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Site-specific analytical electron microscopy was performed on a corroded sand-cast AM50 alloy. Areas
close to partially divorced eutectic were the regions with less corrosion damage. The corrosion product
layer in these areas consisted of a columnar section of predominantly amorphous MgO. At the alloy inter-
face, an aluminum-rich layer was identified. Electron energy-loss spectroscopy suggests this layer is
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phology: a thin columnar film and a thicker, porous sub-layer. The formation of the Al-rich layer depends
on the Al content in solid solution at a specific location.
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1. Introduction

Magnesium alloys with low density, high stiffness, and good
machinability and castability are generating attention in the auto-
motive and aerospace industries, although their share of the market
is still dwarfed by various aluminum alloys [ 1]. Two main drawbacks
have hindered the more widespread application of Mg alloys: poor
corrosion properties and poor creep behavior. The latter issue,
mostly linked to the presence of low melting point intermetallic
phases on grain boundaries, has been successfully addressed by
modifying the alloy composition [2]. Poor corrosion resistance re-
mains the major impediment to Mg alloy development.

Early improvements in corrosion properties were achieved by
producing alloys with reduced impurity levels [1]. Lowering the
concentrations of iron, nickel, and copper, which all act as cathodes
within the alloy, was crucial in this context [3-5]. Among the alloy-
ing elements, there is a strong consensus that Al has a beneficial ef-
fect on overall corrosion resistance. Lindstrom et al. [6] reported
that in high humidity environments, in the absence of CO,, the
general corrosion rate is reduced with increasing Al content (in
the order; AZ91 < AM60 < AM20), and Mathieu et al. [7] demon-
strated this electrochemically on single-phase o-Mg (solid solution
of Al in Mg) electrodes containing various Al concentrations. They
reported a linear increase in corrosion potential with increasing Al
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content in solid solution. Higher concentrations of Al in solid solu-
tion, as compared in the alloys AZ31, AZ80, and AZ91D, is demon-
strated to result in enhanced corrosion resistance in a humid hot
air environment [8]. A higher Al content has also been shown to
be beneficial in reducing the corrosion rate of rapidly solidified
Mg binary alloys [9], and the o-Mg grains in the die-cast AZ91D al-
loy [10].

Another important feature in the corrosion behavior of the Mg-
Al alloys is the microstructure and the distribution of the interme-
tallic phase, B-Mg,Al;,. When the number of B-Mg,,Al, regions is
lower in population, compared to the o-Mg grains, these areas may
act as microgalvanic cathodes and accelerate the local corrosion
rate [11-13]. A more uniform and dense distribution of the p-Mg;.
Aly, phase, on the other hand, could yield an improved corrosion
resistance. Pardo et al. [14] reported a reduced rate of corrosion
of AZ80 and AZ91D, in 3.5 wt.% NaCl solution, compared to com-
mercially pure Mg and AZ31. This improvement was attributed
to the development of an Al-rich layer at the interface between
metal and corrosion products, whereas in the case of AZ91D, this
was correlated with the presence of a continuous network of eu-
tectic B-Mg;,Al;, phase along the grain boundaries. Similar trends
were observed for the corrosion of the same series of alloys, i.e.
commercial Mg, AZ31, AZ80, and AZ91D, in salt fog environment
[15].

Microscopic characterization of the corrosion film on Mg alloys
can lead to identification of the weakest microstructural links and
information on the active corrosion mechanisms. In pioneering
studies by Nordlien et al. [16-18], transmission electron micros-
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copy (TEM) was used to examine the morphology of the oxide/
hydroxide layer on both pure and alloyed Mg. The corrosion prod-
uct on Mg-Al alloys exhibited a three-layer structure [18], with the
layer closest to the alloy having a higher Al content, with respect to
the bulk metal. X-ray photoelectron spectroscopy (XPS) demon-
strated the accumulation of AI** species on the corroded surface
of Mg-Al alloys [19-21]. This is interpreted as percolation of amor-
phous Al,03 within the MgO/Mg(OH), corrosion layer [18], result-
ing in the observed enhanced corrosion resistance. It has also been
claimed that Al-enrichment can be an artifact caused by sputter
cleaning of the initial alloy surface, due to the higher sputtering
rate of Mg [22].

In this study, our objective is to characterize the corrosion film
formed on the Mg-Al alloy (AM50) at locations adjacent to the pri-
mary o-Mg grains and close to the eutectic microstructure in the
alloy. It has been shown that the casting technique has a significant
impact on the corrosion mechanism of this alloy, with high-pres-
sure die-casting yielding better corrosion properties [23]. Our fo-
cus in the present study is on the sand-cast version of this alloy.
Previous studies on the corrosion layer on Mg alloys have mainly
focused on broad-beam techniques, like XPS, that yield an aver-
aged signal with low spatial resolution. Other studies employing
electron microscopy and X-ray energy dispersive spectroscopy
(XEDS) were performed predominantly on ultra-microtomed spec-
imens, which do not allow selection of specific areas present in the
alloy [16-18]. Using a focused ion beam for TEM sample prepara-
tion, our goal is to characterize the corrosion product layer in the
vicinity of the main microstructural features in the alloy AMS50.
This allows us to examine the potentially corrosion resistant prop-
erties of the various constituents within the microstructure.

2. Experimental procedure

Sand-cast AM50 alloy samples were provided by General Mo-
tors staff at the India Science Lab in the form of a cylindrical ingot.
The chemical composition is presented in Table 1, and complies
with the ASTM B275 standard for this alloy [24]. The ingot was
cut into cubic pieces with dimensions of 1.5cm x 1.5cm x 1 cm.
The samples were directly polished, without embedding or mount-
ing. The initial mechanical grinding was performed on SiC abrasive
paper (up to 800 grit), using water as coolant. The grinding surface
was covered with metallography wax in order to minimize embed-
ding of the SiC particles within the soft magnesium alloy. Subse-
quently, polishing was performed using an oil-based diamond
paste (3 pm) on a Struers MD-Dur polishing surface. A mixture of
propylene glycol (25 vol.%) and ethanol was used as a lubricant
during polishing, in order to avoid any water exposure of the pol-
ishing surface from this stage onwards. We only used anhydrous
ethanol for rinsing and cleaning after this step. Final polishing on
the sample was carried out with colloidal silica. Bulk colloidal silica
(SYTON-HT50) was mixed with propylene glycol (1:2 ratio) and
used fresh on Struers MD-Chem surface. Polishing was continued
until the 3 pm scratches were all removed from the surface. The
sample was subsequently sonicated in anhydrous ethanol for
cleaning and then dried in air.

The microstructure of the as-cast alloy was studied at low mag-
nification using a light microscope (Zeiss Axioplan 2 Imaging
microscope, with a Hal 100 halogen lamp) and at higher magnifica-
tion with a dual-beam scanning electron microscope/focused ion

Table 1
Composition of the AM50 magnesium alloy used for this study.

Major elements (wt.%) Minor elements (ppm-weight)

Al Mn Zn Si P Cu Fe Ni Cr
4.42 0.29 0.09 0.02 56 23 8 4 3

beam (SEM/FIB) (Zeiss NVision 40) equipped with an X-ray en-
ergy-dispersive spectrometer (XEDS - Oxford Inca, Silicon drift
detector). The as-cast microstructure was characterized by trans-
mission electron microscopy (TEM) on electropolished thin foils.
After mechanical thinning to ~80 pum thickness, disks (3 mm in
diameter) were punched. A Struers Tenupol-5 twin jet electropol-
ishing unit was then used to thin and perforate the samples. A
slightly modified electropolishing recipe [25], comprising 5%
HClO4, 15% ethylene glycol and 80% methanol electropolishing
solution was used at 20 V and —40 °C. The TEM foils were then fur-
ther thinned by ion milling. A Gatan precision ion polishing system
(PIPS) was used at 3 keV beam energy, with an incidence angle of
4°.

Corrosion studies were performed on polished specimens im-
mersed in an aerated 1.6 wt.% NaCl (reagent grade, 99% assay) solu-
tion at room temperature. This concentration of solution was used,
in accordance with General Motors procedures, in order to simu-
late corrosion under road conditions [23,26]. The sample was peri-
odically removed from the solution, rinsed and sonicated in
anhydrous ethanol and dried. Surface topography was analyzed
using confocal laser scanning microscopy (CLSM) and XEDS. The
CLSM results have been published elsewhere [27].

After 96 h of total immersion, the alloy was analyzed in more
detail. Two locations representative of the general microstructure
were chosen for TEM analyses. Caution was taken not to alter the
surface film structure during FIB preparation. At each region, an
~1 um-thick tungsten protective film was deposited, initially
through electron-beam assisted deposition (known not to damage
the surface) and subsequently through ion-beam assisted deposi-
tion. Thinning of the FIB lamella was performed in steps with an
ion beam reduced in energy from 30kV to 5 kV. Final polishing
was performed at 1 kV accelerating voltage. The FIB samples were
stored in a vacuum desiccator immediately after preparation until
TEM analyses were performed. Microscopic characterization was
performed on an FEI Titan 80-300 (scanning) transmission electron
microscope, (S) TEM, equipped with an X-ray energy-dispersive
spectrometer (XEDS - Oxford Inca, Si(Li) detector) and a Gatan Im-
age Filter (GIF) electron energy-loss spectrometer (EELS). The TEM
accelerating voltage was set at 300 kV. The energy spread of the
primary electron beam, measured at the full width at half maxi-
mum of the zero-loss peak in vacuum was 0.7 eV or better. Electron
beam damage was minimized by conducting analyses on a cryo-
genically cooled sample holder (T =95 K).

Two complementary techniques were applied: (a) selected area
diffraction (SAD) in parallel beam TEM mode along with bright-
field (BF) imaging, and (b) analytical microscopy with EELS and
XEDS using the spectrum imaging technique in STEM mode, i.e.
STEM/EELS and STEM/XEDS. The first technique provided the local
crystal structure of the phases present, and was performed first to
monitor any artifacts caused by electron beam irradiation. Subse-
quently, in stage (b), STEM/XEDS maps were used to confirm the
existence of various atomic species. STEM/EELS spectrum images,
both in low-loss and core-loss, were acquired to check the data
from XEDS measurements and also to study the chemistry of the
coexisting phases. In the low-loss region of the EEL spectra (0-
50 eV energy loss) the volume plasmon excitation peaks were used
to map and identify the various phases present. Assuming a free-
electron model for valence electrons in the solid, the volume plas-
mon excitation energy (E,) can be expressed as [28]

E, = (28.82)(zp/A)"° eV (1)

where z is the number of valence electrons per molecule, p is the
density (g/cm?), and A is the molecular weight. This model only pro-
vides a good estimate for E, of the phases with metallic bonding
character.
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Fig. 1. Morphology of various phases present in sand-cast AM50 alloy: (A) large precipitates of Al-Mn (red arrow) and a partially divorced eutectic (white arrow), (B) a
partially divorced eutectic, (C) lamellar microstructure corresponding to a discontinuous precipitation reaction surrounding a partially divorced eutectic, and (D) primary o-
Mg grains, eutectic microstructure, and a region with lamellar precipitates of p-Mg;7Al;, between them. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

A high-angle annular dark field (HAADF) detector was used in
the STEM mode to form images from electrons scattered at high
angles. The contrast observed in the HAADF images is mainly due
to variation in the atomic number (Z), elements with a higher Z
yielding a higher intensity. The commercial software DigitalMicro-
graph (from Gatan) was used for EELS and spectrum imaging data
analysis. JEMS software was used to simulate electron diffraction
patterns. For XEDS data analysis, the commercial software INCA
(Oxford Instruments) was used.

3. Results
3.1. Microstructure of the as-cast state

The microstructure of the sand-cast AM50 alloy in the as-pol-
ished state is shown in Fig. 1. The secondary phases and precipi-
tates are clearly visible, Fig. 1(A). The white arrow in this figure
points to a partially divorced eutectic microstructure. This micro-
structure contains large eutectic B-Mg;7Al;> phase and islands of

Al Kal

Al Kal

Fig. 2. Two areas (A) and (C) containing primary o-Mg, lamellar precipitates of the p phase, and partially divorced eutectic. XEDS aluminum map of the marked regions are

presented in (B) and (D), respectively.
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Fig. 3. A collage of bright field TEM micrographs showing the distribution of the p-
Mg17Al12 precipitates surrounding a partially divorced eutectic microstructure.

the residue eutectic Mg scattered inside, Fig. 1(B). A lamellar mor-
phology is also occasionally present in the proximity of the par-
tially divorced eutectics, Fig. 1(C) and (D). The lamellar structure,
neighboring the partially divorced eutectic, is indicative of a dis-

continuous precipitation reaction to form Mg and p-Mg;7Al;, from
eutectic Mg grains rich in Al, after completion of solidification [29].
This type of precipitation and morphology are observed at slow
cooling rates, as is the case with the sand cast alloy. Beside the
B-Mg,Aly, structures, there are precipitates with polygonal mor-
phologies. The red arrow in Fig. 1(A) indicates one of these precip-
itates. The major constituents of these precipitates are Al and Mn,
with minor contributions of Si and Fe. Since there is a variety of
intermetallic phases in the AI-Mn system [30], we refer to the pre-
cipitates with similar morphology as Al-Mn precipitates.

Even though the solubility of Al in Mg at the eutectic tempera-
ture (436 °C) is 12 wt.% (11.5 at.%) [31], the eutectic morphology is
commonly observed in Mg-Al alloys with Al concentrations as low
as 2 wt.% [32]. This can be attributed to the slower diffusion of sol-
ute atoms in the solid phase, away from the solidification front,
compared to their faster diffusion in the liquid phase [31]. This
can also cause significant coring and segregation in the solid phase,
with respect to the Al solute atom distribution. At constant solute
concentration (Al and Zn), the cooling rate determines the mor-
phology of the eutectic microstructure [28], with faster cooling
rates yielding a more divorced eutectic, with fewer Mg islands
within the eutectic B-Mg;,Al;, phase. For instance, in an alloy with
a similar composition, a fully divorced eutectic has been shown to
form when high-pressure die-casting (HPDC), with a faster cooling
rate, is used for solidification [33].

Areas from Fig. 1(C) and (D) are shown at higher magnification
in Fig. 2(A) and (C), respectively. Two-dimensional XEDS Al maps of
the three microstructural domains, i.e., a primary o-Mg grain, an
area with lamellar precipitation of B-Mg;,Aly,, and finally the par-
tially divorced eutectic, are presented in Fig. 2(B) and (D). In both
areas the primary o-Mg grain has the lowest Al content, and the
areas surrounding the partially divorced eutectic have significantly
higher Al content. This gives rise to the discontinuous precipitation
of the B phase, with (Mg) solid solution in between. A mosaic view
of TEM bright-field micrographs shows the partially divorced

40 um

Fig. 4. (A) Area of interest in the as-polished state, prior to immersion. (B) Same area after 96 h of immersion in 1.6 wt.% NaCl solution. The red boxes in (A) and (B) roughly
mark the same region in the microstructure. (C) is a higher magnification view of the area of interest with the two locations marked that were chosen for FIB sample
preparation. (D) The three representative areas selected in (C), after the FIB samples have been lifted out. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 5. (A) The FIB sample from area 1, containing the partially divorced eutectic. (B) Bright field TEM micrograph showing an area marked with the box in (A). (C) Same area
in STEM HAADF imaging mode. (D) A higher magnification TEM-BF view of the marked area in (B).

eutectic is surrounded by an array of B-Mg;,Al;precipitates, Fig. 3.
These precipitates have grown with two distinct habit planes with
respect to the matrix and there is a depleted zone in the proximity
of the eutectic structure. Studies on similar systems (Ref. [34] and
citations therein) indicate that the precipitation of B-Mg;;Al;>»
(BCC) in the Mg matrix (HCP) generally follows the Burgers orien-
tation relationship (OR), ie. (0001)yep||(011)pec, [2110],0]
[11 1]5, with the basal plane, (0001)ucp, as the habit plane.

3.2. Characterization of the corroded state

Fig. 4(A) presents a low magnification SEM micrograph of an
area on the as-polished alloy. The main features of the microstruc-
ture can be identified based on the results in Section 3.1. Partially
divorced eutectic regions and Al-Mn precipitates, appearing with
higher intensity can be clearly observed. Al-rich regions, contain-
ing lamellar B-Mg;;Al;, precipitates surrounding the eutectics
are not visible at this magnification. Additionally, the primary o-
Mg grains are not visible in the absence of etching. The same region
after 96 h of immersion in an aqueous solution of 1.6 wt.% NaCl, is
shown in Fig. 4(B) and (C). The a-Mg region exhibits significant
corrosion damage and is covered with superficially cracked corro-
sion product. The Al-Mn precipitate, Fig. 4(C), is surrounded by an
apparently ruptured spherical section of corrosion products. Two
areas, 1 and 2 in Fig. 4(C), each containing a significant microstruc-

tural feature were chosen for TEM analyses. Area 1 is in the vicinity
of the partially divorced eutectic and area 2 is within a primary o-
Mg grain. Fig. 4(D) shows the locations from which FIB sections
were extracted. The unnumbered section was cut at the location
of an Al-Mn intermetallic but is not discussed here.

3.2.1. Area 1 - Close to a partially divorced eutectic microstructure

Fig. 5(A) shows the FIB sample cut from area 1 and indicates the
subsurface extension of the partially divorced eutectic. The area
marked with the red box in (A) is presented at higher magnifica-
tion as a bright field TEM image, Fig. 5(B), and a STEM-HAADF im-
age, Fig. 5(C). The B-Mg,Al;> phase appears with higher intensity
in the HAADF image due to the higher average atomic number of
this phase compared to the Mg matrix. The framed area in
Fig. 5(B) is magnified in Fig. 5(D). The columnar morphology of
the outer layer of the film is clearly observed and appears as a
bright band in the HAADF image due to the deposition of W as a
protective layer during sample preparation. The cellular regions,
marked in Fig. 5(D) with two arrows in two locations are attributed
to electron beam irradiation [18].

Fig. 6(A) highlights an area of the columnar corrosion product
layer chosen for SAD, and Fig. 6(B) presents a higher magnification.
The diffraction pattern, Fig. 6(C), demonstrates that the only crys-
talline phase, beside the Mg base metal, is MgO. The dark-field
micrograph in Fig. 6(D) shows that the MgO has an extremely fine
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Fig. 6. (A) Low magnification view of the FIB section from area 1. The area of interest is marked by the red box. (B) Bright field TEM image of the marked area in (A). (C) SAD
from the same area, along with the ring pattern simulation of MgO. (D) Dark field micrograph from a section of the diffraction rings. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. (A) STEM-HAADF image from the area 1 FIB sample (Fig. 4D). The XEDS elemental maps were acquired from the box in this micrograph. XEDS maps of: (B) O, (C) Mg,

and (D) AL

grain size with the majority of grains located close to the base of
the corrosion layer. This is consistent with recently published re-
sults on corroded commercially pure Mg [35]. The crystalline
MgO coexists with an amorphous phase, as shown from the broad
diffuse rings in the diffraction pattern and as reported in the liter-
ature [18].

Fig. 7 presents XEDS elemental maps acquired from the region
on the right edge of the eutectic B-phase region indicated in
Fig. 5(A). The area analyzed is marked in Fig. 7(A). The oxygen
map, Fig. 7(B), highlights the location of the surface film with re-
spect to the substrate alloy. As expected, a strong Al signal is ob-
tained for the B-phase, Fig. 7(D). Additionally, an enhanced Al
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Fig. 8. (A) STEM-HAADF image of the surface layer of area 1. (B) Three cases of the
low-loss EEL spectra (corresponding to the locations marked in section C). (C) Top
image is the HAADF signal, the image with marker #1 is an intensity map of the
energy range of 10.1-12.1 eV (Mg), the image with marker #2 is a map from the
range 12.9-13.9 eV (Al-rich layer), and the image with #3 is the map of the range
22.3-33.4 eV (MgO).

signal is observed for a thin layer at the surface of the adjacent eu-
tectic Mg grain, Fig. 7(D). The apparent slight enhancement of the
Al signal on the outside of the oxide is an artifact arising from the
increased background due to the presence of W in the protective
layer. The presence of this Al-rich layer was confirmed by a similar
analysis on the left edge of the B-phase region (data shown in the
supplementary section, Fig. S.1).

To further investigate the nature of this Al-rich layer, we per-
formed low-loss and core-loss EELS measurements. Fig. 8(A) shows
a STEM-HAADF image of the surface film, with the analyzed area
identified in the frame. Three examples of low-loss EEL spectra, re-
corded at the locations designated with cross hairs in Fig. 8(C), are
shown in Fig. 8(B). The top image in Fig. 8(C) shows the HAADF sig-
nal recorded simultaneously with the EELS spectra. The map in
Fig. 8(C), labeled 1, shows the intensity map for Mg and spectrum
1 in Fig. 8(B) is the expected volume plasmon peak for metallic Mg
(10.7 eV) [36,37]. The image in Fig. 8(C), labeled 2, shows the inten-

200 nm
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800 1

[=))
)
S

Intensity
£
S

200

0 . | . .
0 2 4 6 8 10 12 14 16

Energy loss (eV)

Al-rich layer &
B-Mgy;Al),

Fig. 9. (A) STEM-HAADF image of the surface layer of area 1. (B) Three cases of the
low-loss EEL spectra (corresponding to the locations marked in section C). (C) Top
image is the HAADF signal, the image with marker #1 is an intensity map of the
energy range of 9.2-10.2 eV (Mg), the bottom image, with markers #2 and #3, is a
map from the range 11.1-12.1 eV (Al-rich layer and B-phase).

sity of the shifted plasmon peak (2) in Fig. 8(B) for the Al-rich layer
at the alloy/corrosion product interface. Finally, the image, labeled
3, shows the intensity distribution for the broad oxide (MgO) plas-
mon peak (3 in Fig. 8(B)) located at 22 eV [38].

The position of the EELS peak for the Al-rich layer is close to the
plasmon peak for the B-Mg;,Al;> phase, Fig. 9. The panels in this
figure are arranged in a similar order to those in Fig. 8, with the
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Fig. 10. (A) STEM-HAADF image of the surface layer of area 1. Top image in (B) is the HAADF signal. The lower images in (B) shows the intensity map of the energy range of
1560.8-1818.8 eV (Al). (C and D) Two set of core-loss EELS data, integrated in the same number of horizontal pixels as shown in (A). The plot in (C) presents the spectra from
the bulk magnesium matrix and the p-Mg17Al12 phase. The plot in (D) shows two spectra from the surface: spectrum 1 close to the p-phase and spectrum 2 away from it

(corresponding areas marked in panel (A)).

HAADF image in (A), spectra in (B), and the intensity maps, and
locations at which spectra were recorded, in section (C). Spectra
#2 and #3 are acquired from the B-phase and the Al-rich layer,
respectively. The full width at half maximum (FWHM) of volume
plasmon peaks correlates with the electronic band structure of
the material and can provide an indirect insight into the metallic
or insulating character of the region [27]. Additional EEL spectra
from the Al-rich layer, gathered at higher energy dispersion, are gi-
ven in Fig. S.2 in the Supplementary section. The plasmon peak for
Mg is centered at 10.7 eV with the FWHM of 1.35 eV, while that
from the Al-rich layer is located at 12.5 eV with the FWHM of
2.18 eV.

Close inspection of the XEDS map in Fig. 7(D) shows the Al-rich
layer disappears close to the intermetallic phase. To determine
whether this is meaningful, EELS measurements were performed
on either side of the B-phase. The low-loss energy range of the
EEL spectrum was presented in Fig. 9. The intensity map shown
in the bottom map in Fig. 9(C) corresponds to the shifted plasmon
peak (#3) in the Al-rich layer, Fig. 9(B). As observed on the right
side of the B-phase, the intensity associated with the Al-rich region
is weaker closer to the eutectic B-Mg;,Al;, phase. (The individual
low-loss EEL spectra from this region presented in the supplemen-
tary section, Fig. S.3, show this more clearly.) XEDS measurements
on the areas surrounding the p-Mg,Al;, phase of the partially di-
vorced eutectic microstructure, away from the corroded surface,
also demonstrate an aluminum-depleted region adjacent to this
eutectic phase (see the supplementary section, Fig. S.4).

As a direct chemical and unequivocal confirmation of the accu-
mulation of Al on the surface, core-loss EELS was performed on the
right side of the partially divorced eutectic. The box in Fig. 10(A)

shows the area imaged using an HAADF detector. The top image
in Fig. 10(B) is the HAADF signal and the lower image is the inten-
sity map for the Al-K edge. The two sets of spectra in Fig. 10(C) and
(D) present core-loss EELS data (Mg-K edge at 1305 eV and Al-K
edge at 1560 eV) from four different locations. The spectra on panel
(C) were recorded on the Mg matrix and within the B-Mg;;Al;>
phase. The plots on panel (D) show spectra for the two locations
(1 and 2) indicated in Fig. 10(A). Location 1 was to the immediate
right of the B-phase and location 2 was ~300 nm from the B-phase.
As can be observed, the signal for the Al-K edge is more intense for
the distant location (2) than for the adjacent location (1), confirm-
ing the XEDS and low-loss EELS observations.

3.2.2. Area 2 - Primary magnesium grain

Fig. 11(A) and (B) present low and high magnification STEM-
HAADF images of the FIB section cut from an o-Mg grain; area 2
in Fig. 4(D). Fig. 11(B) shows the columnar morphology of the
oxide/hydroxide layer, which is similar to that present on the sec-
tion cut from area 1 (Figs. 4 and 5). From the XEDS maps of the area
highlighted in panel (B), no indication of an Al-rich layer at the al-
loy interface can be observed, Fig. 11(C). A signal for Cl, uniformly
distributed throughout the oxide is also observed. No Cl signal was
observed for area 1. The oxygen signal is uniform across the corro-
sion layer. Individual XEDS spectra from this region, supporting the
presence of these elements, are included in the supplementary sec-
tion (Fig. S.5). There, it is shown that the top corrosion film con-
tains some Al distributed uniformly across the corrosion layer.
Also, the signal for Cl is shown to be present in the spectra.

To probe the crystal structure of the thick corrosion film present
at this location, we acquired SAD patterns at 11 locations across
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B 100 nm

Fig. 11. (A) Low magnification view (STEM-HAADF) of the FIB sample from area 2 in Fig. 4(D), primary o-Mg grain. The area marked with the red box is shown in (B). The
region marked in (B) is used for XEDS elemental analysis. XEDS elemental maps are shown in: (C) Al, (D) Mg, (E) O and (F) Cl. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

this layer. Fig. 12(A) shows the area analyzed, the initial beam loca-
tion (1), and the direction over which the patterns shown in
Fig. 12(B) were recorded. Fig. 12(B) shows the evolution in the
SAD patterns across the corrosion layer. SAD #1 corresponds to
the Mg substrate close to the [0001] zone axis (ZA) (see the sim-
ulation in #1°). As the electron beam probes areas farther from
the Mg substrate, the diffraction ring pattern of MgO appears and
the diffraction spots for Mg fade (SAD #2 to #4). In SAD #5 the
rings show a discrete and non-uniform intensity distribution, indi-
cating that the crystalline MgO grains are larger in this region. In
SAD #6 the diffraction spot is consistent with the 001 reflection
of Mg(OH), (4.77 A, marked with an arrow). This diffraction spot
quickly disappeared, due to beam exposure. The use of a cryo-
holder was very effective in increasing the stability of the Mg(OH),
phase within the TEM. Even on first exposure of the surface layer to
the beam, the Mg(OH),-001 diffraction spot was the only indica-
tion of crystalline hydroxide. Farther away from the Mg substrate,
the diffraction rings are consistent with the presence of only MgO
(SAD #7 with a simulated MgO ring pattern). Nanocrystalline to

fully amorphous regions (SAD #8) are also present. SAD #9 to
#11 show the diffraction patterns from the very top section of
the corrosion film can also be consistently indexed as MgO.

The phases present within the film were characterized using
low-loss EELS measurements. Fig. 13(A) shows the STEM-HAADF
image with the numbered locations at which EELS measurements
were made. The images in Fig. 13(B) (from left to right) are the
HAADF signal, the intensity map corresponding to the Mg volume
plasmon peak (10.7 eV), and the intensity map for the oxide plas-
mon peak (22 eV). Since plural plasmon scattering was observed
from the Mg layer due to the thickness of the FIB sample, giving
rise to peaks at 21 eV, 32 eV and ~43 eV, we used an energy range
for the MgO peak that does not overlap the oxide plasmon peak at
22 eV. Fig. 13(C) and (D) show the site-specific EEL spectra from
the locations numbered in Fig. 13(A). The plots on panel (D) show
the lower energy loss range. The columnar layer at the very top of
the corrosion film (spectrum #1) shows only the peak at 22 eV cor-
responding to MgO. As the beam approaches the Mg substrate, a
secondary peak appears at 8.4 eV (spectra #2 and #3). At locations
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Mg, ZA [0001]

Fig. 12. (A) TEM-BF micrograph of area 2. The area marked 1 shows the selected location for SAD #1. Consecutive SAD’s were acquired from #1 to the top columnar layer
(#11). (B) SAD patterns and their evolution moving from the base metal to the outer columnar layer. 1" is the simulation of the spot pattern in 1. The ring pattern is
consistently MgO (simulation shown on 7). The arrow in 6 points to a reflection corresponding to 00 1-Mg(OH),.

close to the Mg (spectra #4 and #5), the Mg plasmon peak at
10.7 eV appears. This confirms the observation in XEDS elemental
mapping (Fig. 11) that no Al-rich layer is present on the Mg surface
beneath the columnar oxide. An additional peak at 13.4eV is
encountered close to the Mg surface (spectra #4 and #5). The spec-
trum from location #6 shows only the volume plasmon at
E,=10.7 eV from the Mg matrix. The peak at 8.4 eV has been re-
ported for the low loss spectrum of Mg(OH), [39]. This was con-
firmed by an EELS measurement on a reference Mg(OH), powder
which yielded a shoulder peak at ~9eV (data presented in
Fig. S.6 in the supplementary section). The slight difference in peak
energy can be attributed to the influence of beam exposure on the
alloy measurement [33]. Presently, the origin of the peak at 13.4 eV
is unknown to us.

4. Discussion

4.1. The Al-rich layer observed in area 1 (close to the eutectic)

The results presented in Figs. 7-10 clearly demonstrate the
presence of an Al-rich layer at the alloy/corrosion film interface.

The occurrence of such a layer has been reported previously [18-
20], and it has been suggested that it is close to amorphous
Al,03 [20] and able to enhance corrosion resistance of Mg alloys.

The low-loss EEL spectra from this Al-rich layer (Figs. 8 and 9)
are not consistent with these claims, since they exhibit a relatively
sharp (FWHM ~ 2 eV) plasmon peak centered close to 12.5eV,
whereas the volume plasmon peak for Al,05 [37], is a broad peak
(FWHM = 13 eV) centered at 23.6 eV. The possibility of beam-in-
duced damage is also unlikely, since Al,03 only exhibits electron
beam damage at extremely high doses [40]. The possibility that
the Al-rich layer was initially aluminum hydroxide, AI(OH); [41],
can also be ruled out since both pristine and irradiated low-loss
peaks for this phase is close to that of Al,Os. According to the
Drude model [27], the FWHM of the volume plasmon peak is inver-
sely proportional to the relaxation time (7) of the plasmon reso-
nance. Due to strong damping of the plasma oscillations in non-
metallic materials, the relaxation time is generally larger for metal-
lic phases [27]. This results in larger FWHM for ionic/covalent sol-
ids, and sharper (smaller FWHM) volume plasmon peaks for
metallic phases. This suggests that the Al-rich layer, with a rela-
tively sharp volume plasmon peak (FWHM =2 eV), is close to
metallic in character.
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Fig. 13. (A) STEM-HAADF image from area 2 (Fig. 4D). The box shows the area used for spectrum imaging. (B) From left to right: the HAADF signal, intensity map Mg plasmon
peak (9.7-11.3 eV), and map for the oxide plasmon peak (14.9-18.5 eV). (C) The low-loss EEL spectra from the marked locations in (A). The plot in panel (D) shows the details
of the graph in (C) in the lower energy region of the spectra. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

There appear to be two scenarios that could explain the ob-
served location of the plasmon peak for this layer:

(1) This Al-rich layer is formed by the accumulation at the inter-
face of the discontinuously precipitated B-Mg;,Al,, phase as
the corrosion front recedes into the alloy. Characterization of
the pristine state of the alloy (Figs. 2 and 3) showed a fine
network of precipitated B-phase surrounding the coarse
eutectic microstructure. However, comparison of the Al-K
edge intensities in the EEL spectra for the B-phase and the
Al-rich layer (Fig. 10) indicates the Al content is lower in
the latter. A possible explanation would be preferential dis-
solution of Al from the B-Mg;,Al,, phase in the corrosion
environment. Further investigation is needed to confirm
whether this hypothesis can be reconciled with the reported
XPS data [20].

(2) A second possibility is that the Al-rich layer is highly defec-
tive Al,0s5. Song et al. [42] speculate that, under corrosion
conditions, Al,O3 would form as a semiconductor or elec-
tronic conductor rather than as a crystalline wide band gap
insulator. This could potentially explain the observed sharp
plasmon peak, characteristic of the metallic state. The for-
mation of this Al-rich oxide layer can be linked to the higher
Al alloy content in this region and the preferential dissolu-
tion of Mg during corrosion.

The areas close to the eutectic microstructure, which are de-
void of this Al-rich layer (Figs. 9 and 10), are difficult to explain
by the first mechanism, without invoking unlikely arguments that
the absence of this layer is an artifact of the analysis. A strong
argument in favor of the second explanation is that XEDS analy-
ses in the pristine (uncorroded) section of the microstructure,
surrounding the partially divorced eutectic (Fig. S.4 in the supple-
mentary section), show that the Mg matrix adjacent to the B-
Mg,,Al;;, is devoid of Al in the corroded section of the surface.
Based on these arguments the most likely mechanism of forma-
tion of the Al-rich layer is by preferential Mg dissolution leading
to the accumulation of Al at the alloy/corrosion film interface. The
absence of this layer at locations close to the divorced eutectic re-
flects the lower levels of Al present in the eutectic Mg matrix at
these locations.

The uniformity of the corrosion product layer on the eutectic
Mg matrix and the B-Mg;;Al;, eutectic phase suggests that the -
phase may not act as a highly active cathode. This observation is
in agreement with the claim that the intermetallic B-phase is only
slightly more noble than the o-Mg, with essentially the same cor-
rosion rate [7]. Surface potential maps, acquired using scanning
Kelvin probe force microscopy measurements, also suggest that
the galvanic couple formed between the o-Mg grain and the B-
phase is not of significant strength [43]. The ability of the p-phase
to act as a cathode would be expected to be related to the Al con-
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tent of the Mg matrix phase: the higher the Al content in solid
solution in the Mg grain, the smaller the electrochemical difference
between the two phases [7] and the less likely galvanic coupling
between a Mg anode and a B-phase cathode.

4.2. The structure of the corrosion film in area 2 (primary «-Mg)

At this location the corrosion film was significantly thicker
(~1.5 to 2 pm) compared to that of location 1 (150-200 nm). A
layer with a columnar morphology and a similar thickness to that
at location 1 is present on the outside of the thicker sublayer of
MgO and Mg(OH),. Electron diffraction measurements, Fig. 12,
show the Mg(OH), is present closer to the Mg substrate.

This thick corrosion product was evenly permeated with chlo-
ride, strongly suggesting that it did not prevent continuous access
of the chloride solution to the o-Mg substrate through the full cor-
rosion exposure period. This contrast to the thin oxide at location
1, which contained no detectable chloride, confirms the protective
nature of the oxide at locations where the thin Al-rich layer is pres-
ent. The absence of the Al-rich layer can be attributed to the low Al
content of the o-Mg at this location, which was measured to be
around 2-3 wt.%. This is significantly lower than that of the eutec-
tic Mg matrix at location 1 which, away from the eutectic B-Mg7.
Aly3, was close to 11-12 wt.% Al (Fig. S.4 in the supplementary
section).

It is conceivable that the mechanism through which the colum-
nar sections of the corrosion film in areas 1 and 2 are formed are
similar, resulting from deposition or precipitation of corrosion
products onto the surface. The same process was postulated by
Nordlien et al. [16] for the case of formation of the platelets in
the top section of the corrosion layer of Mg in water.

5. Conclusions

The detailed electron microscopic analysis of the corroded sur-
face of the sand cast AM50 alloy has been performed. Two repre-
sentative areas were analyzed: (i) a location close to a divorced
eutectic microstructure where the extent of corrosion was minor;
and (ii) an area located on an o-Mg grain where corrosion was
extensive.

At the lightly corroded area, the outer regions of the corrosion
film were comprised of a columnar mixture of amorphous MgO
and Mg(OH),. Beneath this layer, at the alloy/oxide interface, a thin
Al-rich layer was observed. This layer was metallic in character and
is most likely a highly defective Al,O3 formed by the preferential
dissolution of Mg from the alloy at this location which has a high
Al content (11-12 wt.%).

On the heavily corroded area, located on an o-Mg grain, the
thick corrosion product layer is predominantly crystalline MgO
and Mg(OH),. The absence of the Al-rich layer at this location al-
lows corrosion to progress uninhibited. The inability of the surface
to form the Al-rich layer can be attributed to the low Al content of
the o-Mg grain (2-3 wt.%) at this location.
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