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CORROSION BEHAVIOUR OF 2024 T351 AND 6056 T6 ALUMINIUM ALLOYS
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ABSTRACT The corrosion behaviour of 2024 T351 and 6056 T6 aluminium alloys was studied in
chloride solutions. The polarization curve of 2024 alloy showed two breakdown potentials. The first
was related to the dissolution of coarse intermetallic Al,CuMg particles, the second to the
development of pitting and intergranular corrosion. For 6056 alloy only one breakdown potential
was observed. It was related to pitting and intergranular corrosion. Intergranular corrosion
developed on pit walls, and Al-Mg-Si-containing particles appeared to be pit nucleation sites.
Keywords: Al 2024, Al 6056, pitting corrosion, intergranular corrosion, chloride.

1. INTRODUCTION

The 2024 T3 alloy is used in the aircraft industry for numerous applications. Because of its
altractive combination of mechanical properties and corrosion resistance, the 6056 alloy is currently
being tested to evaluate whether it could replace the 2024 T3 alloy [1]. In this study, the corrosion
behaviour of 2024 T351 and 6056 T6 alloys was investigated in 1M NaCl solution. The purpose
was to compare the behaviour of the two alloys towards localized corrosion.

2. EXPERIMENTAL METHOD

Corrosion tests were performed on a 25 mm thick plate of 2024 T351 alloy and on a 3.2 mm
thick sheet of 6056 T6 alloy. The composition of the alloys is given in Table 1. Before testing, the
samples were polished with 1 um diamond paste. All tests were performed at room temperature in
acrated 1M NaCl (pH=6). Tests consisted of potentiokinetic polarization (sweep rate: 500 mV/h) of
the samples from the cathodic potential of -900 mV/SCE to -400 mV/SCE. All potentials quoted are
relative to a saturated calomel electrode. For several tests, scanning was stopped at different
potentials, and the specimens were maintained at this final potential during various times.

After the tests, the samples were examined by optical microscopy and by scanning electron
microscopy (SEM) using a JEOL JXA 6400 microscope. Observations by transmission electr'on
microscopy (TEM) were also performed using a JEOL JM 2010 microscope, in order to examine
precipitates and very small particles. Energy dispersed spectrometry (EDS) was also performed to
analyse the precipitates.

Table 1. Composition of 2024 T351 and 6056 T6 alloys (wt%
Al Si Fe Cu | Mn | Mg | Cr Zn Ti Zr

2024 T351 | base | 0.06 | 0.17 | 454 | 0.63 | 1.51 | 0.01 | 0.08 | 0.03 -
6056 T6 base | 0.92 | 0.19 | 0.87 | 0.55 | 0.86 [0.004 ] 0.15 | 0.02 | 0.1

3. EXPERIMENTAL RESULTS AND DISCUSSION
3.1 Microstructure of 2024 T351 and 6056 T6 ) ) ]
Both optical and SEM observations allow two types of coarse intermetallic particles (with

sizes that can reach 30 um) to be distinguished in the 2024 alloy (Fig. 1): Al-Cu-Mg-containing
particles and Al-Cu-Mn-Fe-containing particles. The first type was assigned to the AlL,CuMg
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chemical combination (S phase) [2]. Observations by TEM revealed smaller particles. In the .
1 pm long needle shaped Al,CuMg hardening precipitates (Fig. 2) and rod shaped AlM:
dispersoids with an average size of a few micrometers were found. The dispersoid distributio®
very homogeneous in the whole matrix. However, the two types of coarse intermetallic par
were surrounded by a dispersoid-free zone (Fig. 3). At the grain boundaries, hardening Al-C
precipitates were found as were bigger needle shaped particles with an average length of 3
which can also be assigned to Al,CuMg. No precipitate-free zone can be observed along the -
boundaries (Fig.2). Both dispersoids and intergranular precipitates have already been obsenc.
analysed by other authors [2,3].
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Fig. 1. Coarse intermetallic
particles in 2024 T351 alloy.
Black : Al-Cu-Mg

Grey : Al-Cu-Mn-Fe.

Fig. 2. Hardening Al,CuMg
precipitates in the matrix close
to a grain boundary.

Fig. 3. Coarse intermetallic

Al>,CuMg particle surrounc:
by an Al;oMn;Cu; disperse
free zone.

Two types of coarse intermetallic particles were also observed in the 6056 T6 alloy (b .
Al-Mg-Si-containing particles and Al-Si-Mn-Fe-containing particles reaching sizes of .=
Observations by TEM revealed the presence of Al-Mg-Si hardening precipitates (100 nm lonz
Mn-Si-Mg-Cu-containing precipitates and Al-Zr-Si-Mg-Ti-Cu-containing precipitates (0.2 i
um long) within the grain. Al-Mg-Si-Cu-containing precipitates were found in the grain boun.
(40 nm- 130 nm long). No precipitate-free zone can be observed along the grain boundaries (F:
Such precipitates have also been observed by C. Blanc et al. [4].
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Fig. 4. Coarse intermetallic particles
in 6056 T6 alloy.

Black : Al-Mg-Si

Grey : Al-Si-Mn-Fe.

Fig. 5. Grain boundary in 6056 T6 allo)
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2.2 Behaviour of 2024 T351 alloy in sodium chloride solution
Figure 6 shows the potentiokinetic polarization curve obtained in 1M NaCl solution for alloy

2024 T351. The curve shows two breakdown potentials: the more active one Ey, close to -720 mV
and the more noble one Eyy, close to -620 mV.
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Fig. 6. Potentiokinetic polarization curve of
2024 T351 alloy and 6056 T6 alloy in 1M
NaCl solution.
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Figure 7 shows the remnant S phase particles after potentiokinetic polarization to -690 mV
(ie. 30 mV higher than Ey;). Some particles were severely attacked, and a resulting porous sponge-
like structure covered by a more homogencous layer can be observed. In the vicinity of the particles,
the surrounding matrix was locally dissolved (Fig. 7b). On the contrary, the Al-Cu-Mn-Fe-
containing particles, the matrix and the grain boundaries remained unattacked. The local dissolution
of the matrix in the vicinity of the Al,CuMg particles also occurred during potentiokinetic
polarization stopped before Ey,; whereas the S phase particles remained intact. So, the dissolution of
the matrix surrounding the S phase particles is not a consequence of particle attack. So, the first
breakdown potential is assumed to be caused by the dissolution of the Al,CuMg particles.

To understand matrix dissolution at the periphery of the S phase particles, observations by
TEM were performed on intermetallic particles. Coarse AlL,CuMg particles appeared to be
surrounded by a AlpoMn3Cu, dispersoid-free zone. The dispersoid precipitation depletes the whole
matrix of copper; likewise, the precipitation of the Al,CuMg coarse intermetallic particles leads to a
preferential depletion of copper in the matrix surrounding the particles. As the dispersoids conta.in
|5 wt % copper whereas the S phase particles contain 38 wt % copper, the depletion of the matrix
surrounding the S phase particles is stronger than the depletion of the rest of the matrix. Indeed, the
dispersoid-free zone has been found to contain 10-20 % less copper than the rest of the matrix. It
can be assumed that the preferential dissolution of the matrix surrounding the coarse intermetallic
particles is caused by the existence of a galvanic couple between the dispersoid-free zone and the
rest of the matrix. Indeed, a galvanic couple between the precipitate and the matrix would cause the
dissolution of the precipitate which is anodic in comparison to the matrix. Warner et al. [2]
observed the same phenomenon on a 2024 T4 alloy. Moreover, Elboujdaini et al. [5,6] have shov\{n
thut the presence of Mg-containing particles has a detrimental effect on the surrounding n}atrlx
dissolution and increases this phenomenon. According to these authors, the presence of Mg
sccelerates the cathodic reaction and leads to the formation of alkaline diffusion layers localized
around the particles.

Finally, the local dissolution of the matrix surrounding the S phase particles is caused by a
valvanic couple between the dispersoid-free zone and the rest of the matrix and can occur at low
potential whereas the dissolution of the Al,CuMg precipitates occurs for potentials higher than Ep
and can therefore lead, before the complete dissolution of the particle, to a sponge-like structure
covered by a layer which appears to be more compact.
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Fig. 7. S phase particles after potentiokinetic polarization to -690 mV, the
potential was then maintained at -690 mV for 5 mn.

EDS analysis of the S phase particles after the potentiokinetic polarization to -6
showed a depletion of Mg (4.5 wt % instead of 15 wt % before the polarization), and an enric!
of copper (50 wt % instead of 38 wt %). This indicates that Mg selectively dissolves fron
Al,CuMg precipitates leaving Cu-rich remnants. This hypothesis was confirmed by potentiox
polarization to a potential of Ep;4+30 mV in a NaCl solution acidified to pH 2. In thesc
aggressive conditions, Mg dealloying was stronger. Indeed, there was no more Mg in the S -
particles, whereas the Cu content was about 60 wt %. These analyses were conducted on bo!
porous sponge-like structure and the more homogeneous layer. There was no difference berwet
two except the apparent structure of the layer which appeared to be less porous than the unde:
particle. Actually, this layer may result from the superficial cold-work caused by mech
polishing.

After Epy, both pitting and intergranular corrosion develop. Figure 8 presents severa
observations of a sample after potentiokinetic polarization to -610 mV (i.e. Epy+10mV)
boundaries are attacked and large pits which show crystallographic facets develop within the &
(Fig. 8b). '

According to the litterature [3,7], intergranular corrosion of Al-4%Cu alloys is caused ©
dissolution of the copper-depleted zone (0.2 wt % Cu) along the grain boundaries. However.
2 shows that no precipitate-free zone can be observed along the grain boundaries of the 202+
alloy. Yet, EDS analysis shows that a zone of 20 nm wide on both sides of the grain bou
contains 3 wt % Cu. Consequently, the grain boundary presents a slight depletion in copis
comparison with the rest of the matrix which contains 4 wt % copper.

The dissolution of the Al,CuMg coarse intermetallic particles starts at -720 mV, so it <.
assumed that the dissolution of the Al,CuMg grain boundary precipitates, whose chemical ©
the same as that of the coarse intermetallic particles, occurs at a potential closs to -7t
Anyway, -720 mV is 100 mV lower than —620 mV which corresponds to the second breik.
potential where intergranular corrosion can develop.

It can be assumed that Epy only corresponds to the matrix breakdown potential, since i
be observed on the sample surface, but it also allows intergranular corrosion to develop. A<
potential, grain boundaries are the preferential sites for the attack in so far as, on the one hii.
previous dissolution of the intergranular precipitates makes the intergranular sites fragile. i
the other hand, grain boundaries are more anodic in comparison to the rest of the matrix sinc:
only contain 3 wt % Cu.

Urushino et al. [3] who studied the intergranular stress corrosion cracking of 202 u.
the behaviour of intermetallic compound Al,CuMg in 1M NaCl. They showed that its disso
starts at -880 mV. In both cases (-880 mV or -720 mV), the two potentials are lower than E;
intergranular precipitates must already be dissolved when the potential reaches -620 mV .
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Fig. 8. 2024 T351 surface after potentiokinetic polarization to -610 mV, the
potential was maintained at -610 mV for 5 mn. b and d were taken with an 88° tilt.

Finally, pitting and intergranular corrosion develop on and after the same breakdown potential
which corresponds to the dissolution of the matrix both in the grains and in the grain boundaries
where the precipitates have already been dissolved.

3.3 Behaviour of 6056 T6 alloy in sodium chloride solution

The polarization curve of 6056 T6 alloy in 1M NaCl solution shows only one breakdown
potential Ep3 close to -730 mV (Fig. 6). After Ebs large pits can be observed as well as intergranular
corrosion which takes place on pit walls (Fig. 9). When the attack becomes more severe,
intergranular corrosion spreads from the pits but stays concentrated around them (Fig. 10). These
wo forms of corrosion seem to be dependent on each other. Zones where pits did not develop did
not allow intergranular corrosion to develop, and remained completely unattacked.

Pits can reach a very large size (300 um), they are significantly ramified presenting a rough
profile (Fig. 10). They seem to grow following the model of Reigada et al. [8]. It is based on the
idea that microscopic crystallographic tunnels are randomly nucleated on the pit wall, and quickly
penetrate the metal. The occurrence and the size of the tunnels depend on local chloride
concentration and the potential. Under mild conditions, tunnelling is a rare process, the size of the
wnnels is small, so the pit profile becomes rough. With increasing aggressiveness, both the
occurrence and the size of the tunnels increase leading to the formation of smooth, hemispherical
DILS,

The Al-Mg-Si coarse intermetallic particles were found to be strongly dissolved after a 5 mn
‘mmersion in 1M NaCl solution at free potential. Before a test, a large zone of a sample was
czamined by optical microscopy and all the precipitates were localized. After polarization to 10 mV
higher than the corrosion potential, all the pits encountered in this zone nucleated on, or just around,
‘he Al-Mg-Si-containing particles (Fig. 11). These particles can be considered as nucleation sites for
pits and consequently for intergranular corrosion.
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Fig. 9. Pit on 6056 T6 surface Fig. 10. 6056 T6 surface after ~ Fig. 11. Al-Mg-Si-containing

after potentiokinetic potentiokinetic polarization to  particle after potentiokinetic
polarization to -700 mV, the ~ -400 mV. polarization of 6056 T6 allo}
potential was maintained for -700mV, the potential was

5 mn at -700 mV. maintained for 5 mn at -70C ©

Some authors [1] have also observed that intergranular corrosion developed on pit Wi
6056 T6 alloy. Their observations revealed tall chimneys of corrosion products which led t
acidification of pit environment and allowed intergranular corrosion to develop.

4. CONCLUSION

The potentiokinetic polarization curve of alloy 2024 T351 presents two breakdown pote?r
The more active one occurring around -720 mV is caused by the selective dissolution of the S ©
particles. A severe dealloying of Mg results in the formation of Cu-rich particle remnants. The &
noble one occurring around -620 mV corresponds to the developmeént of both pitting
intergranular corrosion. This potential seems to correspond to the matrix breakdown potent
also allows intergranular corrosion to develop. Grain boundaries are susceptible to prefers
dissolution because they are more anodic in comparison to the rest of the matrix and the disso!
of the intergranular precipitates (around -720 mV) makes them fragile.

The potentiokinetic polarization curve of alloy 6056 T6 presents a breakdown potential
is related to the development of pitting and intergranular corrosion. The acidification of the
environment leads to intergranular attack which takes place on the pit walls. The Al-M:
containing precipitates were found to be pit nucleation sites.
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