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Abstract

In the present paper, the effect of heat treatment on the susceptibility to intergranular corrosion (IGC) of aluminium alloys is analysed. Samples
of aluminium alloys AA2024 and AA7075 were first subjected to different heat treatments. Then the susceptibility of these samples to IGC was
determined by means of normalized tests, based on the immersion of the samples in an aggressive medium and the subsequent evaluation of the
attack, using metallographic analysis. In order to quantity the IGC suffered by the samples, both the degree and the depth of the attacks were
measured. In addition, electrochemical noise (EN) signals were recorded during the normalized tests. This technique is especially interesting for
the study of corrosion processes of systems with low impedance, such as those faced in this paper, since it does not modify the corrosion potential
of the system. Three parameters were used to analyse the EN signals: noise resistance (R,) and two shot noise parameters, the characteristic charge
(g) and the characteristic frequency (f,). Finally, the relationship between the results of the metallographic analysis and those obtained from the
analysis of EN signals was established. Unfortunately, a poor correlation between the shot noise parameters and the degree of IGC was found, due

to both the high localization and high activities of all systems.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In general terms, when aluminium and aluminium alloys are
not subjected to any hardening treatment, they are not hard
enough to be employed for structural purposes. The mechanic
strength of aluminium alloys can be increased by different
mechanisms, such as plastic deformation (work hardening),
alloying (solute hardening), precipitation hardening or reducing
the grain size [1,2]. The aluminium alloys of highest mechanical
strength, series 2xxx, 6xxx and 7xxx, can be hardened by pre-
cipitation. The main requirement of one alloy to be effectively
treatable by precipitation hardening is that, in its phase dia-
gram, the solubility of one or more alloying elements decreases
notably with temperature [1]. The heat treatments associated
with precipitation hardening processes usually involve three
steps [3]:
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e Solution heat treatment. This step involves a temperature
increase in order to obtain a single phase, in which the alloying
elements are dissolved.

e Quenching. The quenching consists of cooling the alloy, usu-
ally at a high rate, with the aim of obtaining a supersaturated
solid solution of the alloying elements.

e Ageing. This is the controlled decomposition of the supersat-
urated solid solution, the objective of which is to form a fine
dispersion of precipitates. This step can be carried out at dif-
ferent temperatures, and is called natural ageing if performed
at room temperature, and artificial ageing or over-ageing, if
performed at higher temperatures.

On the industrial scale, a particular heat treatment is required
if the product made from the treated alloy has to satisfy a series
of products requirements related to the intended application.
These requirements are determined by the chemical and mechan-
ical properties of the treated material [4]. Specifically in the
aeronautical field, one of the requirements of aluminium alloys
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subjected to heat treatments is that they must present satisfactory
behaviour against intergranular corrosion (IGC). In this con-
text, the conditions in which the heat treatments are performed
strongly influence the behaviour of aluminium alloys in resisting
IGC.

The influence of the different steps of the heat treatment on
the susceptibility to IGC of aluminium alloys has been studied
in the literature. Thus, in [5] it is described that both solution and
artificial ageing provoke changes in the mechanical properties
and in the corrosion properties of the samples. These struc-
tural changes can be quite complex, since a great variety of
processes can occur: particle dissolution, particle coarsening,
precipitation, changes in dislocations distribution and density,
and changes of composition and structure in grains and in grain
boundaries [5]. According to [1], the optimum conditions to
obtain samples with low susceptibility to IGC are: solution at
high temperature, quenching at a high rate, and ageing at room
temperature (natural ageing). Obviously, the specific conditions
vary in function of the aluminium alloy and the shape of the
samples.

The rate of quenching is a factor with great influence on the
susceptibility to IGC in aluminium alloys. In this context, at low
quenching rates, precipitation is produced at the grain bound-
aries, provoking an increase in susceptibility to IGC. In contrast,
if the quenching rate is fast, precipitates cannot be formed at
grain boundaries, and consequently, the behaviour against IGC
is improved [6].

The effect of artificial ageing has also been analysed in
the recent literature. The results reported in [6—8] demonstrate
that this step has a strong influence on the susceptibility to
IGC of aluminium alloy products. In general terms, when a
sample is subjected to an over-ageing treatment, its proper-
ties will depend on the heat treatment that the sample initially
had before this step. Thus, if the initial treatment is adequate,
i.e., the sample has low susceptibility to IGC, artificial aging
is expected to cause an increase in the susceptibility to IGC
[9,10]. On the other hand, if the initial heat treatment is inappro-
priate, over-ageing can decrease the susceptibility of samples to
IGC [9-11].

In the present paper, AA2024 and AA7075 samples have
been subjected to different heat treatments, with the aim of
modifying their susceptibility to IGC. Subsequently, a normal-
ized test based on the immersion of the samples in a corrosive
medium under controlled conditions was conducted to deter-
mine the susceptibility to IGC of these samples. After these tests,
a metallographic analysis was carried out to quantify the IGC
suffered by the samples. In addition, electrochemical noise has
been measured during these normalized tests. This electrochem-
ical technique has been widely used to study both the activity
and the mechanism of different corrosive systems [12-21]. It
has the advantage of not modifying the corrosion potential of
the system studied. Therefore, electrochemical noise is espe-
cially interesting for measuring systems of low impedance, like
those faced in the present paper. The objective of this paper is
to correlate the results obtained with the metallographic evalu-
ation and those obtained from the analysis of electrochemical
noise.

2. Experimental

As described above, the effect of heat treatment on the
degree of IGC suffered by samples of AA2024 and AA7075
has been analysed. The composition of these alloys is given in
Tables 1 and 2. It can be emphasised that the objective of this
paper is not to validate the heat treatment, but to correlate the
degree of IGC shown by the various aluminium alloys samples,
with the characteristics of the EN signals generated during the
tests. In continuation, the heat treatments performed are detailed.

2.1. Heat treatments

In order to induce different degrees of IGC in the aluminium
alloy samples, the heat treatments included in Fig. 1 were per-
formed. In the T treatment, the steps recommended by the
standard AMS H-6088B [4] were followed, consisting of a
solution heat treatment between 488 and 499 °C, and a sub-
sequent fast quenching (quenching time less than 10s). In the
Tp treatment, the quenching time was increased over that of
Ta, while in the T¢ treatment, the solution temperature was
increased over that of Ts. In all cases, a natural ageing was
carried out, consisting of keeping the samples at room tem-
perature for at least 1 week. A treatment similar to 7o has
recently been applied to samples of aluminium alloys of the
series 6xxx [8], but the ageing of samples performed in [8] was
artificial.

The samples of the aluminium alloy AA2024 studied in the
present paper were those subjected to T3 (initial treatment of the
samples), Ta and Tg. The treatment T¢ provoked deformation
in AA2024 samples, and consequently, these samples were not

Table 1

Composition of the aluminium alloy AA2024
Si 0.103
Fe 0.252
Cu 442
Mn 0.62
Mg 1.46
Zn 0.182
Ni <0.002
Cr 0.012
Pb <0.002
Sn 0.009
Ti 0.018
Ag 0.000
B 0.001
Be 0.000
Bi <0.002
Ca 0.001
Cd 0.000
Na 0.000
Sr 0.000
Li 0.000
Zr 0.002
Co <0.001
\% 0.011
Ga 0.009
Al 92.893
P 0.002
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Table 2

Composition of the aluminium alloy AA7075
Si 0.068
Fe 0.275
Cu 1.59
Mn 0.044
Mg 2.36
Zn 5.74
Ni 0.003
Cr 0.192
Pb <0.002
Sn 0.002
Ti 0.019
Ag 0.002
B 0.002
Be 0.001
Bi <0.002
Ca 0.000
Cd 0.000
Na 0.000
Sr 0.000
Li 0.000
Zr 0.001
Co <0.001
\Y 0.007
Ga 0.009
Al 89.681
P 0.001

studied. The AA7075 samples studied were those subjected to
Ta, Tg and T¢ treatments.

2.2. Evaluation of the susceptibility to IGC

The standard ASTM G 110-92 has been employed to evalu-
ate the susceptibility to IGC of aluminium alloy samples [22].
According to this procedure, samples must be immersed during
6 h in an aqueous solution of NaCl 5.7% and H,O» 0.3%. Some
specific exposure conditions are also detailed in this procedure:
the solution temperature should be 304 3 °C; the minimum
solution volume should be 5 mL/cm? of metal surface exposed;
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Fig. 1. Description of the heat treatments 7, T and Tc.

and the immersion time should not be less than 6 h. After these
normalized tests, metallographic images of the corroded samples
were studied to evaluate the intergranular attack.

The standard ASTM G 110-92 also recommends carrying
out a surface cleaning procedure before immersing the sam-
ples in the NaCl and H>O; solution. The first step of this
cleaning procedure is an etching of the surface, in which
samples are exposed in an acid solution (5 mL HF 40% and
50mL HNO3 69% per litre) for 1 min at 95°C. After that,
samples are rinsed with distilled water. Secondly, samples are
exposed for 1 min in HNO3 69% and rinsed again with distilled
water.

During the immersion tests, EN signals of the systems were
recorded. Therefore, the conditions recommended by the stan-
dard ASTM G 110-92 have been taken into account in the design
of the electrochemical cell employed for measuring EN. This
electrochemical cell will be described later.

The standard ASTM G 110-92 does not include any defined
criterion for evaluating the IGC attack suffered by the samples
during the tests. For this reason, an internal criterion has been
elaborated with the object of estimating the extent of IGC. Both
qualitative and quantitative analyses were carried out from the
study of the metallographic images of the samples subjected to
the normalized tests. Both the qualitative and the quantitative
analyses are described in continuation:

e Qualitative analysis.

The qualitative analysis comprises an evaluation of the
attack morphology of the sample surface after the tests of sus-
ceptibility to IGC. For this purpose, five degrees of IGC were
defined, in function of the number of grain layers affected
by the attack. In these tests, in addition to the IGC attack,
pits usually appear in the samples. Thus, samples that do
not show IGC undergo only pitting corrosion. For this rea-
son, a sixth degree of attack has been incorporated, which is
employed to designate the samples that only undergo pitting
corrosion. Therefore, the qualitative analysis of the AA2024
and AA7075 samples was carried out taking into account six
degrees of attack, which range between pure pitting corrosion
and extreme IGC, Table 3. In this table the code letters “P”,
“A”, “B”, “C”, “D” and “E” are employed to designate these
degrees.

It should be noted that the same sample can present several
zones with different degrees of attack. As a consequence, it is
necessary to define parameters that describe the characteris-
tics of the grade or degree of damage. Thus, two parameters
have been proposed: the “Average Grade”, Ga and the “Max-
imum Grade”, Gy1. The parameter G can be defined as the
grade of attack most repeated over the sample surface, that is,
the predominant grade. Meanwhile, the parameter Gy is the
maximum grade of attack observed in the sample.

e Quantitative Analysis.

The quantitative analysis is based on measurement of the
depth of corroded zones. In this paper, two parameters have
been defined to evaluate the depth of the attacks produced in
the normalized IGC tests: the “Maximum Depth”, Dy, and the
“Average Depth”, D4 . Since the most important characteristic
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Table 3
Types of attack defined to evaluate the damage suffered by the aluminium alloy
samples subjected to normalized IGC tests

Type of attack Code Definition

Pitting corrosion P After the test, the area exposed only shows
pits. Signs of IGC are not observed

IGC. Degree A A In the affected zones, ramifications tracing
the shape of grains can be distinguished,
although whole grains are not revealed

IGC. Degree B B Some whole grains in the attacked zones can
be seen in the metallographic images

IGC. Degree C C In the affected area, two layers of attacked
grains can be appreciated

IGC. Degree D D Up to three layers of grains are defined in the
metallographic images of the corroded zones

IGC. Degree E E Maximum sensitivity of samples to attack

(extreme IGC). In the corroded zones, more
than three layers of grains are defined

of each sample is the zones suffering most attack, the average
depth has been estimated from the five deepest focuses of
attack found in the samples.

As will be shown later, in AA7075 samples it is of interest
to estimate the horizontal extent of the attack, thatis, the width
or diameter of the affected zones. Two parameters have been
used to quantify the horizontal attack in these samples: the
Maximum Width, Wy, and the Average Width, Wja.

2.3. Measurements of electrochemical noise

It should be emphasised that some corrosion mechanisms,
especially localized processes such as pitting corrosion or IGC,
show a significant stochastic component, since it is not possible
to predict accurately either the moment or the place in which
these localized attacks are going to happen in the samples. As a
consequence, the experiments in which localized corrosion pro-
cesses are developing are relatively irreproducible [13]. For this
reason, in the present paper, the EN was recorded during the nor-
malized tests, and therefore the EN was produced by the same
samples which were evaluated with the metallographic analy-
sis. This procedure enables us to correlate the characteristics
of the EN signals with the degree of IGC observed in the met-
allographic analysis. The experimental equipments employed
specifically enabled the recording of EN signals during the nor-
malized immersion tests.

In order to measure the EN signals, a modification of the
“Parc” single cell was employed, which allows two working
electrodes to be exposed to the standard solution. A schematic
illustration of the cell developed has been included in Fig. 2. An
anticorrosive adhesive tape with a central aperture of 0.79 cm?
was applied to each working electrode. This adhesive tape has
two functions: first, it reduces the crevice corrosion, and second,
it delimitates the area of the working electrode exposed to the
solution. To comply with the normalized tests for the detection
of susceptibility to IGC [22], a minimum of 5 mL of solution
per cm? of metal surface exposed is required. This requirement
has been fully satisfied, since in each test 1.58 cm? of surface
was exposed in 300 mL of solution. It should be clarified that the

Thermometer
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ares area
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Fig. 2. Schematic illustration of the cell employed to conduct the IGC tests,
which allows the measurements of EN.

normalized tests do not specify that it is necessary to delimitate
the exposure area of the samples. However, it has been demon-
strated in the literature that some control of the area exposed is
essential in electrochemical noise tests [13,16,23-28].

The electrochemical noise current and voltage signals were
recorded simultaneously using a potentiostat 1287 of Solartron
Instruments (1287S1), connected to a computer by means of an
IEEE-488 GPIB (“General Purpose Interface Bus”) of National
Instruments. The software “CorrWare” of “Scribner” was used
to control the electrochemical noise measurements. Aliasing is
a typical problem related with analogical to digital conversion,
which appears when a sampling rate is not high enough to mea-
sure the signals fluctuations. The existence of aliasing generates
artefacts in the signals and can be detected when a plateau at
the high frequency region of PSD is observed. In order to avoid
aliasing, a digital filter of 2 Hz was activated during the EN mea-
surements in this work. This anti-aliasing filter carries out a fast
average in the time domain, allowing an actual data acquisi-
tion rate of 2.16 Hz. According to the literature [29], this is an
effective method to avoid aliasing in EN measurements.

Following the standard ASTM G-110 recommendations for
IGC tests, the duration of the tests was exactly 6 h. Since the
authors wanted to obtain one record per hour of exposure and
calculate the PSD of the records, they have to contain 2" data.
Thus, one record of 4096 points at 2.16 Hz was stored during
the last 32 min of each 6 h.

2.4. Parameters of analysis of electrochemical noise

Three parameters have been employed to analyse the EN
signals generated during the normalized tests: the noise resis-
tance (Ry), the characteristic charge (¢) and the characteristic
frequency (fy).

The parameter R, was proposed for the first time by Eden
[30], and can be estimated by dividing the standard deviation
of potential noise by the standard deviation of the current noise
signal [13,31]:

Ry =25 (1)
o

R, is inversely proportional to the corrosion rate when both

working electrodes have the same activity and the corrosion pro-
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cess is uniform under activation control [13,14,18]. However,
even if the corrosion process is not strictly uniform, high R,
values are usually obtained when the system shows low activity,
while low R;, values can be related to a high activity [13,18].
The characteristic charge (¢) and the characteristic frequency
(fn) are parameters derived from the shot noise theory, and can be
estimated by means of the following equations [13,16,24,18,32]:

J/PSDz PSD;

BZ
fo= APSDg 3

where PSDg and PSD; are the PSD values of the potential noise
and current noise measured at low frequency, respectively. B
is the Stern—Geary coefficient and A is the exposed area of the
working electrodes. In the present paper, the MEM method with
order 50 was used to estimate PSDg and PSDy; the area exposed
was 0.79 cm?; and the value of the Stern—Geary coefficient was
considered to be 0.026 V.

According to the literature [13,16,18,25,32-36], shot noise
parameters, g and f;, can be related to the predominant corrosion
mechanisms of the systems studied. Thus, ¢ is associated with
the mass of metal lost in the corrosive events, while f; informs
us about the rate at which these events are happening [18,32,33].
Accordingly, a system in which an intense uniform corrosion is
produced can lead to high values of ¢ and f;,. On the contrary,
localized corrosion processes like pitting corrosion and IGC usu-
ally present a small number of events, leading to high values of

g and low values of f;,. Finally, the charge of passive systems is
typically low while the frequency depends on the processes that
take place in the passive layer [32-34]. For example, in [34] it
is observed that a passive system presents low charge and high
frequency.

3. Results and discussion

In order to promote different degrees of IGC in aluminium
alloys, different heat treatments were applied to samples of
AA2024 and AA7075. As commented before, two steps of the
heat treatment have been modified: the solution temperature and
the quenching time. These treatments provoke different degrees
of susceptibility to IGC in the samples. The main aim of this work
is to correlate the metallographic observations of samples sub-
jected to IGC tests with the characteristics of the electrochemical
noise signals measured during these tests.

3.1. Metallographic evaluation

Metallographic images of AA2024 samples with Tp, T3
and T heat treatments after the IGC tests are included in
Figs. 3-5, respectively. In Fig. 3, it can be observed that
samples with T treatment only showed pits, not presenting
IGC attacks. In metallographic images of AA2024-T3 taken
at high magnifications, Fig. 4, both pitting and IGC can be
appreciated. In this case, the IGC is defined by only one layer
of grains, so the degree of IGC is rated as low. In Fig. 5 it can

25 um

Fig. 3. Metallographic images of AA2024 samples with Ts heat treatment, after 6 h of exposure in NaCl 5.7% and H,O, 0.3% solution at 30 °C.
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Fig. 4. Metallographic images of AA2024 samples with T3 heat treatment, after 6 h of exposure in NaCl 5.7% and H,O, 0.3% solution at 30 °C.

Fig. 5. Metallographic images of AA2024 samples with T heat treatment, after 6 h of exposure in NaCl 5.7% and H,O, 0.3% solution at 30 °C.
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Table 4

6575

Evaluation of AA2024 samples after the normalized IGC tests in function of the heat treatments

AA2024 Qualitative analysis (codes defined in Table 3) Quantitative analysis (depths of attacks in wm)
G (average grade) Gym (maximum grade) Dy (average depth) Dy (maximum depth)
Ta P P 81 101
T3 A B 133 163
Ts E E 203 244

be seen that AA2024-Tg samples undergo extreme IGC, since
the IGC extends down through several layers of grains.

From the metallographic analysis of the AA2024 corroded
samples, Table 4 has been constructed; this includes the values
of the parameters Ga, Gm, Da and Dy, defined in Section 2.2
of this paper. These parameters allow one to quantify the differ-
ences that the heat treatments provoke in the behaviour against
IGC of AA2024 samples. From this table it can be clearly veri-
fied that the quenching time has a considerable influence on both
the type and the depth of the attacks. Concerning the corrosion
type, the results given in Table 4 indicate that if the quenching
time is long, the samples suffer mainly IGC rather than pitting
corrosion. Thus, in AA2024-Ts samples, both G4 and Gy are
“P”, which indicate that only pits are observed; in AA2024-T3
samples, Go and Gy are “A” and “B”, respectively; while in
AA2024-Tg, both G5 and Gy are “E”, that is, the maximum
degree of IGC. The parameters Dy and Da from this Table 4
permit quantification of the attack depths in these samples. It
can be observed that for each heat treatment, the Dy value is
approximately 20% higher than the D value. From the analysis
of Dy and D values, it can be seen that the attack depths are
notably different when AA2024-T» and AA2024-Tg are com-
pared. Both Dy and Dp values for AA2024-Tg samples are
more than double those for AA2024-Ts samples. According to
these data, in AA2024 samples, the longer the quenching time
of the heat treatment, the deeper the corrosion attack produced
in the IGC test. This behaviour agrees with the results reported
in the literature [6], where aluminium alloy samples previously
subjected to heat treatments with high quenching times showed
high susceptibility to IGC. Thus, both the degree and the depth
of attacks increase when the quenching time is longer [6].

In continuation, results of the analysis of AA7075 samples
after the normalized IGC tests are described. These samples
were previously subjected to three different heat treatments,
which have been designated in Fig. 1 as Ta, Tg and T¢. The
metallographic images obtained after the tests are presented in
Figs. 6-8.

Figs. 6 and 7 show metallographic images obtained after IGC
tests of AA7075 samples with T and Tp heat treatments, respec-
tively. If these figures are compared with Figs. 3 and 5, it can be
seen that the attack morphology in AA7075 samples is different
from that produced in AA2024 samples. The attacks on AA2024
are produced from different starting points, usually from pits,
and spread through the zones surrounding these focal points. In
contrast, the attack on the AA7075 samples is parallel to the
surface, with morphology similar to that observed in aluminium
alloy samples subjected to exfoliation tests [37]. Therefore, in
order to evaluate the damage suffered by the AA7075 sam-

ples, it is necessary to introduce new parameters that take into
account the horizontal extension of the attack, parallel to the
surface exposed to the solution. Thus, two extra parameters
have been estimated, the maximum width, Wy, and the average
width, Wa.

When the metallographic images of AA7075-T4 samples,
Fig. 6, are compared with images of AA7075-Tg, Fig. 7, it
can be observed that the attack depth and morphology are quite
similar. This similarity can be confirmed by analysing Table 5,
which contains the results obtained when AA7075 samples were
evaluated according to the criteria defined in Section 2.2. How-
ever, some differences were found between AA7075-TA and
AA7T075-Tg samples. Thus, the attacks on AA7075-T4 samples
usually initiate in pits, while in AA7075-Tg samples attacks
do not start in pits and show a wider horizontal spread. This
means that the attacks on AA7075-Tg are wider and shallower
than in AA7075-Ts. Note, however, that these minor differences
contrast with the results obtained with AA2024 samples, where
major differences in both the depth and degree of the IGC were
observed between Ts and Tg.

According to the criteria defined in Table 3, the maximum
degree of IGC (Dy) reached by both AA7075-T and AA7075-
Tw samples is “A”, since the attack never affects whole grains.
Meanwhile, Gy in AA7075-T¢ samples is “P”, reflecting that
these samples did not undergo any kind of IGC. On the other
hand, the G parameter coincides with Gy in AA7075-Tg and
AAT7T075-Tc systems, which implies that the predominant attack
is the same as the maximum attack observed: “P”in AA7075-T¢
and “A” in AA7075-Tg. However, Gy and Gy of the sys-
tem AA7075-Tx are different (“P” and “A”, respectively). This
means that the predominant attack is caused by pitting corrosion,
although some focuses of IGC have been detected.

Results given in Table 5 also indicate that there are differ-
ences between AA7075-Tx and AA7075-Tg samples in both the
depths and widths of attacks. These differences have been quan-
tified by the D and Dy parameters. Thus, Da in AA7075-Tx
system was 128 pm, while 109 pm in AA7075-Tg. Similarly,
Dy in AAT075-Tp was 155 wm, and 143 pm in AA7075-Ts.
Therefore, samples with T treatment are attacked to greater
depths than samples with 7. However, it can be appreciated that
the values of both Wy and W4 parameters are much higher in
AA7075-Tg than in AA7075-T samples. Thus, Wy in samples
with Tp treatment (606 wm) is almost double the value measured
in those with T (361 wm). Similarly, the value of Wy is also
higher in AA7075-Tg (775 pm) than in AA7075-T (541 pm).
To sum up, AA7075-T4 samples showed deeper attacks but with
less width than AA7075-Tg samples. These data demonstrate
that AA7075 samples with T4 treatment are more susceptible to
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Fig. 6. Metallographic images of AA7075 samples with Ts heat treatment, after 6 h of exposure in NaCl 5.7% and H,O; 0.3% solution at 30 °C.

) 200 pup | B s s i,

Fig. 7. Metallographic images of AA7075 samples with Ty heat treatment, after 6 h of exposure in NaCl 5.7% and H,O, 0.3% solution at 30 °C.
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Fig. 8. Metallographic images of AA7075 samples with T¢ heat treatment, after 6 h of exposure in NaCl 5.7% and H,O, 0.3% solution at 30 °C.

pitting corrosion than samples with 7 treatment, while samples
with T are more susceptible to IGC parallel to the surface.
The metallographic images of AA7075-T¢c samples after
the IGC tests, Fig. 8, show that the surface exposed presents
relatively few attacked zones, and almost the whole surface
remains unaffected. In this figure it can be appreciated that
the attack type is exclusively pitting corrosion, and no signs
of IGC are observed. Concerning the morphology of these pits,
it has been seen that they are not very deep, although some
of them are relatively wide. The data included in Table 5 con-
firm that AA7075-Tc samples only showed pitting corrosion.
Both the depth (Da=111pum, Dy =158 pm) and the width
(Wa =532 pm, Wy =199 wm) of these pits have characteristics
similar to those observed in AA7075 samples with 7a and T
treatments. It can be emphasised that the number of pits found
in AA7075-T¢ samples was very low. However, this finding has
not been reflected in the parameter values included in Table 5,
since the average only quantifies the five deepest pits, not being
evaluated either the amount or the density of pits in the surface
exposed. Consequently, it can be concluded that 7¢ is the heat

Table 5

treatment that causes the least susceptibility to IGC in samples
of AA7075.

In order to understand the different attack morphology seen in
AA2024 and AA7075 samples subjected to the IGC tests, these
samples were subsequently exposed to Keller’s reagent, which
reveals the grain microstructure of these alloys. The metallo-
graphic images obtained are included in Figs. 9 and 10. Fig. 9
shows that alloy AA2024 has equiaxial grains, characteristic
that explains the form of the attack observed (Figs. 3-5). On the
other hand, in Fig. 10 it can be observed that AA7075 has elon-
gated grains, of much higher size than the grains of AA2024.
The microstructure of the alloy AA7075 explains the special
morphology of the intergranular attack seen in these samples.
Therefore, it can be concluded that in both alloys, the mor-
phology of the intergranular attack is determined by the grains
shape.

When the results of the three heat treatments performed
in AA7075 samples are compared, the order of susceptibility
to IGC can be defined: AA7075-Tg >AA7075-Ta > AAT075-
Tc. In comparison, the order of susceptibility to IGC in

Evaluation of AA7075 samples after the normalized IGC tests in function of the heat treatments

AA7075  Qualitative analysis (codes defined in Table 3) Quantitative analysis (depths and widths of attacks in pm)
G (average grade) Gy (maximum grade) Dy (average depth) Dy (maximum depth) Wa (average width) Wy (maximum width)
Ta P A 128 155 361 541
Ts A A 109 143 606 775
Tc P P 111 158 532 799
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Fig. 9. Metallographic image of an AA2024-T3 sample, after 6 h of exposure
in NaCl 5.7% and H,0; 0.3% solution at 30 °C and subsequently revealed with
Keller’s reagent.

AA2024 samples was the following: AA2024-Tg > AA2024-
T3> AA2024-Tx. Although there are some differences, it can
be appreciated that the heat treatment that leads to the highest
degree of IGC in both alloys is Tg, that is, the treatment with
the slowest quenching step (longest quenching time).

3.2. Analysis of electrochemical noise

As commented before, electrochemical noise signals were
recorded during the IGC tests. Some typical potential and cur-
rent records, and their PSDs, have been included in Figs. 11-14.
In Figs. 11 and 12, no pattern of individual events can be clearly
observed, due to the high activities of the systems. Fig. 15
presents the R, values of AA2024 samples with different heat
treatments in function of the exposure time. It should be noted
that, in general terms, all systems studied here lead to very low

Lt - ; Yo W/ v " i o _."
r-ﬂq ™ ) o A . -

Fig. 10. Metallographic image of an AA7075-T sample, after 6 h of exposure
in NaCl 5.7% and H,O» 0.3% solution at 30 °C and subsequently revealed with
Keller’s reagent.
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Fig. 11. Typical potential noise records obtained during the normalized IGC
tests. Records taken at the first hour of exposition in samples of AA2024-Ty,
AA2024-T3 and AA2024-Tp.
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Fig. 12. Typical current noise records obtained during the normalized IGC tests.
Records taken at the first hour of exposition in samples of AA2024-Tx, AA2024-
T3 and AA2024-Tg.
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Fig. 13. PSDs estimated with FFT (in grey) and MEM of order 50 (in black) of
the potential records included in Fig. 11.
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Fig. 14. PSDs estimated with FFT (in grey) and MEM of order 50 (in black) of
the current records included in Fig. 12.

Ry, values [18]. This is understandable considering the high reac-
tivity of the corrosive medium employed. In Fig. 15, it can be
observed that R, values for AA2024-Tg are lower than those
obtained for T3, and values for T3 are lower than those for
Ta. Therefore, in the AA2024 samples, R, values are slightly
higher when susceptibility to IGC is lower. These results agree
with those obtained from metallographic analysis, since, as com-
mented before, both the attack degree and depth were high when
the quenching time was long.

In Fig. 15, it can be also appreciated that R,, values generally
increase with the exposure time for the three heat treatments
studied. Since the parameter R, is inversely proportional to the
corrosion activity [13], it can be stated that the corrosion activ-
ity of the three systems studied decreases with the immersion
time. However, it can be observed that all heat treatments lead
to a minimum in the R, values, this minimum being different
for each system. Thus, in the heat treatment 74, the minimum
is reached at the third hour of exposure; in T3, at the second
hour; and in Tg the minimum is observed at the first hour. The
minimum Ry, corresponds to a maximum in the corrosion activ-
ity. This maximum is always followed by a decrease in activity,
which is thought to be due to the consumption of HyO from the

160
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Fig. 15. R, values of AA2024 samples in NaCl 5.7% and H,0; 0.3% solutions
at 30 °C, in function of the heat treatment and the immersion time.
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Fig. 16. R, values of AA7075 samples in NaCl 5.7% and H,0O, 0.3% solutions
at 30 °C, in function of the heat treatment and the immersion time.

corrosive medium. The minimum R, value for each heat treat-
ment can be explained by considering the different reactivity of
the metal samples. Thus, the most reactive AA2024 samples,
those subjected to T treatment, are believed to consume the
H,0; from the solution very quickly. As a consequence, the
minimum Ry, appears at the first hour of the IGC test. Secondly,
the samples of AA2024-T3 have an intermediate reactivity, the
H>0O; of the solution being consumed at the second hour of
exposure. Finally, the least reactive samples, AA2024-Tx, do
not consume the HyO, until the third hour, the minimum R,
being reached at this time. The minimum R;, values of each sys-
tem were observed in at least three repeated tests, discarding the
possibility that they are due to intrinsic experimental scattering.
However, the assumption that the HyO, depletion is the respon-
sible of the minimum R, value must be confirmed in future
studies. In addition, the actual relationship between the H,O;
concentration and the R, values, and the influence of the expo-
sure time on the depth and grade of IGC, need to be analysed in
further research.

Fig. 16 presents the evolution with exposure time of the R,
values of AA7075 samples with different heat treatments. These
R, values were obtained during the normalized IGC tests. In this
figure, it can be seen that the order of the R, values in the first
hour of exposure coincides with the order of susceptibility to
IGC of AA7075 samples stated above. Thus, in this first hour,
the lowest R, value was observed in the most active system,
AA7075-Tg, while the highest value was obtained in the least
active system, AA7075-Tc. A good correlation between the Ry,
values and the metallographic analysis (Table 5) was observed in
AA7075-Tg samples, since for most exposure times, the lowest
R, values were obtained in this system. However, when systems
AA7T075-Ta and AA7075-T¢ are compared, it can be seen that,
after the second hour of exposure, the R, values follow a trend
different from that observed in the metallographic analysis. The
difference between the two techniques is especially pronounced
in the AA7075-Tx system, where particularly high R, values
were measured. As in Fig. 15, it can be observed in Fig. 16
that different heat treatments on AA7075 samples lead to dif-
ferent minimum R, values. Thus, for the systems AA7075-Tx
and AA7075-Tg, the minimum is reached at the first hour, while
for AA7075-T¢c, the minimum is observed at the second hour.
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Fig. 17. g values of AA2024 samples in NaCl 5.7% and H,O, 0.3% solutions
at 30 °C, in function of the heat treatment and the immersion time.

Although it has not been demonstrated, it is thought that the
minimum values correspond to the time at which the H,O» con-
centration is mostly consumed. Thus, the most passive system,
AA7075-Tc, reacts more slowly with the HyO» than the systems
AA7075-Tp and AA7075-Tg. As aconsequence, in AA7075-T¢
the minimum R, is observed later.

When R, values obtained in AA2024 and AA7075 samples
are compared, Figs. 15 and 16, it can be seen that these values
have the same order of magnitude, all of them falling in the range
from 80 to 150 € cm?. Only the samples of AA7075-T showed
higher values of this parameter.

Figs. 17 and 18 present the values of g and f;, corresponding to
EN records obtained in AA2024 samples. Unfortunately, when
q and f,, values of AA2024-Tx, AA2024-T3 and AA2024-Tg
samples are compared, little information can be obtained about
the corrosive processes of these systems, since few differences
between shot noise values can be observed. However, it can
be noted in Figs. 17 and 18 that, in the system AA2024-Tg
after the third hour of exposure, the g value increases and the f;,
value decreases. This indicates that in this system the number
of events decreases with the exposure time, while the charge
of these events increases. In contrast, EN signals obtained with
T3 and Tp treatments show the reverse tendency. Thus, after
the third hour of test, ¢ values slightly decrease and f;, values
smoothly increase with the exposure time.
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Fig. 18. f; values of AA2024 samples in NaCl 5.7% and H,O, 0.3% solutions
at 30 °C, in function of the heat treatment and the immersion time.
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Fig. 19. g values of AA7075 samples in NaCl 5.7% and H,0; 0.3% solutions
at 30 °C, in function of the heat treatment and the immersion time.

The values of the shot noise parameters, ¢ and f;,, obtained
from the EN signals of AA7075 samples subjected to IGC tests,
have been plotted in Figs. 19 and 20, respectively. In both fig-
ures, it can be appreciated that both g and f;, values are relatively
similar for the three heat treatments applied. In addition, the val-
ues obtained in AA7075-T4 and in AA7075-Tg samples follow a
similar trend, reflecting that both heat treatments lead to samples
with analogous susceptibility to IGC. It should be recalled that in
both samples, the IGC attack was parallel to the surface exposed.

In Fig. 19, it can be seen that after the third hour of exposure,
g values show the following order: AA7075-Tg < AA7075-
Ta <AAT075-Tc. It can be reminded from the metallographic
analysis that the order of susceptibility to IGC in these samples
was: AAT075-Tc < AAT075-To <AA7075-Tg. Thus, in tests
with AA7075 samples, g values followed the reverse order
compared with the susceptibility to IGC. Similarly, in Fig. 20
it can be seen that f;, values after the third hour of test generally
follow the same order as the susceptibility to IGC. Therefore, it
can be stated that the susceptibility to IGC in AA7075 samples
is inversely related to ¢, and directly related to f;, values. Thus,
the higher the susceptibility to IGC, the lower the g values, and
the higher the f;, values. According to this conclusion, systems
based on AA7075 samples that show high susceptibility to
IGC have corrosion events with low charge and high frequency
of appearance. However, the differences between the g and f;,
values of the three heat treatments are very small, since the
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Fig. 20. f; values of AA7075 samples in NaCl 5.7% and H,O; 0.3% solutions
at 30 °C, in function of the heat treatment and the immersion time.
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degree of IGC is similar in all cases. In fact, due to the special
microstructure of the alloy AA7075, the degree of attack never
exceeds the degree “A” defined in Table 3.

From the analysis of Figs. 17 and 19, it can be observed
that g values in the tests performed with AA7075 samples
(q between 3 x 107® and 5.7 x 107%C) are slightly lower
than the values obtained with AA2024 samples (¢ between
1.9 x 107> and 4.8 x 1074 C). In contrast, it can be appre-
ciated in Figs. 18 and 20 that the f; values obtained with
AA7075 (f, between 2.6 and 92 Hzcm™?2) are slightly higher
than those corresponding to AA2024 samples (f; between 0.5
and 17Hz cm’z). These data indicate that, in general terms,
EN records of AA2024 samples show fewer events with higher
charge than the records of AA7075 samples. It can also be
observed in these figures that the trend of the values of shot noise
parameters is different in the two alloys studied here. Thus, the
heat treatment that causes the highest susceptibility to IGC in
both alloys, T, in AA2024 samples leads to high g and low f;,
after the third hour of test, while in AA7075 samples produces
the lowest ¢ and the highest f; values. Therefore, in AA2024
samples, the higher the susceptibility to IGC, the higher the
resulting g value and the lower the resulting f, value. On the
contrary, in AA7075 samples, the higher the susceptibility to
IGC, the lower the g and the higher the f;, values.

In Figs. 21 and 22, the values of the shot noise parameters
obtained in this work and those obtained in [18] for AA2014
samples, have been plotted for purposes of comparison. It can be
seen in Fig. 21 that g values of the systems studied here (AA2024
and AA7075 samples) are very high, between 107> and 1073 C,
if they are compared with results reported in [18], where the
alloy AA2014 in NaCl solutions led to ¢ values between 1076
and 1073 C. On the other hand, in Fig. 22 it can be appreciated
that most f;, values of AA2024 and AA7075 samples fall in the
range between 1 and 100 Hzcm™2. It can be commented that
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Fig. 21. Comparison between g values for AA2024 and AA7075 obtained in
the performed IGC tests and g values reported in the literature [18] for AA2014.
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Fig. 22. Comparison between f;, values for AA2024 and AA7075 obtained in
the performed IGC tests and f;, values reported in the literature [18] for AA2014.

shot noise is a theory whose assumptions are very strict and
quite difficult to be fully satisfied by EN signals. Thus, in the
signals studied, EN events are not independent and do not have
the same charge and shape [18]. However, these requirements
must be assumed to apply the shot noise theory and estimate the
g and f, values. As a consequence, the values of these parame-
ters should be taken into account only for comparative purposes
between different systems, since the f;, values are higher than
the sampling rate (2.16 Hz). No direct correspondence exists
between calculated f;, values (assumed to be independent) and
actual number of events (dependent). Therefore, the sampling
rate is considered to be adequate, as an adequate anti-aliasing
filter was used, not showing the PSDs a plateau at the high fre-
quency range, Figs. 13 and 14. The f; values of the studied
systems are higher than those observed for AA2014 in NaCl
solutions, where most f;, values were between 0.1 and 3 Hz cm2
[18]. The differences found between shot noise values of the
systems studied here and those studied in [18] are believed to
be due to the electrolyte reactivity. Thus, the medium for con-
ducting the IGC tests (NaCl 1 M +H>0; 0.1 M) is much more
aggressive than the media employed in [18] to promote pitting
corrosion (NaCl 0.1, 0.6 and 2M). As a consequence, higher
values of ¢ and f;, are obtained in the IGC tests.

From the analysis of Figs. 17-20, it can be deduced that nei-
ther g nor f;, values clearly permit the discrimination between
the different heat treatments, that is, the shot noise parameters
do not seem to have a high sensitivity to the different degrees of
IGC in the samples. However, the systems studied in the present
work are characterized by showing both localized corrosion and
high activity. The PSDg and PSDy spectra were seen to be very
unstable in the low frequency range, zone where both ¢ and f;
are calculated, probably due to the high systems activity. In addi-
tion, all the hypotheses considered by the shot noise theory may
not be satisfied in the real EN records. Thus, the records neither
show a clear base line nor have fluctuations of the same ampli-
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tude (events of the same charge) [18]. Therefore, it is thought
that both the high activity and high localization of the attacks
are the reasons why the shot noise parameters of all the systems
studied here were quite similar.

4. Conclusions

This paper reports a study of the behaviour against IGC of
samples of two aluminium alloys widely employed in the aero-
nautical industry, AA2024 and AA7075. Samples of these alloys
were subjected to different heat treatments, with the object of
modifying their susceptibility to IGC. Specifically, two steps
of the heat treatment process were changed: the solution heat
treatment and the quenching. It has been proved that the heat
treatment with a slow quenching step leads to samples with high
susceptibility to IGC in both alloys.

In order to determine the susceptibility to IGC of the alu-
minium alloy samples, normalized tests were carried out; these
are based on the immersion of the samples in an aggressive solu-
tion in controlled conditions. A metallographic analysis of the
samples was performed after the tests to evaluate the amount of
IGC suffered by these samples. In order to quantify the corro-
sion damage produced in these tests, measurements of both the
depth of attack and the degree of IGC were carried out.

The experimental setup employed was designed to measure
electrochemical noise signals during the normalized IGC tests.
These signals were analysed by means of three parameters: noise
resistance (R,) and two shot noise parameters: the characteristic
charge (¢) and the characteristic frequency (f;). In the final part
of the study, the results of the EN analysis were compared with
the results obtained from the metallographic evaluation.

Of the three parameters used to analyse the EN signals, it
was determined that R, provided the best results. In most of
the systems studied in this work, the R, values of IGC tests
allow the discrimination between different activities, measured
as depths of attacks. Thus, in most cases, it has been proved that
the higher the R, the lower the system activity. Only in some
AA7075 samples the correlation between the corrosion activity
and the R, values was found to be poor.

The shot noise parameters, g and f;, were calculated in order
to obtain information related to the degree of IGC suffered by
the systems studied. The values of these parameters showed
different trends in function of the aluminium alloy tested. Thus,
AA2024 samples with high susceptibility to IGC led to relatively
high values of g and low values of f;,. Meanwhile, samples of the
same alloy with low susceptibility to IGC presented low charge
and high frequency. Therefore, in AA2024 samples, it seems that
the higher the susceptibility to IGC, the higher the g and the lower
the f, values. In contrast, AA7075 samples showed shot noise
parameters with the opposite tendency. Thus, AA7075 samples
with high susceptibility to IGC presented relatively low values
of g and high values of f,, while samples with high resistance
to IGC presented high charge and low frequency. Consequently,
high degrees of IGC in AA7075 samples seem to lead to low ¢
values and high f; values.

In this paper, systems showing different degrees of suscep-
tibility to IGC were studied, although all of them show both

localized corrosion mechanisms and high activities. For this
reason, when shot noise parameters were used to analyse the
obtained EN signals, it was not possible to establish great differ-
ences between the systems studied. These results should not put
into question the validity of shot noise parameters as tools of EN
analysis. As has been demonstrated in previous studies dealing
with these parameters, their employment permits the discrim-
ination of systems showing higher differences, between their
corrosion mechanisms and rates, than the systems studied here.
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