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Abstract. The localised corrosion associated with Mg2Si in the Al-matrix of an Al-Mg-Si alloy
was studied in 0.1 M NaCl at pH 6 by quasi in-situ transmission electron microscopy. Herein,
physical imaging of corrosion at the atomic to nanometre scale was performed. Phase
transformation and subsequent chemical composition variations associated with the
localised corrosion of Mg2Si were studied. It was observed that corrosion initiated upon
Mg2Si, often preferentially at the interface with the Al-matrix, and propagated until Mg2Si was
completely dealloyed by Mg-dissolution, resulting in an amorphous SiO-rich phase remnant.
The SiO-rich remnant became electrochemically inert and did not initiate corrosion in the Al-
matrix. This study provides a clear understanding on the localised corrosion of Al-alloys
associated with Mgz2Si. In addition, the methodology followed in this study can also be
applied to understand the role of precipitates and second phase particles in the localised
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corrosion of Al-alloy systems.

1 Introduction

Precipitation hardenable aluminium (Al) alloys such as
6xxx (Al-Mg-Si-(Cu)), 2xxx (Al-Cu-(Mg)) and 7xxx (Al-
Zn-Mg-(Cu)) are strengthened by alloying additions and
heat treatment processes that cause evolution of nanoscale
precipitates in the Al-matrix [1-2]. However, such
microstructures, which are intentionally generated for
increasing strength, notably deteriorate the localised
corrosion resistance of the alloys [1-5]. Nanoscale
precipitates exhibit electrochemical characteristics that
are different from the Al-matrix, resulting in the selective
dissolution of precipitates or the surrounding Al-matrix,
leading to pitting and/or intergranular corrosion (IGC) [3-
7]. The extent of localised corrosion experienced by
different Al-alloys is dependent on the type (and
composition) of precipitates within the alloy, and
therefore, a definitive understanding of the role of specific
nanoscale precipitates in the localised corrosion of Al-
alloys is essential. Transmission electron microscopy
(TEM) has the ability to image corrosion up to nanometre
to atomic scale, and simultaneously record any chemical
variations and phase transformations that occur during the
corrosion process via energy dispersive X-ray
spectroscopy  (EDXS) and electron diffraction,
respectively. Herein, as an example, the role of Mg,Si in
the localised corrosion of Al-alloys was studied using a
quasi in-situ TEM technique [8].
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Nanoscale Mg,Si precipitates play a dominant role in
increasing the strength of Cu-free 6xxx Al-alloys [1-2, 9-
12]. However, these alloys suffer IGC with the evolution
of Mg,Si precipitates along grain boundaries during
ageing [13-17]. Electrochemical tests were performed
upon synthesised Mg,Si bulk specimens, and also through
the electrochemical microcell technique on microscale
Mg,Si particles in the Al-matrix [18-19]. Based on the
tests, it was identified that Mg,Si was less noble than the
Al-matrix in neutral and acidic NaCl [18-19]. A
consensus on the dealloying of Mg,Si by Mg-dissolution
in acidic and neutral NaCl exist [8, 18-39]. However, a
consensus on the role of dealloyed Mg»Si in the localised
corrosion do not exist. Of the limited studies on Mg,Si
exist to date, a few studies reported that following
complete dealloying of Mg»Si by Mg dissolution, the Si-
rich remnants were enriched in O and did not take part in
the corrosion process [21-22, 30-33]. In contrast,
ambivalent electrochemical characteristics of Mg,Si in
Al-alloys was also reported [34-38]. It was observed that
following initial dealloying, MgSi remnants became
cathodic, more noble than the Al-matrix, resulting in the
dissolution of the Al-matrix [34-38].

Herein, the localised corrosion associated with an
Mg,Si particle in the Al-matrix of a 6xxx Al-alloy in 0.1
M NaCl at pH 6 was studied at nanometre to atomic scale
by a quasi in-situ TEM technique.
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Fig. 1. BF- and HAADF-STEM images of an Mg»Si particle in the Al-matrix of an Al-0.8Mg-0.6Si alloy, (a, b) prior to immersion,
and following immersion in 0.1 M NacCl for (a’, b’) 3 s, (a”, b"") 30 s and (2", b”) 30 min. Quantified EDXS maps in (c-f), (c¢'-f"),
(c"-f'") and (¢"-f") correspond to (a, b), (a’, b"), (a”, b") and (a”, b"), respectively. EDXS composition analysis along dashed lines

in (a-a"

m

) are provided in (g-g

), respectively. The arrow in (f) shows O enrichment in the Al-matrix at the edge of the TEM foil.

Arrows in (b') point to corroded sites within the MgzSi particle, and the Mg depletion and O enrichment at the corresponding sites

are indicated by arrows in (d') and (f'), respectively.

2 Experimental

2.1 Material

A 6xxx Al-alloy, Al-0.8Mg-0.6Si (% in mass fraction)
was chosen for the present study. Alloy specimens were
thermally treated in a PerkinElmer Pyris Diamond
differential scanning calorimeter. The heat treatment
involved solutionising at 540°C for 20 min and then
cooling at 0.1 K/s to a room temperature. The detailed
procedure was described elsewhere [40]. Such a thermal
treatment resulted in the growth of monocrystalline Mg,Si
particles in the Al-matrix.

2.2 Transmission electron microscopy

A quasi in-situ TEM technique was applied to investigate
the role of Mg,Si in the localised corrosion of Al-alloys.
Microstructural and microchemistry variations of an
Mg,Si particle in the Al-matrix were studied prior to
immersion of a TEM specimen in 0.1 M NaCl at pH 6,
and following immersion for 3 s, 30 s and 30 min.
Specimens were subsequently cleaned in ethanol
following immersion in NaCl, and vacuum dried prior to
TEM observation.

A Gatan 691 precision ion polishing system was used
for the TEM specimen preparation, which involved
thinning of 3 mm diameter disc at - 80°C. In addition, a
Gatan Solarus 950 advanced plasma system was used for
plasma cleaning of TEM specimens for 2-10 min using an

Ar and O» gas mixture, immediately prior to the specimen
loading into a TEM. An FEI Tecnai G2 F20 S-TWIN FEG
TEM at 200 kV was operated in Scanning TEM (STEM)
and TEM modes. In the STEM mode, bright field (BF) as
well as high angle angular dark field (HAADF) images
were collected. For microchemistry analysis, EDXS was
performed with an X-flash X-ray detector using a Bruker
Quantax 400. The collected EDXS hypermap data was
then quantified by Cliff-Lorimer method using a Bruker
Espritl.9 X-ray software. In the TEM mode, electron
diffraction to obtain selected area diffraction patterns
(SADPs) and atomic resolution imaging were performed
to study phase transformation associated with localised
corrosion.

3 Results and Discussion

Scanning TEM imaging of an Mg,Si particle in the Al-
matrix and the corresponding chemical composition
variations prior to and following a period of corrosion are
provided in Fig. 1. In the pristine condition, i.e. prior to
immersion in 0.1 M NaCl, a submicrometre sized Mg,Si
particle in the Al-matrix can be seen in Fig. 1 (a, b). The
quantified chemical composition of the Mg,Si particle
and the surrounding Al-matrix as shown in Fig. 1 (c-f),
revealed that the particle contained Mg and Si, with
almost no O. The EDXS composition analysis over the
dashed line in Fig. 1 (a) revealed that the particle
contained higher Mg than Si, with negligible O content.
The arrow in Fig. 1 (f) point to high O content in the Al-
matrix, which is because of the sample preparation



MATEC Web of Conferences 326, 01007 (2020)

1CAAI7

https://doi.org/10.1051/matecconf/202032601007

technique and is quite common observation, at the edge of
a TEM foil.

To understand the origin of corrosion, the TEM
specimen was immersed in 0.1 M NaCl for a short period
of 3 s and the same location as in Fig. 1 (a, b) was
observed under TEM, and the results are shown in Fig. 1
(a’-g'). Arrows in Fig. 1 (b") point to the sites at which
corrosion occurred. It can be observed that corrosion
initiated on the Mg,Si particle mostly at the interface of
the Mg»Si particle and the Al-matrix, revealing that the
Mg,Si particle is anodic with respect to the Al-matrix
(arrows in Fig. 1. (b')). In addition, corrosion initiation
sites were also observed upon the Mg,Si particle away
from the Mg,Si particle and Al-matrix interface (arrows
in Fig. 1. (b")). The Mg,Si particle dealloyed by Mg
dissolution and subsequently enriched in O (arrows in Fig.
1 (d’ and f')). The chemical composition analysis along
the dashed line in Fig. 1 (a’) clearly revealed the
dissolution of Mg and enrichment of O, with negligible
change in Si, at the sites where the Mg,Si particle
corroded. Further immersion in 0.1 M NacCl for 30 s led
to complete dissolution of Mg from the Mg,Si particle and
the remnant was enriched in O, with negligible change in
Si (Fig. 1 (a”-g")). To further investigate the role of the
SiO-rich remnant on the corrosion, the TEM foil was
further immersed for an extended period of 30 min in 0.1
M NaCl. It was revealed that following complete
dissolution of Mg from the Mg,Si particle, the SiO-rich
remnant became electrochemically inert and did not take
part in the corrosion process, as evident from the
negligible change in the chemical composition within the
dealloyed Mg,Si particle and the surrounding Al-matrix,
following 30 s and 30 min (Fig. 1 (a”-g") and (a"-g")).
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Fig. 2. BF-STEM images of the same Mg>Si particle in the Al-
matrix as shown in Fig. 1, (a) prior to immersion, and following
immersion in 0.1 M NaCl for (b) 3 s, (¢) 30 s and (d) 30 min. (a’-
d’) are SADPs corresponding to (a-d), respectively. SADPs in
(c") and (d") are collected from the region within the circles in
(c) and (d), respectively.

To understand the phase transformation involved with
the dealloying of the Mg,Si particle following immersion
in 0.1 M NaCl, electron diffraction studies were
performed on the same Mg,Si particle as shown in Fig. 1.,
prior to and following immersion, and the results are
shown in Fig. 2. In the pristine condition, it was revealed

that the orientation relationship of the Mg,Si particle with
the Al-matrix was [001]ai // [011]mgsi and (110)ar //
(011)mgsi (Fig. 2 (a')). The SADP obtained from Fig. 2
(b), i.e. following 3 s immersion, did not reveal any
significant change in the corrosion-induced phase
transformation, i.e. change in the chemistry and/or
crystallographic structure, as the extent of corrosion is
very small. A significant change in the electron diffraction
was observed following complete dealloying of the Mg,Si
particle, i.e. following 30 s and 30 min (Fig. 2). Based on
the results, it is quite evident that the crystalline Mg,Si
particle transformed to amorphous SiO-rich remnant,
following dealloying by Mg dissolution.

Atomic resolution TEM imaging was performed along
the [001]a1 // [011]mg2si direction to understand the onset
of corrosion at atomic scale and any influence of the SiO-
rich remnant on the surrounding Al-matrix, and the results
are provided in Fig. 3. Such a resolution is essential
because the electron diffraction and chemical composition
analysis will not be able to reveal significant details when
the extent of corrosion is at the atomic scale. In the
pristine condition, clear atomic columns or lattice fringes
of the Mg,Si particle and the Al-matrix were observed
(Fig. 3 (a)). Following immersion for 3 s (Fig. 3 (b)), the
lattice structure within the Mg,Si particle transformed to
amorphous, which was revealed to be of SiO-rich phase
from the chemical composition analysis (Fig. 1 (a'-g")),
and the lattice structure of the Al-matrix did not change.
A key finding from the present study is that the corrosion
did not initiate uniformly upon the Mg,Si particle at its
periphery (Fig. 2 and 3 (b)). In fact, corrosion initiated
randomly at few of the interfaces of the Mg,Si particle and
the Al-matrix, and propagated to completely dealloy the
Mg,Si particle. The direction of corrosion propagation
was marked by a single arrowed line in Fig. 3 (b, b’). It is
evident that with the propagation of corrosion, the
crystalline Mg,Si structure transforms to amorphous SiO-
rich phase (Fig. 3 (b")). Following complete dealloying of
the Mg, Si particle, i.e., after 30 s and 30 min immersion,
the lattice structure of the Al-matrix at the interface of the
amorphous SiO-rich phase remained unaffected (Fig. 3 (c,
d and d')), revealing that the SiO-rich remnant became
electrochemically inert and did not initiate corrosion in
the Al-matrix even at the atomic scale. The
electrochemical behaviour of Mg,Si in Al-alloys
following extended period of exposure to 0.1 M NaCl at
different pH was provided elsewhere [41]. In that study, it
was revealed that the physical dimensions of MgSi phase
decreased following complete dealloying at pH 2,
resulting in the formation of a trench at the Al-matrix and
SiO-rich phase [41]. However, such significant change in
physical dimensions was not observed following
complete dealloying of Mg,Si phase at pH 6 [41].

The results obtained from the present study aid in
understanding the localised corrosion, i.e. pitting and
IGC, of Al-alloys associated with Mg,Si particles and
precipitates. Upon exposure to NaCl, corrosion initiates
on Mg,Si, randomly at the interface of Mg,Si and the Al-
matrix, and also away from the interface (dotted arrows in
Fig. 4 (a)). Corrosion propagates to completely dealloy
Mg,Si, leaving amorphous SiO-rich remnant that will
become electrochemically inactive. As a result, pitting
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Fig. 3. Atomic resolution TEM images of an identical location showing Al-matrix, Mg:Si and the interface between them, (a) prior
to immersion, and following immersion in 0.1 M NaCl for (b) 3 s, (c) 30 s and (d) 30 min. (b") shows atomic resolution Mg>Si
following immersion in 0.1 M NaCl for 3 s. (d") shows higher magnification image of d. Double arrowed dotted lines in (a-d, d')
and solid lines in (b and b’) indicate interfaces between the phases. Whilst single arrowed solid line in (b) and (b) indicate the

direction of corrosion propagation.

will not be initiated within the Al-matrix following
complete dealloying of Mg,Si. Of the limited studies to
date on IGC, a discrepancy exists in Cu-free alloys [14-
17,21-23, 42]. A few studies reported that upon artificial
ageing, Cu-free 6xxx Al-alloys suffered IGC as result of
the formation of Mg,Si precipitates along grain
boundaries [14-17, 42]. In contrast, these alloys were also
reported to be immune to IGC though Mg,Si precipitates
form along grain boundaries [21-22]. From the present
study, it can be understood that Mg,Si precipitates along
grain boundaries do not propagate IGC. However, the
precipitates rapidly dealloy upon exposure during the IGC
process, weakening grain boundaries. As a result, the
propensity for IGC of Cu-free 6xxx Al-alloys depends on
how closely the Mg,Si precipitates are arranged along
grain boundaries.

@ (b) — Mg, Si
Al-matrix4— s L PFZ
Mg,Si >-"’ — Al-matrix
[t
j Grain
boundary

Fig. 4. Schematic microstructural model showing Mg>Si (a)
within the Al-matrix in a grain and (b) precipitates along a grain
boundary. Dotted arrows in (a) point to corrosion initiation sites
upon MgsSi. PFZ in (b) is a precipitate free zone, which is
electrochemically more noble than Mg>Si in 0.1 M NaCl at pH
6.

Conclusions

A quasi in-situ TEM method was employed to physically
image corrosion initiation and propagation at the atomic
to nanometre scale. The corresponding phase
transformations (probed via electron diffraction) and
chemical composition variations (probed via energy
dispersive X-ray spectroscopy) that were associated with
the localised corrosion of an Mg,Si particle in the Al-
matrix upon exposure to 0.1 M NaCl at pH 6 were studied.

The following conclusions are drawn:

o Corrosion was initiated upon Mg,Si either at its
interface with the Al-matrix, but also was observed to
initiate away from the interface with the Al-matrix.

e The corrosion process continued until the whole of
Mg,Si was completely dealloyed by Mg-dissolution,
leaving an SiO-rich remnant.

e The SiO-rich remnant was determined herein to be
amorphous and electrochemically inactive, and thus it
did not take further part in, or initiate further,
corrosion in the surrounding Al-matrix - even at the
atomic scale.

e The research approach followed herein can be
extended to other Al-alloy systems in understanding
the corrosion phenomenon at nanometre to atomic
scale.
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