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Abstract. The 2xxx serie aluminum alloys are characterized by good mechanical performances and
low density, however they are susceptible to different forms of localized corrosion: pitting
corrosion, intergranular corrosion and stress corrosion cracking. The 2024-T351 aluminum alloy is
used in the aircraft industry for numerous applications such as fuselage and door skin. Corrosion
damage of the material is also very detrimental for the structural integrity of the aircraft. The
presence of coarse intermetallic particles, with a heterogeneous size distribution was found to be
responsible for the 2024 susceptibility to localized corrosion. These particles are generally the cause
of initiation sites. Presence of micro-defects in the oxide film upon coarse intermetallic particles
and the galvanic coupling with the matrix contribute to the development of pitting corrosion. The
over-ageing treatment (T7) is supposed to stabilize the microstructure and the mechanical properties
to improve the corrosion resistance. The 2024 alloy microstructure after the T7 heat treatment
remains very complex. The 2024 alloy corrosion behavior was studied in the over-ageing state for
three different temperatures (150, 175 and 190 °C). During the corrosion tests in chloride-
containing environment, the behavior of coarse intermetallic particles was found to be different.
Thus, the 2024 samples suffer a gradual attack upon S-Al,CuMg particles and finally
Al(Cu,Mn,Fe,Si) particles. The corrosion damage was studied by Atomic Force Microscopy (AFM)
and Kelvin probe Force Microscopy (KFM). This technique allows simultaneous topographical and
electric potential mapping to be obtained. This latest potential was shown to be correlated to the
corrosion potential of the 2024 alloy. This study focuses on the variation of the KFM potential of
the coarse intermetallic particles and the matrix for the over-ageing conditions (T7). Observations
using optical microscope and AFM were also performed to obtain the corrosion rate for each
condition. The corrosion rate was correlated to the chemical composition variation of the particles
obtained by scanning electron microscope observations and EDS analyses.

Introduction

The 2024 aluminum alloy is used in the aircraft industry for numerous applications like fuselage,
door skins, dorsal fin, wing skin and stringers, due to its high strength-to-weight ratio, good damage
tolerance and low cost [1].

In the AA2024 alloy a heterogeneous microstructure is developed by addition of copper and
magnesium to improve the mechanical properties. After a heat treatment, the AA2024 alloy
presents optimal mechanical properties for use in aircraft applications. Unfortunately, this alloy is
extremely susceptible to localized corrosion in sodium chloride environments, such as: pitting
corrosion, intergranular corrosion, stress corrosion cracking [2-10]. The intermetallic particles are
responsible for the susceptibility to localized corrosion of the 2xxx series alloys. These intermetallic
particles are considered to be the initiation sites for localized corrosion in the 2024 alloys as a
consequence of the presence of defects in the oxide surrounding of intermetallic particles and the
galvanic coupling between the matrix and intermetallic particles.



The Atomic Force Microscopy (AFM) allowed obtaining the topography with high lateral
resolution. In order to understand the corrosion behavior of the 2024 aluminum alloy techniques
associated with atomic force microscopy were developed. The combination of atomic force
microscopy (AFM) with Kelvin probe force microscopy (KFM) allows simultaneous topographical
analysis and potential mapping. This combination has appeared to be a powerful technique to study
the localized corrosion phenomena. The AFM/KFM technique has been used to characterize the
polished surface before and after immersion into various electrolytes [11-13].

In this paper, AFM/KFM measurements were performed in order to study the evolution of the
corrosion potential of coarse intermetallic particles. Thus, more than 100 intermetallic particles of
the over-aged 2024 aluminum alloy, before and after immersion in chloride-containing sulfate
solutions were studied. The variation of the chemical composition was followed by scanning
electron microscope observations and EDX analyses. The corrosion rate was determinate by optical
microscopy observations and AFM/KFM analyses.

Experimental

Material. Corrosion experiments were performed on the 2024 aluminum alloy after the

over-ageing process. The chemical composition of AA2024 alloy was presented in our previous
paper [14]. All specimens were cut in order to test the longitudinal (L) direction of the material. The
samples with size of 1 cm® were treated at 495 + 5°C in an air circulating furnace for 1 hour,
quenched into cold water and immediately aged at three different temperatures: 150 °C, 175 °C and
190 °C. The treatment duration for each temperature (36 days at 150 °C, 50 hrs at 175 °C and 24 hrs
at 190 °C) was defined after the macrohardness stabilized [14].
All specimens were polished prior to corrosion test. The samples (10X10X2 mm) were mechanical
polished with up to 4000 grit silicon carbide papers, before final polishing with diamond pastes.
Final polishing was performed with 3 pm diamond paste down to %4 um paste using ethanol as
lubricant.

Corrosion test. Polished specimens were immersed at open circuit potential in a 0.1 M
Na,SO;4 solution with 0,001 M NaCl at room temperature. The electrolyte for all tests, were
prepared with Rectapur chemicals dissolved in deionized water. The temperature of the electrolyte
was controlled and maintained at 22°C by using thermostat. The samples surface was always
prepared just before corrosion exposure to prevent the appearance of the oxide layer and to provide
reproducible results. Before any drying, the corroded samples were ultrasonically cleaned in water
to dissolve the corrosion products. Finally, the samples were ultrasonically cleaned in ethanol and
air-dried.

The chloride-containing sulfate environment was chosen to protect the matrix against pitting
corrosion and to locate the corrosion phenomena on cooper rich particles (Al,CuMg).

AFM/KFM observations. The AFM/KFM measurements were performed on a Digital
Instrument Nanoscope III Multimode. The KFM potential with respect to the aluminum matrix was
investigate. All measurements were carried out in air at ambient temperature with a lift height of 50
nm and a lateral resolution better than 100 nm. The potential of coarse intermetallic particles were
defined by the difference of the KFM potential between the intermetallic particle ant the matrix
remote from the particle.

The samples were ultrasonically cleaned in ethanol and air dried to limit any effect of adsorbed
species on Volta potential value. On the topographic and potential images, brightness is
proportional to height and, potential, respectively.

Microscopic observations. Analyses and observations of the microstructure with an optical
microscope and a scanning electron microscope showed the presence of coarse intermetallic
particles such as Al,CuMg and Al(Cu,Mn,Fe,Si).



After corrosion exposure, specimens were firstly examined by optical microscopy, in order to
obtain information concerning the distribution and number of intermetallic particles corroded.
Scanning electron microscopy (SEM) observations were performed in order to study the behavior of
coarse intermetallic particles. Finally, energy dispersed spectrometry (EDS) analysis was performed
to assess the chemical composition of coarse intermetallic particles, before and after corrosion
experiments.

Results and discussions

AFM/KFM measurements. As it is known, two types of coarse intermetallic particles can
be found in the 2024 aluminum alloy: Al,CuMg particles and Al(Cu,Mg,Fe,Si) particles. In this
study, the corrosion behavior was investigated by comparing the rate of corroded particles in the
peak-aged an over-aged state for the three aged temperatures (150, 175 and 190°C).

Before corrosion experiments, an area of 4 mm® was delimitated by microscratch. About 100
AlL,CuMg particles and 50 Al(Cu,Mn,Fe,Si) particles were located, by optical microscopy for
AFM/KFM measurements.

Figure 1 shows scanning electron microscopy (SEM) image and the topographical image together
with the potential map obtained simultaneous on the same area.
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Figure 1

Energy-dispersive spectrometry (EDS) analysis allowed two types of intermetallic particles to be
identified: the particles 1 and 4 correspond to Al(Cu,Mn,Fe,Si) particles and the particles 2,3,5
correspond to Al,CuMg particles.

In some areas, the regions visible in the topography map are associated with intermetallic particles.
These intermetallic particles can be observed protruding slightly from the surface, because of their
higher hardness and therefore have a lower polishing rate in comparison to the Al matrix.

In the potential map, bright regions are associated with intermetallic particles; all intermetallic
particles exhibit a Volta potential higher than the matrix. The Al(Cu,Mn,Fe,Si) particles are brighter
than the Al,CuMg particles on the potential map and thus have a higher potential.

It should be noted that the sense of the scale of the potential surface KFM image shown does not
correspond to that of the scale of potential corrosion particles, it is reversed; a negative contrast
corresponds to the nobler phase.

On the other hand, it should be noted that, the potential of coarse intermetallic particles was defined
by the difference of the KFM potential between the intermetallic particles and the matrix remote
from the particle.

Before corrosion experiments a statistical analysis of the KFM potential of coarse intermetallic
particles as a function of the over-ageing temperature was made. For each over-ageing temperature,
20 AFM/KFM observations were performed. The KFM potential values for each type of coarse
intermetallic particles were significantly scattered. We note a great dispersion of the KFM potential
values; the values varies from -120 to - 430 mV for Al,CuMg particles and from -190 to -470 mV
for Al(Cu,Mn,Fe,Si) particles.



This dispersion of the KFM potential of the coarse intermetallic particles could be influenced by
different parameters. In the literature are reminiscent of the environmental conditions of formation
the oxide layer and differences in the thickness of the oxide layer [13,15], the means of preparation
of the surface [16]. In order to limit the influence of the oxide film, the KFM observations were
performed immediately after polishing.

This statistical analysis allows us to calculate a statistical value for the KFM potential for each type
of coarse intermetallic particles as a function of the treatment temperature. Figure 2 presents the
representative values for each particle type depending on the over-ageing temperature. For
Al,CuMg particles, the KFM potential increases slightly with the over-ageing temperature, while
for Al(Cu,Mn,Fe,Si) particles, the KFM potential value decreases.

Over-ageing treatment

17-150 17-175 17-190

-50
-100
-150
-200

AE (mV)

-250

-300

350 e

400 i Al2CuMg Al(Cu,Mn,Fe,Si

Figure 2: Representative values of the KFM potential of Al,CuMg particles and Al(Cu,Mn,Fe,S1)
particles relative to the matrix, as a function of the over-ageing temperature.

In Table 1 are presented the representative values with a standard deviation (SD). In literature are
reported the KFM potential values for Al,CuMg particles on an AA2024-T351 alloy; these values
are measured for one or few particles: +280 mV [15], +200 mV [15], +180 mV [17].

Statistical study of the KFM potential of Al,CuMg particles for 300 particles, on AA2024-T351
alloy indicates a mean value -90 mV + 45mV [18]. The KFM potential values for Al(Cu,Mn,Fe,S1)
particles was found between -200 to -300 mV [17].

Table 1: Values of the KFM potential for intermetallic particles.

Metallurgical state E xkpm (MmV) E kpm (MmV)
Al,CuMg particles Al(Cu,Mn,Fe,Si) particles

T7-150 284+ 16 -331 +34

T7-175 -258 £ 13 =360 + 43

T7-190 210+ 15 =371 +£39

The average values of the chemical composition determined by EDS analysis before immersion are
presented in Table 2 for Al,CuMg particles and Table 3 for Al(Cu,Mn,Fe,Si) particles. The
chemical composition was calculated for the same particles, analyzed by AFM/KFM and for which
was calculated a representative value of the KFM potential. Calculated chemical composition of the
Al,CuMg particles, is almost identical with the stoichiometric composition (Al-50 %at, Cu-25 %at,
Mg-25 %at).



Table 2: Chemical composition of Al,CuMg particles.

Metallurgical Al (at.%) Cu (at.%) Mg (at.%)
state
T7-150 52.8+1.9 24.6+0.8 225+1.1
T7-175 51.3+09 26.1+£0.5 23.5+0.5
T7-190 53.8+4.0 245+24 21.7+£22
Table 3: Chemical composition of Al(Cu,Mn,Fe,Si) particles.
Metallurgical Al (at.%) | Cu (at.%) | Mn (at.%) | Fe (at.%) | Si (at.%) Mg (at.%)
state
T7-150 71.5+£06 | 163+1.5| 42+0.5 6.1+06 | 1.2+0.7 0.8+0.1
T7-175 71.0+£06 | 17.6 0.8 | 4.1+0.7 5.8+0.5 | 0.5+04 0.8+0.1
T7-190 73.8+26 [154+14| 3.9+0.7 51+08 | 0.6+04 1.1+£0.2

Immersion test in 0.1 M Na,SO,4 solution with 102 M NaCl. After immersion test in

chloride-containing sulfate solutions, the KFM potential respect to the matrix was measured,
following to a statistical analysis obtain a representative value of the KFM potential of coarse
intermetallic particles.
The samples were then immersed in 0.1 M Na,SO, solution with 10° M NaCl for varying periods
of time an examined again by AFM/KFM. After 30 min of immersion, the AFM/KFM observations
reveal a slight decrease of the KFM potential for several Al,CuMg particles, but the topographical
map indicates that no corrosion has occurred. After polishing, the samples were returned to the 0.1
M Na,SO; solution with 10° M NaCl for 60 min. Figure 3 shows SEM and AFM/KFM
observations of the over-aged 2024 (T7-150) aluminum alloy, after 60 min of immersion

Topography 500 um Potential

Figure 3: Obseatlons of the over-aged AA2024 corroded 60 min: SEM observation; AFM map (a)
and KFM map (b).

The Al,CuMg particles are partially corroded and dissolution of the matrix around the periphery of
the particles is observed. The potential map shows that the contrast between the intermetallic
particles and the matrix is more pronounced after corrosion test; for example, the Al,CuMg
particles 1 and 2 present KFM potential of about -485 mV and -520 mV respectively.

The KFM potential values are more scattered and decrease down to value varying from -220 to -800
mV, for the AlL,CuMg particles and -220 to -470 mV for Al(Cu,Mn,Fe,Si) particles. Figure 4
presents the KFM potential for each type of particles depending on the over-ageing temperature.
The dispersion of the potential values is influenced by the different reactivity of the Al,CuMg
particles, noting that some particles are strongly corroded, while others are not corroded. In the case
of Al(Cu,Mn,Fe,Si) particles they are less affected by the corrosive phenomena.
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Figure 4: Representative values of the KFM potential of Al,CuMg particles and Al(Cu,Mn,Fe,S1)
particles relative to the matrix, as a function of the over-ageing temperature.

After corrosion experiments, EDS analyses were performed on all particles for which AFM/KFM
measurements had been carried out. The results suggest changes in the chemical composition of
particles and especially in the case of Al,CuMg particles. Thus, aluminum and magnesium content
decreases and the copper content increases. On the other hand, the results show the presence of
oxygen. We can note that changing in chemical composition of the Al,CuMg particle corresponds

to a decrease of the KFM potential.

In Figure 5 and 6 are presented the chemical composition of the Al,CuMg particles and
Al(Cu,Mn,Fe,Si) particles before and after 60 min of immersion. A major change of chemical
composition after corrosion is noted for particles type Al,CuMg, the aluminum and magnesium
content decrease down to 20 at.% and 5 at.% respectively, while the copper content reaches 39
at.%. The oxygen content is also important, reaching 39 %at.
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Figure 5: Evolution of chemical composition of Al,CuMg particles after immersion test.



The chemical composition of Al(Cu,Mn,Fe,Si) particles do not show significant changes, which
makes us suppose that they are more resistant to corrosion. Moreover, the KFM potential value does
not vary a lot after 60 min corrosion.
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Figure 6: Evolution of chemical composition of Al(Cu,Mn,Fe,Si) particles after immersion test.
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Figure 7 represents an EDS map for the Al,CuMg particles. These maps indicated Cu enrichment at

Al,CuMg particles and depletion of Al and Mg from these particles. Also, oxygen is present on the
surface of the particles.

Figure7: X-ray maps from a region corresponding with that shown in fig. 6 na Al and Mg
depletion from Al,CuMg particles (a, b); Cu enrichment at Al,CuMg particles (c); presence of
oxygen (d)

A correlation between the KFM potential values and the corrosion behavior of coarse intermetallic
particles was made. The corrosion behavior was characterized by the corrosion rate, noted by T.
This parameter was defined as T = Number of particle corroded / Total number of particle.

The corrosion rate in the over-ageing state (T7) was compared with the corrosion rate in the peak-
aged state (T6). The results show that the corrosion rate is greatly diminished (=<10%) for T7-175
and T7-190 states in comparison with T6-175 and T6 -190 states (=60%). On the contrary, the

corrosion rate for T7- 150 state (55%) is almost similar with the corrosion rate for T6-150 state
(53%).



Tabel 4: Corrosion rate for 2024 aluminum alloy in T6 and T7 states.

Metallurgical T6-150 T7-150 T6-175 T6-175 T6-190 T7-190
state
Corrosion 55% 53% 45% 7.5% 63% 10%
rate
Conclusions

The AFM/KFM potential values are very scattered hence statistical analyses before end after
corrosion tests were made.

Before immersion test, the AFM/KFM potential values of the Al,CuMg particles is close to -284
mV and -371 mV for the Al(Cu,Mn,Fe,Si) particles. The over-ageing temperature has a low
influence on the AFM/KFM potential values.

After immersion test, the Al,CuMg particles are affected by the corrosion phenomena, while the
Al(Cu,Mn,Fe,Si) particles are less affected. The AFM/KFM potential values is close to -504 mV for
Al,CuMg and -359 mV for Al(Cu,Mn,Fe,Si) particles.

The corrosion rate was also characterized. A decrease of the corrosion rate for the over-ageing state
is observed.
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