to other corroded GBs) and formed a complex network of
corroded GBs, which could include corroded RHAGBs, LAGBs and CSL HAGBs. As
previously mentioned, each corroded GB was counted to assess the susceptibility to corrosion
initiation of each type of GBs. However, in order to complete the description of the IGC
damage, in particular to highlight the branching of IGC defects, the networks of corroded

GBs, referred to as corroded areas, were also counted (Fig. 2).

&l
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Fig. 2. SEM observation of a corroded sample and identification of the corroded areas (5

corroded areas are counted here).

2.4. Evaluation of the contribution of hydrogen to the corrosion kinetics
The hydrogen uptake following the corrosion tests was evaluated by measuring the global
hydrogen amount of corroded samples using a melting method with a Bruker G8§ GALILEO
Instrumental Gas Analyzer. Small coupons of 8 (L) x 10 (LT) x 1 (ST) mm® were used for

these measurements. They were grounded and polished as described in section 2.2. before the
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corrosion tests. They were also slightly polished after the corrosion tests and before

measurements of the hydrogen content in order to remove the corrosion products.

TDS analyses of corroded samples were also performed to contribute to the understanding
of the influence of hydrogen on the IGC susceptibility of the GBs. Experiments were
performed using a Jobin Yvon Horiba EMGA-621 W hydrogen analyser: it was composed of
an impulsion furnace system combined with a thermal conductivity detector. The temperature
range was [30—1100] °C, and the heating rate was 110 °C min™'. The corroded samples were 5
(L) x (16) LT x 1 (ST) mm? parallelepipeds that had been subjected to 24hCI, 72hCI and 3CR
corrosion tests. Before TDS analyses, they were slightly polished to remove the corrosion
products as for the hydrogen content measurements. Furthermore, before each TDS
experiment, a preliminary analysis was performed with an empty crucible, and the signal
obtained in this condition was substracted from the signal recorded with the corroded

samples.

Finally, SKPFM maps were also plotted to analyse the distribution of hydrogen inside the
corroded sample. The interest of SKPFM to detect and locate hydrogen inside a material has
been demonstrated in previous studies [44-46]. In the present study, SKPFM measurements
were performed, in air and at room temperature, using a BRUKER Icon AFM instrument
equipped with a NanoScope V controller, and NanoScope version 9.7 software (Bruker, Santa
Barbara, California). Topography maps were acquired in a first pass in a PeakForce Tapping
mode and the SKPFM signal was acquired in a second pass with a lift of 100 nm between the
probe and the sample surface. The cantilever used is a PFQNE-AIl conductive silicon tip
(BRUKER) with a nominal radius of 5 nm and a nominal spring constant of 0.8 N/m. In the

PeakForce Tapping mode set up, the tip was oscillating at 2 kHz (off resonance), the peak
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force tapping amplitude was set to 150 nm and the peak force threshold was varied throughout
the scan (ScanAsyst mode). In the second pass, SKPFM with amplitude modulation was used,
as described in our previous work [45]. Data treatments and profiles extractions were
performed with the Nanoscope Analysis software (Bruker). The corroded samples were 8 (L)
x (10) LT x 1 (ST) mm? parallelepipeds that had been subjected to 24hCI and 1CR corrosion
tests. Before SKPFM maps, they were slightly polished to remove the corrosion products as
for the hydrogen content measurements and TDS analyses. Areas of interest were marked by
indentation using a micro-durometer; SKPFM maps were plotted on corroded samples
immediately after slight polishing, but also after heat treatments allowing hydrogen

desorption.

3. Results and discussion

3.1. Analysis of the grain boundary character distribution (GBCD) of the 2024 Al

alloy
Fig. 3 shows a band contrast map plotted for the non-corroded 2024 Al alloy (LT-ST
plane) where LAGBs, RHAGBs and CSL HAGBs are colored in grey, black and red color,
respectively. This figure is characteristic of a deformed sample with grains elongated in the
rolling direction; the large amount of LAGBs suggested a high level of internal
misorientation, i.e. high stored energy, due to the rolling process, and could be associated with
recovery process occurring during the rolling step [47,48]. Furthermore, the presence of small
equiaxed grains (bottom part of Fig. 3), free of LAGBs, could be interpreted as the onset of a

recrystallisation process [47].
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— RHAGBs
—— CSL HAGBs
— LAGBs

Fig. 3. Band contrast map obtained by EBSD for the non-corroded 2024 Al alloy sample,
where LAGBs (grey lines), RHAGBs (black lines) and CSL HAGBs (red lines) can be

distinguished.

Fig. 4 gives a quantitative description of the GBCD of the 2024 Al alloy: the frequencies in
Fig. 4a, and the fraction of each type of GBs in Fig. 4b were calculated by considering the

cumulative length of the GBs as a function of their level of misorientation (Fig. 4a) and for
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each type of GBs (Fig. 4b). Fig. 4b shows a large proportion of LAGBs, which constituted
nearly 50 % of the GBs, as suggested by Fig. 3. The result was in agreement with literature
data obtained for the same alloy [10]. Furthermore, for a better description of the GBCD, the
respective amounts of RHAGBs and special HAGBs, i.e. CSL HAGBs, were also calculated.
The CSL HAGBs represented only one fifth (in length) of the HAGBs, which was also in
agreement with the literature [10]. Most parts of the CSL HAGBs were 23 GBs; however, in
the following, no distinction was made between the different types of CSL HAGBs

concerning their susceptibility to corrosion.
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Misorientation (°)
Fig. 4. a) Distribution (in cumulative length) of the GBs present in the non-corroded 2024 Al

alloy as a function of their level of misorientation. The insert shows the distribution (in
cumulative length) of the CSL HAGBs. b) Total fractions of LAGBs, RHAGBs and CSL

HAGBEs calculated by considering the cumulative length of each type of GBs.

3.2. Qualitative evaluation of the corrosion susceptibility of the GBs in 2024 Al alloy
Fig. 5 shows SEM observations of the samples (LT-ST planes) after CI tests with duration
times of 8 h, 24 h, 72 h and 168 h, and after 1CR, 3CR and 7CR tests. For CI and CR tests,

dissolution of the matrix around the IMPs and IGC defects were observed, showing that the
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2024 Al alloy was susceptible to pitting corrosion associated with IMPs and intergranular
corrosion, in agreement with the literature [24,18]. For CI tests (Fig. 5a to d), the IGC defects
were found to be longer, and more and more branched when the immersion time in the NaCl
solution increased. Considering the previous analysis of the GBCD of the sample and
comparing Fig. 5 with Fig. 3 (where the different types of GBs are identified), it seemed that,
for short immersion times, the corroded GBs were mainly RHAGBs (Fig. 5a), whereas, for
longer immersion times, numerous LAGBs were also corroded (Fig. 5S¢ and d). Therefore, the
results suggested that the corrosion first occurred at HAGBs, and then extended to LAGBs,
leading to a modification of the morphology of the IGC defects. This did not exclude that
some LAGBs could be corroded even for short immersion times, and could be explained
either by considering that LAGBs were less susceptible to corrosion initiation than RHAGBs,
or that they were less susceptible to corrosion propagation in such a way as, for short
immersion times, most part of the corrosion damage seemed to be localised at the RHAGB:s.
Overall, without distinguishing at this stage between the initiation step and the propagation
step of the IGC mechanisms, the result suggested that LAGBs were intrinsically less
susceptible to corrosion than HAGBs, in agreement with the literature [1,2,10-12,49], and that

their corrosion susceptibility increased with the immersion time in the NaCl solution.
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Continuous immersion tests

7 LT K

100pm

— 0 X —
= 25pm ) 25pm

100pm ] 100pm

Fig. 5. BSE-SEM images of the 2024 Al alloy after continuous immersion tests in 5 mM NaCl
with various immersion times a) 8 h, b) 24 h, ¢) 72 h and d) 168 h, and after cyclic corrosion
tests with e) 1 elementary cycle, f) 3 elementary cycles and g) 7 elementary cycles.

Elementary cycle = 8 h immersion in 5 mM NaCl + 16 h emersion in air.

Attention was then given to the samples exposed to CR tests. It was of interest to note that
the total duration of immersion was 8 h, 24 h and 56 h for 1CR, 3CR and 7CR tests,
respectively, while the total duration of these tests was 24 h, 72 h and 168 h for 1CR, 3CR
and 7CR tests, respectively. Comparison of the SEM images obtained for 1CR sample
(Fig. 5e) and 8hCI sample (Fig. 5a) clearly showed that, for the same duration of immersion,
the IGC defects formed after a CR test were more branched than those formed after a CI test.
The same conclusion was done by comparing 3CR (Fig. 5f) with 24hCI (Fig. 5b) SEM
images, and 7CR (Fig. 5g) with 72hCI (Fig. 5¢c) SEM images, the latter comparison showing
that, even for a shorter immersion time, CR tests led to significantly more branched IGC

defects than CI tests. This showed that CR tests were more aggressive than CI tests, in
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agreement with the literature [18,31]. Furthermore, the results showed that the corrosion
susceptibility of the GBs depended on the exposure conditions, with CR tests significantly
promoting the corrosion of LAGBs and leading to a branching of the IGC defects, even for

short immersion times.

3.3. Quantitative evaluation of the corrosion susceptibility of the GBs in 2024 Al

alloy
To validate the qualitative analysis of the corrosion susceptibility of the GBs, and for a
more accurate understanding of the IGC susceptibility of 2024 Al alloy, the susceptibility to
corrosion of the different types of GBs was quantified using the methodology described in the
experimental section (Fig. 1). Attention was given to the initiation and propagation steps of

the corrosion phenomenon.

As indicated in section 2.3, the susceptibility to corrosion initiation of a type of GB was
quantified by counting the number of corroded GBs of the given type. Fig. 6a, b and ¢ shows
the results obtained for LAGBs, CSL HAGBs and RHAGBs, respectively, for continuous
immersion tests and cyclic corrosion tests. First, results showed that, for all GBs, the number
of corroded GBs increased with the immersion time for continuous immersion tests, showing
that the initiation of new IGC defects contributed to the extent of the corrosion damage during
a period of time simultaneously with the propagation of existing IGC defects. Then, results
clearly showed that, regardless of the exposure conditions, the number of corroded CSL
HAGBs was lower than that of LAGBs and RHAGBs. This suggested a low contribution of
CSL HAGBs to the corrosion damage for both continuous immersion tests and cyclic
corrosion tests. This could be explained either by a lower susceptibility to corrosion initiation

of CSL HAGBs compared to LAGBs and RHAGBs, or simply by the fact that CSL HAGBs
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represented only 10,10 % of the total length of GBs in the non-corroded sample (Fig. 4) in
such a way as the probability to initiate corrosion at CSL HAGBs was statistically lower. By
studying the evolution of the number of corroded GBs as the immersion time increased, it was
possible to assess the susceptibility to corrosion initiation of each type of GBs. For continuous
immersion tests, the number of corroded GBs was multiplied by 1.6, 2.4 and 2.4 for LAGBs,
CSL HAGBs and RHAGBES, respectively, between 8hCI and 72hCI. This suggested similar
susceptibility to corrosion initiation for CSL HAGBs and RHAGBs, and a slightly lower
susceptibility to corrosion initiation for LAGBs for short immersion times. However, the
number of corroded GBs was multiplied by 5.6, 3.8 and 3.3 for LAGBs, CSL HAGBs and
RHAGBES, respectively, between 72hCI and 168hCI, which suggested an increase in the
susceptibility to corrosion initiation for all GBs as the immersion time increased. Nevertheless
the increase was higher for LAGBs than for CSL HAGBs and RHAGBs, whereas CSL
HAGBs and RHAGBs seemed to retain a similar susceptibility to corrosion initiation for long
immersion times. Similarly, for cyclic corrosion tests, the number of corroded GBs strongly
increased for LAGBs as the number of cycles increased, whereas it remained constant for
CSL HAGBs and RHAGBS in such a way as, for 3CR and 7CR tests, the number of corroded
RHAGBs (and also CSL HAGBs) was significantly lower than the number of corroded
LAGBs. Moreover, the number of corroded LAGBs was higher for cyclic corrosion tests
compared to continuous immersion tests with similar immersion times, whereas the number of
corroded RHAGBs (same result for CSL HAGBs) was higher for 1CR test compared to 8hCI
test, but was then similar for cyclic corrosion tests and continuous immersion tests with
similar immersion duration when the test duration increased. This showed that cyclic
corrosion tests strongly sensibilised LAGBs to corrosion initiation, suggesting a strong

contribution of LAGBs to the corrosion damage for these tests, whereas there was no
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significant effect of alternate immersion/emersion periods on the susceptibility to corrosion

initiation of the RHAGBs and CSL HAGBs.
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Fig. 6. Number of corroded GBs (a, b, c) and I.s values (d, e, f) for corroded GBs of a given
type after continuous immersion tests and cyclic corrosion tests. a) and d) LAGBs, b) and e)

CSL HAGBs, c) and f) RHAGB:s.

Attention was then given to corrosion propagation. Fig. 7 shows the total length of
corroded GBs for each type of GBs, i.e. LAGBs, RHAGBs and CSL HAGBs, for continuous
immersion tests and cyclic corrosion tests. First, regardless of the nature of the GBs, and for
both continuous immersion tests and cyclic corrosion tests, the total length of corroded GBs
increased when the immersion time increased, showing the global propagation of IGC defects
when the immersion time increased. It was important to note here that, considering the
previous results regarding initiation, the evolution of the total length of corroded GBs

between two times, t; and t, included the propagation of IGC defects existing at t;, and the
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initiation of new IGC defects between t; and t» followed by their propagation. This comment
referred to the use of the terms “global propagation”. Then, for short immersion times (short
continuous immersion tests, e.g. 8h, or cyclic corrosion test with only one cycle, i.e. 1CR
test), the total length of corroded LAGBs was significantly lower than that of RHAGBsS,
whereas, for longer immersion times (long continuous immersion tests or cyclic tests with a
large number of cycles), the total length of corroded LAGBs was quite similar (168h
continuous immersion test) or even higher (7CR test) than that of corroded RHAGBs. This
was in perfect agreement with the qualitative description of the corrosion damage (section 3.2,
Fig. 5), with more branched defects for longer immersion times, confirming that, for short
immersion times, the corrosion damage mainly concerned RHAGBs, but that, with increasing
immersion time, the contribution of LAGBs was increasingly significant. Finally, regardless
of the nature of the GBs, the total length of corroded GBs was higher for cyclic corrosion tests
compared to continuous immersion tests with similar immersion time, e.g. 1CR (8h of
immersion) compared to 8hCI or 3CR (3 x 8 = 24h of immersion) compared to 24hCI. For
7CR test, the total duration of the test was 168h (= 7x24), but the total duration of immersion
was only 56h (=7x8). Therefore, the comparison should be made with the 72h continuous
immersion test, even though, for this continuous immersion test, the duration of immersion
was longer: the results showed that, except for RHAGBS, the total length of corroded GBs
was longer after 7CR test than after 72h continuous immersion test. Then, it could even be
observed that, for LAGBs, the total length of corroded GBs after a cyclic corrosion test was
higher than after a continuous immersion test corresponding to an immersion time equal to the
total duration of the cyclic corrosion tests (3CR test compared to 72hCI test). This was not
true for RHAGBs and CSL HAGBs. This could be at least partly explained by the higher
influence of alternate immersion/emersion periods on the susceptibility to corrosion initiation

of LAGBs compared to HAGBs. That said, the results thus showed that cyclic corrosion tests
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accelerated the global propagation of IGC defects compared to continuous immersion tests
regardless of the nature of the GBs; however, the influence of the exposure conditions was
stronger for LAGBs compared to RHAGBs and CSL HAGBs, with the alternate
immersion/emersion periods having a more deleterious effect on the global propagation of the
corrosion damage at LAGBs. This was confirmed by the evolution of the total length of
corroded GBs when the number of cycles increased: the total length of corroded RHAGBs
and CSL HAGBs was multiplied by 1.75 and 2.4, respectively, between 1CR and 7CR tests,
while it was multiplied by 4.7 for LAGBs. The same tendency was observed when the
influence of the immersion time on the corrosion susceptibility of the GBs was quantified for
continuous immersion tests: the total length of corroded RHAGBs and CSL HAGBs was
multiplied by 7.6 and 8, respectively, between 8hCI and 168hClI tests, while it was multiplied
by 13.5 for LAGBs. Therefore, the results confirmed that the influence of alternate
immersion/emersion periods was more marked for LAGBs compared to RHAGBs when
considering the global propagation of corrosion at a given type of GB. Moreover, considering
these results and those obtained for the initiation step, it could be first concluded that the
contribution of LAGBs to the corrosion damage was stronger for cyclic corrosion tests than
for continuous immersion tests, even though it became of major importance for very long
continuous immersion tests. Then, it could be also said that the contribution of LAGBs was
quite similar to that of RHAGBs for very long continuous immersion tests, and even stronger

for cyclic corrosion tests with a high number of cycles.
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Fig. 8. Ratio between the total length of corroded GBs and the number of corroded GBs for a
given type of GB for continuous immersion tests (8h, 24 h, 72 h and 168 h) and cyclic
corrosion tests (ICR, 3CR and 7CR) for 2024 Al alloy. a) LAGBs, b) CSL HAGBs and c)

RHAGBEs.

For a more accurate description of the kinetics of corrosion propagation, i.e. a more
accurate evaluation of the susceptibility to corrosion propagation of the different types of

GBs, we attempted to take into account the initiation of new IGC defects between two times t;
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and to. Therefore, the mean length of a corroded GB for the different exposure conditions was
evaluated by calculating the ratio between the total length of corroded GBs and the number of
corroded GBs for a given type of GB (Fig. 8). Globally, for all types of GBs, the results
suggested an increase in the mean length of a corroded GB when the immersion time
increased for continuous immersion tests, and when the number of cycles increased for cyclic
corrosion tests. However, the tendency was not clear enough to allow further analysis of the
susceptibility to corrosion propagation based on this approach. This was probably explained
by considering that, even for a given type of GB, there was a large discrepancy in the
corrosion behaviour of each GB. Such a comment could be related to the result obtained by
Lacroix et al. [50] when studying the dissolution kinetics of S-phase particles; the authors
showed that the dissolution kinetics of S-phase particles varied over a large range, even for
similar chemical composition. This led us to conclude that the only way to study properly the
susceptibility to corrosion propagation of a type of GB was to follow the extent of corrosion
as a function of time for a selected GB. Of course, this had to be done for a large number of
GBs, for each type of GBs, which would be strongly time-consuming. Therefore, in the
following, the susceptibility to corrosion propagation was only analysed considering the

concept of “global propagation” previously defined.

The evolution of the susceptibility to global corrosion propagation for the different types of
GBs was then quantified by calculating Ics value, as defined in section 2.3. Fig. 6 clearly
showed that the increase in Ics values was higher for LAGBs (Fig. 6d) compared to CSL
HAGBs (Fig. 6e) and RHAGBs (Fig. 6f) when the immersion time increased for continuous
immersion tests (from Ies=1 for 8hCI to Is= 14 for 168hCI for LAGBs compared to an
evolution from Ics= 2 for 8hCI to Ics= 18 for 168hCI for RHAGBS), or when the number of

cycles increased for cyclic corrosion tests (from Ies= 2 for 1CR to Ies =5 for 7CR for LAGBs
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compared to an evolution from Is=4 for ICR to Is=6 for 7CR for RHAGBs). This
confirmed that the influence of the exposure conditions on global corrosion propagation was
stronger for LAGBs compared to RHAGBs and CSL HAGBs. Furthermore, it could be
observed that Ics values for LAGBs were lower than for RHAGBs and CSL HAGBs when
considering short continuous immersion tests and cyclic corrosion tests with a low number of
cycles (1 cycle). However, for long continuous immersion tests and 7CR tests, Ics values
calculated for LAGBs remained lower than those for RHAGBs and CSL HAGBs, but became
close to these values. It could be also noted that the differences in Ics values between
RHAGBs and CSL HAGBs for one part, and LAGBs for the other part, were more reduced
after cyclic corrosion tests with a high number of cycles than after long continuous immersion
tests. The results thus showed that the RHAGBs and CSL HAGBs were intrinsically more
susceptible to global corrosion propagation than LAGBs; however, when the immersion time
increased and/or when the number of cycles increased, all GBs achieved an equivalent
susceptibility to global corrosion propagation, with cyclic corrosion tests promoting
significantly the global corrosion propagation at LAGBs. It was of interest to note, at this
point, that CSL. HAGBs showed an intrinsic susceptibility to global corrosion propagation
lower than RHAGBS, but the differences between both GBs were very low, and were not as
high as expected from the literature that indicates that CSL HAGBs are less susceptible to
corrosion than RHAGBs [3,15,16], except for the work of Bartawi et al. who showed that the
corrosion susceptibility of CSL HAGBs could be close to that of RHAGBs [1]. The result
obtained in the present study enabled us to conclude that CSL HAGBs are globally as
susceptible to corrosion initiation and propagation as RHAGBs, in agreement with Bartawi et
al. Their low contribution to IGC damage is mainly explained by the fact that they do not

constitute a significant proportion in length of the cumulative length of GBs.
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To complete the analysis, in particular to highlight the branching of the IGC defects, the
corrosion susceptibility of the alloy was evaluated by considering the corroded areas defined
as a network of corroded GBs all connected to each other (Fig. 2). Fig. 9 showed that the
number of corroded areas increased when the immersion time increased for continuous
immersion tests, whereas it decreased when the number of cycles increased for cyclic
corrosion tests. The results were in perfect agreement with the previous analysis of the
susceptibility to corrosion initiation and propagation of LAGBs and RHAGBs. Indeed, as said
before, during continuous immersion tests, the extent of the corrosion damage proceeded by
the propagation of existing corrosion defects and initiation of new corrosion defects. LAGBs
had a slightly lower susceptibility to corrosion initiation than RHAGBs for short immersion
times; furthermore, RHAGBs were more susceptible to global corrosion propagation, and,
even though the difference in global corrosion propagation susceptibility decreased between
LAGBs and RHAGBs when the immersion time increased, RHAGBs remained more
susceptible to global corrosion propagation in such a way that IGC defects remained linear,
even though a tendency to branching was observed for long immersion times due to the
increase in the susceptibility to corrosion initiation and propagation of LAGBs. This led to the
observation of increased number of corroded areas when the immersion time increased. On
the contrary, for cyclic corrosion tests, LAGBs became as susceptible to global corrosion
propagation as RHAGBs and were also more susceptible to corrosion initiation when the
number of cycles increased. This led to the formation of highly branched IGC defects, and
therefore a decrease in the number of corroded areas as the number of cycles increased. Those
results were in perfect agreement with previous observations of the morphology of the IGC
defects (Fig. 5). Finally, the results also showed that LAGBs and RHAGBs were the main

contributors to the extent of the corrosion damage whatever the exposure conditions.
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Fig. 9. Number of corroded areas for the 2024 Al alloy after continuous immersion tests (8 h,

24 h, 72 h and 168 h) and cyclic corrosion tests (I1CR, 3CR and 7CR).

3.4. Evaluation of the influence of chloride ions concentration on the corrosion
susceptibility of GBs
Literature data clearly showed that the concentration of chloride ions in the electrolyte
trapped inside the IGC defects increased when the IGC defect propagated, i.e. when switching
from a short IGC defect to a long IGC defect [31]. Similarly, the strong aggressiveness of
cyclic corrosion tests compared to continuous immersion tests was partly explained by
referring to the increase in chloride content of the trapped electrolyte due to the emersion
period. The authors then proposed that this change in chloride concentration contributed to
explain the evolution of the IGC defect morphology for long continuous immersion tests
compared to short tests for one part, and for cyclic corrosion tests compared to continuous
immersion tests for the other part [31,36]. The influence of chloride ion concentration on the
susceptibility to corrosion initiation and global propagation of the different types of GBs was
studied in the present study to go further in the understanding of the susceptibility to
intergranular corrosion of the alloy: therefore, additional 24hCI tests were performed in

10 mM and 100 mM chloride solutions. The duration of the continuous immersion tests
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performed here, i.e. 24 h only, was chosen to generate mainly short IGC defects and avoid
significant evolution in the chloride concentration of the electrolyte trapped inside the IGC
defects. This allowed us to assume that the chloride concentration of the electrolyte trapped

inside the IGC defects was that of the bulk solution.

Fig. 10 shows the number of corroded GBs for the 3 chloride concentrations, and for the 3
types of GBs. Results clearly showed that the increase in chloride content promoted corrosion
initiation for all GBs; however, the impact was stronger for LAGBs (Fig. 10a), compared to
CSL HAGBs (Fig. 10b) and RHAGBs (Fig. 10c), the number of corroded GBs being
multiplied by 7.5, 4.5 and 4.2 for LAGBs, CSL HAGBs and RHGBs, respectively, as the
chloride concentration was multiplied by 20 (from 5mM to 100 mM). Therefore, for high
chloride concentrations, LAGBs were found to be more susceptible to corrosion initiation
than RHAGBs and CSL HAGBs [49]. It could also be noted that the number of corroded CSL
HAGBs was very low whatever the chloride concentration of the solution, as shown
previously. This was explained by the low contribution of CSL HAGBs to the cumulative
length of GBs, as concluded previously. Then, Fig 11 shows that the total length of corroded
GBs increases for all types of GBs when the chloride concentration increases showing that
chloride ions promote the propagation of all types of GBs. However, when the chloride ion
concentration was multiplied by 20 (from 5 mM to 100 mM), the total length of corroded GBs
was multiplied by 6.6, 3.9 and 1.7 for LAGBs, CSL HAGBs and RHAGBs, respectively. This
showed that the increase in chloride content impacted more the global corrosion propagation
of LAGBs compared to HAGBs. Considering the results regarding corrosion initiation and
propagation, the consequence was that, for low chloride concentrations, RHAGBs were the
major contributors to the corrosion damage. However, for high chloride concentrations, the

corrosion damage was mostly related to LAGBs, without neglecting the contribution of
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RHAGBS. This conclusion was confirmed by calculations of Ics values for each type of GBs,

with I¢s values multiplied by 6.8, 6 and 3 when the chloride concentration increased from 5 to

100 mM, for LAGBs, CSL HAGBs and RHAGBS, respectively. Furthermore, whatever the

chloride concentration, RHAGBs were more susceptible to global corrosion propagation than

LAGBEs, but the difference in susceptibility was reduced when the chloride content increased,

in agreement with the previous conclusion regarding the effect of increased chloride content

on the susceptibility to global corrosion propagation of each type of GB. Finally, it could be

also noted that Ics values measured for CSL HAGBs were globally similar to those measured

for the other GBs whatever the chloride concentration, leading us to conclude that the low

contribution of CSL HAGBs to the corrosion damage was mainly explained by their low

contribution to the cumulative length of GBs.
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These additional results confirmed that the evolution in chloride content of the electrolyte
trapped inside the IGC defects when the immersion time was longer and for cyclic corrosion
tests with a high number of cycles could explain, at least partially, the increased susceptibility
to corrosion of LAGBs. Therefore, it could constitute a first order parameter to explain the
change in corrosion morphology for long continuous immersion tests compared to short tests,

and for cyclic corrosion tests compared to continuous immersion tests.

3.5. Focus on the influence of hydrogen on the corrosion susceptibility of GBs

We showed in previous studies that hydrogen increased the susceptibility to corrosion of
the GBs, and strongly promoted the corrosion initiation at the LAGBs [10]. Furthermore, we
also showed that the hydrogen uptake increased when the immersion time increased for
continuous immersion tests, and was higher for cyclic corrosion tests compared to continuous
immersion tests with similar duration of immersion. Therefore, hydrogen was also suspected
to be a major parameter to explain the evolution in the corrosion morphology when the
immersion time increased, and for cyclic corrosion tests compared to continuous immersion
tests.
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To go further in the evaluation of the influence of hydrogen on the corrosion susceptibility
of the GBs, the global hydrogen content was measured for all corrosion tests. Fig. 12 first
shows an hydrogen uptake for all corrosion tests. Moreover, the hydrogen content was found
to increase with the duration of the continuous immersion, and reached 22 wppm for 168hCI
tests, to be compared to 1.5 wppm for the non-corroded samples. Finally, it was of importance
to note that the hydrogen content was significantly higher after cyclic tests, varying from 11
to 90 wppm after 1CR and 7CR tests, respectively. In other words, it could be noted that, for
the same duration of immersion, e.g. 24h, the hydrogen content was 6 wppm and 42 wppm
after 24hCI and 3CR tests, respectively, clearly showing that cyclic tests led to a significantly

higher hydrogen uptake than continuous immersion tests.
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Fig. 12. Hydrogen content measured for 2024 Al alloy. Results are given for non-corroded
sample, after continuous immersion tests (8, 24 h, 72 h and 168 h) and after cyclic corrosion

tests (1CR, 3CR and 7CR).

Then, SKPFM surface maps were plotted to study the distribution of hydrogen at the
polycrystal scale after a 24hCI test (Fig. 13b) and after a 1CR test (Fig. 13e and Fig. 14a).
Several SKPFM maps were plotted for each sample in order to obtain consolidated results. In
the following, only one map is presented after a 24hCI test and two maps are shown after ICR

test for brevity reasons, but the results are representative of all analyses performed. We
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demonstrated the interest of SKPFM for the detection of hydrogen in an aluminium alloy in
previous works [45,51]. In particular, Larignon et al. clearly showed, by combining secondary
ion mass spectrometry and SKPFM, that the potential contrast observed on SKPFM maps at
the corroded GBs could not be attributed only to variations in the concentrations of alloying
elements, e.g. copper or magnesium, but had to be related to hydrogen enrichment [51]. This
was confirmed by Lafouresse et al. who showed changes in SKPFM maps when heat
treatments were applied to induce hydrogen desorption [45]. Evers et al. have also shown
SKPFM to be a powerful tool for detecting hydrogen, e.g. for palladium [52,53]; they
postulated that the presence of hydrogen in the palladium lattice led to a correlated potential at
the surface. For aluminium alloys, Oger et al. proposed that hydrogen could distort the metal
lattice, leading to local relaxation of the subsurface and subsequent variation of the electronic
work function [54]. In the present paper, for 24hCI test, comparison of the SEM observation
of a corroded RHAGB (Fig. 13a) and the SKPFM map of the same zone (Fig. 13b) showed
that hydrogen was produced at the HAGBs due to the corrosion processes, i.e. anodic
dissolution followed by hydrolysis of the cations, and therefore the production of protons that
finally reduce to lead to the hydrogen uptake [23,30,31]. However, hydrogen was only present
at the corroded RHAGBSs, and the potential profile plotted across the corroded GBs was
narrow (Fig. 13c), showing low diffusion of hydrogen inside the surrounding matrix. On the
contrary, after 1CR test, hydrogen was detected over a very large zone (Fig. 13e, f and Fig.
14a, e) all along the corroded RHAGBs. This confirmed a strong hydrogen diffusion from the
RHAGB to the surrounding matrix. Furthermore, Fig. 13d clearly showed corroded LAGBs
connected to the corroded RHAGBs. Those LAGBs were hidden in the hydrogen affected
zone in the SKPFM map (Fig. 13e). These analyses therefore showed a significant difference
in the hydrogen content and distribution between 24hCI and 1CR tests, which could

contribute to explain the increase in the susceptibility to corrosion initiation and propagation
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of LAGBs during cyclic corrosion tests. It may be mentioned here that the presence of
hydrogen in the matrix surrounding the corroded GBs had to be linked to the diffusion of
hydrogen in atomic form. Nevertheless, the presence of hydrogen in the form of hydrogen
molecules in corroded GBs could not be neglected, as postulated by Bonfils er al. who
observed flaws in corroded GBs when they characterised the IGC defects by transmission

electron microscopy [18].
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different heat treatments are also given for comparison: Volta potential profiles plotted

immediately after 24h CI test and after an additional 2h heat treatment at 425°C are those

given in Fig. 13 c).

To go further in the analysis of the role of hydrogen on corrosion kinetics, desorption
treatments were first performed at 425 °C for 2 h. Considering literature data, this temperature
was assumed to be high enough to allow hydrogen detrapping from low-energy traps and, at
least, some of the highest-energy traps [55-57]. Results (Fig. 13 c, f) clearly showed a

decrease in the potential signal attributed to hydrogen for both 24hCI and 1CR samples after
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desorption treatment, but the signal remained high for the two samples, suggesting hydrogen
trapping at different sites, in particular deep trapping sites, during the corrosion tests. TDS
analyses were therefore performed to identify the hydrogen traps depending on the exposure
conditions. Fig. 15a is an example of a TDS spectrum plotted for the 3CR sample. Similar
spectra were obtained for the 24hCI and 72hCI samples. They showed four desorption peaks,
referred to as P1 to P4, and corresponding to desorption temperatures of 330, 390, 455 and
510 °C, respectively. These values were in perfect agreement with literature data [58], even
though some differences in the desorption temperatures were observed, which could be
explained by referring to the influence of the sample thickness and heating rate. Each of the
four peaks could be considered to be associated with a particular trapping site characterised
by a trapping energy. For 7xxx Al alloys, Scully et al. showed that dislocations, the distorted
lattice, Mg in solid solution and n precipitates could be identified as hydrogen trapping sites,
even if uncertainties could exist in attributing a peak to a specific microstructural feature [58].
For 2024 Al alloy, Kamoutsi et al. identifed four trapping sites with increasing desorption
energies: the first peak was attributed to lattice sites, the second to the stress fields of coherent
GPB zones and S~ phase, the third to dislocations and the fourth to strengthening 6 and/or S
phase [56,57,59]. In the present work, in agreement with Kamoutsi et al., peak P1 was
associated with lattice hydrogen, peak P2 with hydrogen trapped by the stress fields of
coherent GPB zones, and peak P3 with dislocations. However, based on Oudriss” work [60], a
distinction was made between hydrogen trapped in the elastic field and in the core of
dislocations (deep trapping), corresponding to peaks P3 and P4, respectively. Then, referring
to the microstructure of the 2024 Al alloy, it was assumed that P3 and P4 peaks were
characteristic of the hydrogen trapped at LAGBs, commonly described as a dislocation
network [61]. Concerning HAGBs, they are commonly identified as short circuit of diffusion;

in that sense, hydrogen present at HAGBs was rapidly desorbed during TDS analyses in such
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a way that it was not possible to distinguish between lattice hydrogen and hydrogen present at
HAGB:s in the limit of the experiments performed here. Fig. 15b showed that the total ratios
of hydrogen trapped in P1 and P2 traps (about 55 %) for the one hand, and in P3 and P4 traps
(about 45 %) for the other hand, were similar for the three corroded samples. Moreover, no
significant difference in the ratio of hydrogen trapped in P1 and P2 traps was observed
between the three corroded samples, with ratio of hydrogen trapped in P1 and P2 traps of
about 25 % and 30 %, respectively, whatever the samples. However, it was of major interest
to note that the ratios of hydrogen trapped in P3 and P4 traps were 34 (31) % and 15 (11) %,
respectively for 24hCI (72hCI) samples, while they were equal to 19 % and 26 % for 3CR
samples: this showed that, after continuous immersion tests, most part of the hydrogen
trapped at LAGBs was trapped in the elastic field of the dislocations, while hydrogen was
mostly deeply trapped in the core of the dislocations after cyclic tests. This also meant that
hydrogen trapped at LAGBs was spatially distributed over a long-range stress field associated
with dislocations after continuous immersion tests, whereas it was concentrated in a much
more reduced volume (core of dislocations) after cyclic tests. Keeping also in mind that the
global hydrogen amount was higher after cyclic tests compared to continuous immersion tests,
it seemed relevant to assume that, at the atomic scale, the amount of hydrogen trapped at
LAGBs after cyclic tests was significantly higher than after continuous immersion tests,
leading to a stronger modification of the chemical potential of the metallic atoms [62], and

therefore enhancing the susceptibility to dissolution of LAGBs.

Finally, it was of interest to note that a progressive change was observed on the SKPFM
maps (Fig. 14 a-d) when desorption heat treatments were performed at increasing
temperatures (425°C, 500°C and 530°C to desorb hydrogen trapped in sites P1 and P2, in sites

P1, P2 and P3, and in all sites, respectively), confirming, on the one hand, that the potential
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contrast had to be related to hydrogen, and, on the other hand, the existence of different
hydrogen trapping sites. Furthermore, comparison of the Volta potential profiles plotted after
the various desorption treatments for 1CR sample (Fig. 14 e) and for 24hCI sample (Fig. 14f)
showed that the Volta potential contrast decreased progressively for 24hCI sample, whereas it
remained high for 1CR sample, confirming that a greater part of hydrogen was deeply trapped

for 1CR sample.

=

H in the different trapping sites (%)

Hydrogen evolution rate (p

24hCI 72hCI 3CR

Fig. 15. TDS analysis of corroded 2024 Al alloy a) TDS spectrum plotted after a 3CR test, b)
total ratios of hydrogen trapped in PI to P4 traps for continuous immersion tests (24 h and

72 h) and cyclic corrosion test (3CR).

Combining all the results presented above, it therefore seemed possible to propose
consolidated hypotheses to explain why the GBs had different susceptibilities in continuous
immersion tests and cyclic corrosion tests with the same immersion time. First, Larignon et al.
clearly showed that the chloride concentration of the electrolyte trapped inside the 1GC
defects could reach values as high as SM during cyclic corrosion tests, i.e., higher values than
those reached during continuous immersion tests due to the evaporation of the electrolyte
during the emersion period [31]. Taking into account the influence of chloride concentration

on the IGC susceptibility of the GBs (section 3.4), this could contribute to explain the higher
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IGC susceptibility of the GBs for cyclic corrosion tests compared to continuous immersion
tests for a similar immersion time. Furthermore, Bonfils er al. demonstrated that hydrogen
enhanced the kinetics of anodic dissolution [10,63]. Therefore, the higher hydrogen uptake
observed for cyclic corrosion tests compared to continuous immersion tests could also
contribute to explain the results. More specifically, the higher IGC susceptibility of the GBs
for cyclic corrosion tests compared with continuous immersion tests for a similar immersion
time, particularly that of LAGBs, could be explained considering that, at the atomic scale, the
amount of hydrogen trapped at the LAGBs was higher after cyclic corrosion tests than after
continuous immersion tests, as shown by the TDS results (Fig. 15). Nevertheless, bearing in
mind that hydrogen was produced by the corrosion processes, it seemed relevant to consider
IGC as an autocatalytic process. As IGC defects propagated, the chloride ion concentration of
the electrolyte trapped within the IGC defects increased, leading to an increase in the
corrosion processes and hydrogen production, and the hydrogen itself then promoted the
corrosion processes. In this sense, it was difficult to distinguish the contribution of the
chloride ion concentration from that of hydrogen on the IGC susceptibility of the GBs. An

intricate interplay between these two parameters should be considered.

Finally, in this paper, the IGC susceptibility of 2024 Al alloy was studied by measuring the
lateral extension in the surface plane (LT-ST), and depth penetration was not analysed.
However, Larignon et al. performed observations for a 2024 Al alloy exposed to similar
corrosion tests and measured the size of IGC defects in the L-ST plane, in particular the depth
of IGC defects in the L direction [31]. Their results led to similar conclusions, with cyclic
corrosion tests being more aggressive than continuous immersion tests and leading to more
branched defects due to the increase in IGC susceptibility of LAGBs with cyclic corrosion

tests. However, microstructure gradients are often observed perpendicularly to the rolling
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plane for thick rolled plates; this was the case in this paper, as indicated in the experimental
section with recrystallised grains near the rolling plane and elongated grains in the rolling
direction in the core of the plate. Furthermore, the variation in precipitation state at the GBs
can also be observed with depth due to differences in cooling rate with depth during the water
quench following the solution heat treatment [64]. The variation of GB crystallography and
precipitation state with depth, as well as the stress state, could significantly influence the

results.

4. Conclusions

This paper provides a new insight into the understanding of the susceptibility to IGC of
2024 Al alloy, clarifying the influence of the exposure conditions, in particular the role of
corrosion-induced hydrogen, on the susceptibility to initiation and propagation of LAGBs,
CSL HAGBs and RHAGBs. The major conclusions are as follows:

1. For continuous immersion tests, all GBs showed similar susceptibility to corrosion
initiation, whereas cyclic corrosion tests increased the susceptibility to corrosion initiation of
LAGBSs, which was not the case for RHAGBs and CSL HAGBs.

2. RHAGBs and CSL HAGBs showed similar susceptibility to corrosion propagation,
and were intrinsically more susceptible to global corrosion propagation than LAGBs.
However, cyclic corrosion tests significantly promoted the global corrosion propagation at
LAGBs.

3.  Whatever the exposure conditions, LAGBs and RHAGBs were the main contributors
to the extent of the IGC damage because CSL HAGBs represent only a small proportion of
GBs. Furthermore, whatever the types of GBs, cyclic corrosion tests promoted the global
propagation of IGC defects compared to continuous immersion tests, but the effect was

stronger for LAGBs compared to RHAGBs and CSL HAGBs, in such a way that cyclic tests
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led to more extended IGC damage, with more branched IGC defects, than continuous
immersion tests.

4. The chloride concentration was identified as a first order parameter to explain the IGC
damage. Whatever the chloride concentration, RHAGBs were more susceptible to global
corrosion propagation than LAGBs. An increase in chloride content promoted both corrosion
initiation and propagation for all GBs, but the effect was stronger for LAGBs, contributing to
explain the higher contribution to the IGC damage of LAGBs for cyclic tests.

5. Corrosion-induced hydrogen was identified as another critical parameter controlling
the IGC damage. Hydrogen was deeply trapped in the core of the dislocations defining
LAGBs after cyclic corrosion tests, which could contribute to explain the enhanced

susceptibility to corrosion initiation and propagation of LAGBs after cyclic corrosion tests.

In view of the literature review proposed in the introduction, it seems appropriate to
propose that some of the conclusions obtained here for 2024 Al alloy may apply to other
relatively similar alloys, in particular alloys of the 2000 series. Nevertheless, caution is
required before generalising all the results to these alloys, or even to alloys with very different
microstructures. In particular, hydrogen/microstructure interactions are very complex and

must be analysed with caution.
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Captions of the figures

Fig. 1. Identification of the nature of the corroded GBs using EBSD analysis (inverse pole
figure and band contrast figure with LAGBs, RHAGBs and CSL HAGBs) of a non-corroded

sample combined with SEM/BSE image of the same area after corrosion test.

Fig. 2. SEM observation of a corroded sample and identification of the corroded areas (5

corroded areas are counted here).

Fig. 3. Band contrast map obtained by EBSD for the non-corroded 2024 Al alloy sample,
where LAGBs (grey lines), RHAGBs (black lines) and CSL HAGBs (red lines) can be

distinguished.

Fig. 4. a) Distribution (in cumulative length) of the GBs present in the non-corroded 2024 Al
alloy as a function of their level of misorientation. The insert shows the distribution (in
cumulative length) of the CSL HAGBs. b) Total fractions of LAGBs, RHAGBs and CSL

HAGBs calculated by considering the cumulative length of each type of GBs.

Fig. 5. BSE-SEM images of the 2024 Al alloy after continuous immersion tests in 5 mM
NaCl with various immersion times a) 8 h, b) 24 h, ¢) 72 h and d) 168 h, and after cyclic
corrosion tests with e) 1 elementary cycle, f) 3 elementary cycles and g) 7 elementary cycles.

Elementary cycle = 8 h immersion in 5 mM NaCl + 16 h emersion in air.
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Fig. 6. Number of corroded GBs (a, b, c¢) and I values (d, e, f) for corroded GBs of a given
type after continuous immersion tests and cyclic corrosion tests. a) and d) LAGBs, b) and e)

CSL HAGBsS, ¢) and f) RHAGB:s.

Fig. 7. Total length of corroded GBs after continuous immersion tests and cyclic corrosion
tests, for RHAGBs, CSL HAGBs and LAGBs for continuous immersion tests (8 h, 24 h, 72 h

and 168 h) and cyclic corrosion tests (1CR, 3CR and 7CR) for 2024 Al alloy.

Fig. 8. Ratio between the total length of corroded GBs and the number of corroded GBs for a
given type of GB for continuous immersion tests (8 h, 24 h, 72 h and 168 h) and cyclic
corrosion tests (1CR, 3CR and 7CR) for 2024 Al alloy. a) LAGBs, b) CSL HAGBs and c)

RHAGB:s.

Fig. 9. Number of corroded areas for the 2024 Al alloy after continuous immersion tests (8 h,

24 h, 72 h and 168 h) and cyclic corrosion tests (1CR, 3CR and 7CR).

Fig. 10. Number of corroded GBs and I¢s values for corroded GBs of a given type. a) and d)

LAGBs, b) and e) CSL HAGBs, c¢) and f) RHAGBs. Results are given for 24h continuous

immersions in 5 mM, 10 mM and 100 mM NacCl solutions.

Fig. 11. Total length of corroded GBs for 24h continuous immersions in 5 mM, 10 mM and

100 mM NacCl solutions for the 2024 Al alloy.
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Fig. 12. Hydrogen content measured for 2024 Al alloy. Results are given for non-corroded
sample, after continuous immersion tests (8, 24 h, 72 h and 168 h) and after cyclic corrosion

tests (1CR, 3CR and 7CR).

Fig. 13. SKPFM analysis of corroded 2024 Al alloy a) and d) SEM images, b) and ¢) SKPFM
maps, ¢) and f) Volta potential profiles obtained after 24h continuous immersion test (a, b, c)

and after 1CR test (d, e, f).

Fig. 14. SKPFM analysis of corroded 2024 Al alloy. SKPFM maps plotted after a) 1CR test,
b) 1 CR test followed by a 2h heat treatment at 425°C, c) 1 CR test followed by two heat
treatments (2h at 425°C + 2h at 500°C), d) 1 CR test followed three heat treatments (2h at
425°C + 2h at 500°C + 2h at 530°C). SEM image of the corroded sample is shown in the
insert of a). e) Volta potential profiles corresponding to SKPFM maps shown in a) —d). f)
Volta potential profiles plotted after 24hCI test (SKPFM map shown in Fig. 13b) and after
different heat treatments are also given for comparison: Volta potential profiles plotted
immediately after 24h CI test and after an additional 2h heat treatment at 425°C are those

given in Fig. 13 ¢).

Fig. 15. TDS analysis of corroded 2024 Al alloy a) TDS spectrum plotted after a 3CR test, b)

total ratios of hydrogen trapped in P1 to P4 traps for continuous immersion tests (24 h and 72

h) and cyclic corrosion test (3CR).
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