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Microstructural effects in corrosion of aluminium tube alloys
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Abstract: Fine gauge extruded aluminium alloy tubes can experience preferential corrosion and early failure when they are formed
into “u-bend” via cold deformation. The relationship between the electrochemical reactivity and the microstructure of the bent vs
straight parts of the tube was established. Investigations were carried out on two alloys containing 0.08% and 0.22% (mass fraction)
of manganese. The corrosion morphology of bent tubes after immersion in salt water acetic acid test (SWAAT) solution showed the
highest attack at the bent region of the high-Mn alloy. SEM characterisation of the alloys showed that each alloy has one main type
of coarse intermetallic particle. However, TEM observation showed that there is a distinct difference in particle morphology between
the bent and straight regions of the high-Mn tubes, the bent region revealed an additional population of 10—50 nm Mn-rich
intermetallic particles, which increased both the anodic and cathodic reactivity. For the low-Mn alloy, no such effects were observed.
The results suggested that cold deformation of the high-Mn tube allowed room temperature precipitation of fine Mn-rich particles,
which increased the cathodic reactivity of that region by providing more cathodic sites, and increased the susceptibility to pitting by

removing noble Mn from solid solution. Such an effect was not observed for the low-Mn alloy.
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1 Introduction

Aluminium alloys are extensively employed as heat
transfer tube materials in heat exchangers. Previous work
[1-3] focused on the corrosion behaviour of tube
materials in brazed heat exchangers, but very little
attention was devoted to corrosion of the round tubes in
mechanically expanded heat exchangers. In industrial
field, it was found that some aluminium tube alloys can
experience early failure in bent region, so it is valuable to
give the explanation of this phenomenon.

Al-3xxx wrought alloys are widely used for
architectural applications, cooking utensils, bodies of
beverage cans, packaging, chemical equipment, pressure
vessels, and heat exchangers [4—5]. However, it is known
that the electrochemical properties are strongly
influenced by different intermetallic particles. The
particles increase cathodic activity of the surface and act
as pit initiation sites [6—7]. It is also thought that
precipitation causes solute depletion of the matrix [8].
Mn is a beneficial element. The beneficial role of Mn in
Al-Mn alloys is interpreted as reducing the difference in
electrochemical potential between the matrix and the

intermetallic particles due to supersaturation of Mn in the
matrix and Mn enrichment of the intermetallic
particles [9—10].

Deformation is likely to have two effects on the
electrochemical behaviour of aluminium alloys. One
effect is to cause the precipitation of particles that act as
local cathodes and pit initiation sites. The other effect is
that the formation of precipitates will deplete the
adjacent matrix in solute, making it more susceptible to
dissolution [11—13].

This investigation focused on the electrochemical
characterisation of the bent regions of two different
aluminium tube alloys in order to establish the
relationship between the microstructure associated with
the regions of the tube alloys and their electrochemical
behaviour.

2 Experimental

Two commercially available aluminium alloys were
used in this study. The chemical compositions are given
in Table 1. The alloys were supplied in the form of
extruded tubes that were mechanically bent without prior
or subsequent heat treatment. The microstructure of the
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Table 1 Chemical composition of tube materials (mass
fraction, %)

Alloy Si Fe Cu Mn Zn Al
LowMn 0.04 0.18 0.005 0.08 0.18 Bal
HighMn 0.06 0.12 0.008 022 0.24  Bal.

outer part of the bent region was compared with that of
the straight region for each alloy via SEM (JEOL 6300)
and TEM (Philips Tecnai F20). The chemical analysis of
the particles was performed using EDX.

The electrochemical properties of the straight and
bent regions of the tubes were investigated with
immersion tests and via localised microelectrochemical
measurements  (Solartron Model 1285). For the
immersion test, the samples were examined in the
unpolished state. The specimens were immersed in the
salt water acetic acid test (SWAAT) electrolyte (4.2%
synthetic seawater [1], pH=2.8-3.0) for 2 d. The
microelectrochemical test was performed with the tip of
a pipette (diameter of 1 mm) using naturally-aerated
3.5% (0.6 mol/L) NaCl solution on samples that had
been polished using 4000 grit SiC papers.

3 Results

Figure 1 shows the corrosion morphologies of the
tube materials after immersion in SWAAT solution at
pH=3 for 2 d. It is evident that the bent region of the

high-Mn tube shows the greatest pitting attack compared
with the straight region. This effect is not observed for
low-Mn tube. Pits are observed to initiate at
intermetallics particles, and display crystallographic
facets.

The anodic and cathodic reactivities of the samples
measured with the microelectrochemical cell are shown
in Figs. 2 and 3. Figure 2(a) shows the anodic
polarisation curves for the bent and straight regions of
the high-Mn tube. In all cases, a clearly-defined
breakdown potential can be observed. Figure 2(b)
summarises the breakdown potentials (defined as the
potential where the current density reaches 10 pA/cm?)
for both alloys. It is clear that the breakdown potential of
straight region of the high-Mn alloy is higher than that of
the bent region. The breakdown potentials of bent and
straight regions of the low-Mn tube are the same as those
of the bent high-Mn tube. However, the straight region of
the high-Mn tube has a higher breakdown potential than
the straight or bent region of the low-Mn tube.

Figure 3(a) shows the cathodic polarisation curves
for the high-Mn tube. Figure 3(b) provides a summary of
the magnitude of the cathodic current density at —1.1 V
(vs SCE) for both tube alloys. The cathodic current
density of the bent region of the high-Mn tube is
higher than that of the straight region, and also higher
than those of both the straight and bent regions of the
low Mn tube.

Fig. 1 Corrosion morphologies of tube materials after immersion in SWAAT solution at pH=3 for 2 d: (a) Straight region of low-Mn
tube; (b) Bent region of low-Mn tube; (c) Straight region of high-Mn tube; (d) Bent region of high-Mn tube
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Fig. 2 Anodic polarisation curves for tube alloys in aerated 3.5% NaCl solution using microelectrochemical cell: (a) Bent and straight
regions of high-Mn tube; (b) Summary of distribution of breakdown potentials determined at 10 pA/cm2
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Fig. 3 Cathodic polarisation curves for tube alloys in naturally-aerated 3.5% NaCl solution using microelectrochemical cell: (a) Bent
and straight regions of high-Mn tube; (b) Summary of cathodic current density at —1.1V (vs SCE)

The intermetallic particles present in all of the
samples were analyzed by SEM/EDX. Figure 4 shows
the SEM microstructures of the straight regions of both
the alloy tubes. The bent regions appear similar at this
magnification. The micron-sized particles in the low Mn
tube were found to contain Al, Fe, Si and Zn, whereas
those in the high-Mn tube contained Al, Mn, Fe, Si and
Zn. There was no difference in the distribution of
micron-sized particles between the bent and straight
regions of either tube.

TEM samples were prepared from several different
tubes of the two alloys. In the bright field images of both
tubes, in addition to micron-sized particles that were
observed using SEM, fine particles, typically <100 nm
were observed. There is no difference in the number of
intermetallic particles observed for the straight and bent
regions of the low Mn tubes. However, for the high Mn
tubes, there are more fine (<100 nm) precipitates in the
bent regions than in the straight regions (Fig. 5). For

each alloy, the composition of the fine particles
determined from EDX on TEM is the same as that
determined from SEM/EDX analysis of the micron-sized
particles [5].

4 Discussion

Microstructural analysis reveals that the straight and
bent regions of the low-Mn alloy contain the same
Al-Fe-Si-Zn particles. The straight and bent regions of
the high-Mn alloys contain Al-Fe-Mn-Si-Zn particles.
However, the bent region of the high Mn alloy contains
additional fine particles with a typical size <100 nm. The
exact composition could not be determined, but is
consistent with the composition of Al;,(Fe, Mn);Si found
by ZAMIN [10] in a Al-Fe-Mn-Si alloy.

The TEM results indicate that mechanical bending
without subsequent heat treatment [14] causes the
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Fig. 4 SEM images and corresponding EDX element spectra for straight region of tube alloys (surface polished to 1 pm): (a), (a)

Low-Mn tube; (b), (b") High-Mn tube

Fig. 5 TEM images of straight region (a) and bent region (b) of high-Mn tube

precipitation of Mn-containing intermetallic particles
shown in Fig. 4(b). This is a surprising observation, as it
would be expected that both deformation and heat
treatment would be needed for particle nucleation. The
presence of a high dislocation density both offers an
increase in nucleation sites and enhances the diffusion
coefficient of solutes. Previous studies [15—16] on the
effect of plastic deformation on the precipitation kinetics

of Mn-bearing phases Al (Fe, Mn); Si and (Mn, Fe)Alg
indicated that deformation reduces the temperatures at
which precipitation starts, and may increase the rate of
precipitation at given temperature of 300 °C by orders of
magnitude [8].

Deformation alone would not normally be expected
to be sufficient to allow nucleation and growth of
Mn-containing particles since the diffusion rate of Mn is
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slow. CHEN et al [17] observed that Mn segregation at
dislocations occurred during cold rolling. They suggested
that deformation increases the dislocation density, which
increases both the nucleation site density and
diffusivities of precipitate-forming elements in the
material. Furthermore, the nucleation barrier for
dislocations is much lower than that for homogenous
nucleation. In addition, the solute atmosphere around
dislocations enhances the rate of precipitation via an
increase in the local chemical driving force.

The relationship between the deformation of the
aluminium tube alloys and corrosion susceptibility was
investigated using two methods: potentiodynamic
measurements and immersion tests. It was found that the
bent region of the high Mn tube is more susceptible to
pitting corrosion (Fig. 1), has a lower breakdown
potential than the straight region of the same alloy (Fig.
2) and has the highest cathodic reactivity (Fig. 3). These
observations can be linked to the precipitation of fine
Mn-rich particles in the bent region of the high-Mn tube.

The cathodic reactivity of aluminium alloys is
determined by the presence of intermetallic particles
[10-11]. Thus, the increase in the presence of
precipitates is likely to cause an increase in the cathodic
reactivity as observed here. Precipitates are also known
to be pit initiation sites in aluminium alloys [18—19].
This correlates with the increased anodic reactivity
(lower breakdown potential). The increase in anodic
reactivity is also likely to be influenced by the loss of Mn
from solid solution, which has also been observed to be
beneficial in decreasing the dissolution rate of aluminium
alloys [9—-10].

The beneficial effect of Mn in solid solution is
highlighted by the observation that the corrosion
behaviour of the low Mn alloy is similar to that of the
bent region of the high Mn alloy after precipitation of
Mn-rich particles.

The above results indicate the role of deformation
and effect of Mn in solid solution on the corrosion
behaviour of aluminium tube alloys. No previous work
has been done on the cold deformation effect on
corrosion behaviour of the Al-Fe-Mn-Si-Zn system. The
present work has highlighted the cold deformation
effects of enhanced precipitation in increasing both
anodic and cathodic reactivities of the bent region of
aluminium tube alloys.

5 Conclusions

1) There are more fine (<100 nm) Mn-rich particles
in the bent region of high-Mn tube than in the straight
region of high-Mn tube, but there is no difference
between the straight and bent regions of low-Mn tube.

2) The straight region of high-Mn tube has lower
anodic reactivity than that of the low-Mn tube. This may
be due to the presence of Mn in solid solution, which is
known to improve corrosion resistance.

3) The bent region of high-Mn tube has higher
anodic reactivity than the straight region. This may be
due to the loss of Mn from solid solution as a result of
precipitation.

4) The bent region of high-Mn tube has a higher
cathodic reactivity than the straight region. This is
probably a result of the increase in the number of
cathodically active particles.
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