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ABSTRACT

Magnesium and its alloys are the most promising lightweight metallic materials because of their outstanding mechanical

performance. However, Mg alloys have long been criticized for their low oxidation resistance. In this study, the isothermal

oxidation of a Mg-Y alloy at 350°C was investigated, and the resulting oxide scale was systematically characterized using an
optical microscope, scanning electron microscope (SEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and

other analytical techniques. The findings reveal that isothermal oxidation results in (i) an increase in the average Y content

along grain boundaries, from 1.41 to 3.05 at.%, and surface enrichment of Y content from 0.86 to 3.07 at.% after 6 to 48 h of

oxidation; (ii) inhomogeneous oxidation caused by microstructural heterogeneity; and (iii) the formation of an oxide scale

consisting of a mixture of MgO and oxygen-deficient Y,0; at the oxide/substrate interface, driven by the inward transport of

oxygen anions. The molar ratio of MgO to Y,05; was found to vary with oxidation time.

1 | Introduction

The low density, high specific strength, and good mechanical
properties of magnesium alloys have assured their wide popu-
larity for industrial applications [1-5]. Nevertheless, Mg and its
alloys have high chemical activities, and remarkable oxygen
affinity in particular, making them readily oxidized in ambient
air to form a MgO scale on the sample surface [6]. Even though
it has been proven that the naturally formed MgO is normally
compact enough to provide some extent of protection to the
bulk metal, such oxidation might be dramatically accelerated,
leading to a reduced MgO compactness as the temperature
increases. Such deteriorated oxidation might induce various
side effects associated with surface chemical alteration, surface
degradation [7] as well as increased complexity while deforming
magnesium-based alloys [8]. For example, it has been chal-
lenging to deform magnesium alloys due to the inactivity of the
non-basal slip systems at ambient temperature; such a problem
might be relieved by increasing the deformation temperature.

© 2024 Wiley-VCH GmbH.

Magnesium alloys are generally hot worked at 300°C-500°C
depending on their chemical compositions. In such a temper-
ature range, the occurrence of oxidation is inevitable, and
methods for oxidation protection should be developed.

Two strategies involving surface engineering (like surface ion-
doping) [9] and bulk additions of appropriate alloying elements
[10-14] have been explored to enhance the oxidation resistance
of magnesium alloys. The profound oxidation inhibition of the
two methods relies on the ability to increase the compactness of
the oxide layer. Even though ion doping has yielded many
successes in retarding oxidization, such a method is still criti-
cized due to the drawbacks associated with insufficient lifetime
caused by the limited ion-penetration depth [15].

Alloying magnesium with appropriate elements such as Ca [16],
Be [17], Nd [18], Ce [19], and Y [20-23], and so forth, might
retard the oxidation process because either of the following two
benefits: (i) these alloying elements help to form compact
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metallic oxides other than the porous MgO (that usually formed
on pure Mg) and (ii) the alloying elements are more active than
Mg, and can provide the so-called reactive element effects
(REEs) [1]. Wu et al. [24, 25] conducted a systematic investi-
gation into the long-term oxidation behavior of rare-earth
magnesium alloys at 500°C. By analyzing the oxidation mech-
anism from thermodynamic and kinetic perspectives, they
found that the type and content of active elements play a crucial
role in determining the formation of the oxide scale and the
alloy's antioxidant properties. Among all the alloying elements,
yttrium seems to be the most promising one because of its
ability to provide the two benefits simultaneously. Theoreti-
cally, the addition of Y to Mg would facilitate the formation of
Y,0; apart from the single MgO layer because of the even
higher oxygen affinity of Y [10, 20]. Moreover, the appreciably
higher Pilling-Bedworth ratio of Y,05 than that of MgO [20],
that is, 1.13v.s. 0.81 helps to enhance the compactness of the
oxide layer, thus lowering the oxidation rate. Such theoretical
hypothesis has been experimentally proven many times, and
many successes regarding oxidation inhabitation of Mg by Y
addition have been reported [20-23, 26]. Inspired by the exist-
ing success, ever-increasing attention has been devoted toward
understanding the kinetics as well as the factors influencing the
oxidation of the Y-containing magnesium alloys. For example,
Yu et al. [22] observed that the oxidation resistance of Mg-xY
alloys (x=0.5, 1.0, 1.7, 3.7, and 5.5wt.%) improved with
increasing Y content at temperatures below their melting range
(550°-625°C). This enhancement was attributed to the trans-
formation of the oxide scales from a loose MgO layer to a dense
Y,0; layer, which prevents the direct contact of atmosphere O,
to the underlying substrate, thereby reducing further oxidation.
It has been well acknowledged that the oxidation rate increases
monotonically with the temperature, while the Y concentration
seems to parabolically affect the oxidation rate [10, 21]. The
effects of temperature on the oxidation process are much more
complex; both positive (due to the up-taking of oxygen to form
oxide scale) and negative (due to the loss of surface physi-
sorption moisture or the localized evaporation of Mg) weight
gains of the Y-containing magnesium alloys have been reported.

It has to be admitted that the study on the oxidation process of
the Y-containing Mg alloys is still not comprehensive. Almost
all the existing studies start by monitoring the weight changes
by thermogravimetric analysis (TGA) of the samples during the
oxidation process. Then, the samples that experience significant
weight changes are subjected to detailed microstructural anal-
ysis in an attempt to unveil their oxidation mechanisms. The
dilemma of this strategy is that the weight changes cannot be
detected until the oxidation temperature is high enough
(> 500°C); therefore, the samples that oxidized at lower tem-
peratures are normally overlooked. It should be emphasized
that understanding the oxidation mechanism at <400°C is of
practical significance because the heat treatment and hot
working of the Y-containing alloys are generally conducted in
this temperature range. More importantly, this material,
showing excellent mechanical thermal stability, is also expected
to be used in the same temperature range.

Therefore, a binary Mg-Y alloy with a dilute concentration of Y
was oxidized at 350°C for up to 500 h, and the oxidize scale
evolution during the oxidation process was investigated

systematically, based on which the growth kinetics of the oxide
at this temperature was discussed.

2 | Materials and Methods
2.1 | Alloy Preparation

Commercially pure Mg and Mg-20 wt.% Y master alloy were melted
under the protection of a gas mixture comprising CO, and SFy at
around 750°C. The melt was thoroughly stirred by purging Argon
to ensure its chemical homogeneity. Afterward, the melt was held
at 750°C for more than 2h to allow the settlement or floatation of
the impurities. Then the melt was transported to a direct-chill
casting unit to get an ingot with a diameter of 100 mm. The ingot
was isothermally held at 525°C for 20h for homogenization and
then extruded at 450°C to get a final diameter of 18 mm.

The chemical composition of the sample was measured by an
inductively coupled plasma emission spectrometer (ICP,
SPECTRO BLUE SOP), and the results are tabulated in Table 1.
It is clear that apart from Y, the alloy also contains a marginal
impurity of Gd, Si, Mn, and Fe.

2.2 | High-Temperature Oxidation

The as-extruded alloy was cut to get samples with dimensions of
®18 x 10 mm for subsequent high-temperature oxidation. All
samples were first ground using successively refining abrasive
SiC papers (up to 3500 grit), then polished using silica sus-
pension (0.04 um), and finally cleaned with alcohol to obtain a
clean mirror-like surface. The isothermal oxidation experiment
was conducted in an electric furnace (TAISITE SX-4-10P) at
350°C in ambient air [25]. The samples were oxidized for up to
500 h, a significantly longer duration than typically reported in
the existing literature [17, 21-23, 27, 28] due to the lower oxi-
dation rate at the studied temperature. During this period, one
sample was withdrawn from the furnace at designated intervals
(6, 12, 24, 60, 200, 300, 400, and 500 h) for subsequent micro-
structural characterization.

2.3 | Microstructure Characterization

The surface morphologies of the oxidized samples were viewed
using an optical microscope (Olympus BX51M) as well as a
scanning electron microscope (SEM, TESCAN MAIA3). An
energy dispersive X-ray spectrometer (EDS) attached to the
SEM and an electron probe micro analyzer (EPMA, JXA-8230)
were utilized for the chemical analysis. The oxidized sample
surface was also characterized using an atomic force micro-
scope (AFM, Bruker Dimension Icon) in the noncontact tapping
mode. A lateral area of 30 x 30 um? was imaged under ambient
conditions. A polynomial background was subtracted from the

TABLE 1 | Chemical composition of the studied Mg-Y alloy (at.%).

Element Mg Y Gd Si Mn Fe
at.% bal. 0.53 0.04 0.02 0.01 0.005
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acquired AFM image using the Gwyddion software to minimize
the effects of artifacts on the reported height profiles.

The cross-sectional view of the oxide scale/metallic substrate
was also characterized using a transmission electron micro-
scope (TEM) to disclose the growth of the oxide scale. The
oxidized samples were milled using a Gallium ion beam in a
focused ion beam (FIB) system (TESCAN AMBER) to get the
electron-transparent cross-sectional TEM samples. Such sam-
ples were then immediately transported to a field emission TEM
system (Talos F200X S/TEM), where the bright field image,
selected area electron diffraction pattern as well as chemical
distribution was acquired.

The phase compositions of the samples were characterized using
the X-ray diffraction (XRD) technique using a D/max 2550VB
diffractometer with Cu Ko radiation (4 =0.1554 nm). The dif-
fractometer was operated at a work voltage of 40 kV and a current
of 450 mA. The diffraction pattern was collected under the Bragg-
Brentano geometry with the 26 range of 10° to 85°, a step size of
0.02°, and a scanning rate of 6 deg min™". The phase compositions
of the samples were determined following the conventional
search/match procedure by referring to the standard powder dif-
fraction files loaded in the MDI JADE 9.0 software.

The quantitative elemental and chemical state information of the
uppermost layer of the samples oxidized at different times
was acquired using X-ray photoelectron spectroscopy (XPS,
Shimadzu AXIS SUPRA+). The XPS sputter depth profile along
the oxide scale thickness of the sample oxidized for 60h was
collected using a PHI5000 VersaProbe III photoelectron spec-
trometer. While acquiring the depth profile, the sample surface
was sputtered using an Ar* ion beam, and the XPS spectra were
collected at a sputtering time interval of 3 min. The Ar* ions
were emitted by applying a 4 kV-voltage biasing on the ion gun;
the Ar" ion bombarded a surface area of 3 x 3 mm on the sample
surface from the direction of 45° with respect to the sample
normal. The etching rate of the metallic Mg-Y alloy covered with
an oxide scale was hard to determine due to the lack of a reliable
reference sample, even though the calibrated etching rate using
the SiO/Si layer was well-defined to be 3.5 nm min™". Moreover,
the chemical/structural inhomogeneity of the oxide-metal sam-
ple also means the etching rate might vary along the depth.
Therefore, the sputtering time instead of depth was utilized in
the present work to avoid any possible error induced by the
inconsistent etching rate. Both of the two photoelectron spec-
trometers utilized the non-monochromatic Al Ko radiation
(1486.6 V) as the excitation source and operated with a chamber
vacuum better than 7 x 107" Pa. The electron analyzer and lens
are operated in the constant analyzer energy (CAE) mode. The
XPS survey spectra, as well as the high-resolution C 1s, O 1s, Mg
1s, Mg 2p, and Y 3d spectra, were individually collected within
their respective binding energy (BE) range. The spectra were
analyzed using the CasaXPS software, and the characteristic BE
of each core-orbital was referenced in the XPS Handbook and the
NIST database. The BE scale of the XPS spectra was calibrated
against the characteristic binding energy of C 1s following the
procedure proposed by Greczynski et al. [29]. While deconvo-
luting the XPS spectra, the Shirley background was subtracted,
and the peak area ratio as well as the BE difference of the Mg
2p- and Y 3d-orbital splitting doublets were strictly constrained.

3 | Results and Discussion
3.1 | Optical Microstructural Characterization

The optical images showing the surface morphologies of the
samples after oxidation at various times are presented in
Figure 1. It should be mentioned that all the images were
acquired with the same optical microscope setting; therefore, it
is rational to attribute the observed changes among the images
to the surface variations of the oxidized samples. For compar-
ison, the optical morphology of the alloy directly after polishing
without oxidation was also viewed and exhibited in Figure 1a.
It has been mentioned that the sample has been polished to a
mirror-like finish; therefore, specular reflection occurs when
the light of the optical microscope is directed on the sample
surface. In this case, the sample does not present any visible
grain boundaries other than the embedded secondary inter-
metallic particles. Although the alloy used in the present study
only contains a dilute concentration of Y (the Y content here
is far below its equilibrium solid solubility in Mg), it is still
impossible to exclude the formation of these secondary phase
particles because the casting and extrusion procedures utilized
to prepare the alloy is far away from equilibrium condition.
From the phase diagram of the Mg-Y binary system [30], it is
believed that the particles may have a formula of Mg,,Ys.

After oxidation at 350°C for 6h, the original metallic luster
of the mirror surface gradually disappeared. Instead, the sample
surface was decorated with an ivory color (Figure 1b),
based on which it is assumed that the oxidized scale may contain
an appreciable amount of Y,O; [31]. On the other hand, the
yellowish surface is decorated with a network of lighter contrast.
As compared with the grain boundary characters of the un-
oxidized sample, as reported in our previous research [32], it is
clear that there is an obvious correlation between the network and
the original grain boundaries of the substrate Mg-Y alloy. Even
though these boundaries separate neither the grains of the sub-
strate (i.e., well beneath the oxide scale, as will be explained later)
nor the grains of the oxidize scales (i.e., generally several nan-
ometers), they are still termed as grain boundaries in the context
for convenience. From these findings, it may be speculated that
the entire sample surface had been oxidized, but the oxidation
that takes place along the original grain boundaries and at the
grain interiors may have followed different kinetics.

Extending the oxidation further to 12h, the color of the light-
yellow sample surface became darker, indicating the thickening
of the oxide scale. The boundaries of the decorating network
became thicker. Furthermore, an obvious contrast variation can
be observed (Figure 1c) that may be due to the inhomogeneous
oxidation of the sample surface. Such oxidization inhomogeneity
is possibly attributed to the difference in crystallographic orien-
tations of the substrate Mg-Y alloy (that has been reported in
Figure 1c of our previous publication [32]), as it has been proven
many times that different crystal facets may yield different oxi-
dation kinetics [33, 34].

When the oxidization time was doubled to 24 h (Figure 1d) and
continuously prolonged up to 60h (Figure 1e), the heteroge-
neous oxidation process still prevails, that is, the width of the
network increases and the contrast variations from grain to
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FIGURE 1 | Surface optical morphologies of the Mg-Y alloy after various oxidization times. [Color figure can be viewed at

wileyonlinelibrary.com]

grain enhances. Moreover, the color of the sample surface
has changed slightly from light yellow (Figure 1b,c) from
yellowish gray (Figure 1d) to slightly purple (Figure 1le).
Such color change is indicative of the composition or thickness
evolutions of the oxidized scale, as the light reflectivity of
metallic oxides is highly dependent on its thickness [35, 36] and
compositions (probably MgO/Y,0; ratio here).

When the sample had been oxidized for 200 h, the most noticeable
changes can be observed around the aforementioned boundaries,
as their color changed from white to bluish cast. Such change is
possibly due to the formation of different oxidation products
around those boundaries other than that had been formed in the
shorter-time oxidized samples. The surface appearance of the
oxidized scale remained almost unchanged even when the oxi-
dation time increased to 400 h, except that the network boundaries
became even thicker (Figure 1h). Nevertheless, substantial chan-
ges can be observed when the sample was oxidized to 500 h
(Figure 1i). For instance, the sample surface exhibits a kind of
blue-to-violet color, which coincides with the wavelength of the
lightest reflectivity of yttria [37], suggesting that the Y,0O5 content
of the oxide scale might have been increased.

3.2 | Microstructural Characterization

Figure 2 exhibits the backscattered electron SEM images of
the Mg-Y alloy isothermally oxidized at 350°C various times.

As can be seen, the SEM images present quite consistent
characteristics with that presented in Figure 1 in terms of the
increasing grain boundary width as the oxidation time
increases. As the contrast of the backscattered electron images
is directly proportional to the probed atomic numbers, the
bright areas shown in Figure 2 are believed to have higher Y
contents. In this respect, it seems that surface chemical
redistribution had occurred in the oxidation process, and Y
atoms are more likely to segregate along the grain boundaries as
the oxidation proceeds. It should be emphasized that Y segre-
gation along the grain boundaries was also observed in the as-
polished samples (Figure 2a). Such phenomenon is quantita-
tively analyzed using EDS, where the chemical compositions of
the entire sample surface as well as some specific sites marked
by yellow arrows were derived; the results are, respectively,
shown by Figure 3 and summarized in Table 2. It is clearly
shown in Figure 3 that the averaged Y content determined from
the sample surface gradually increases with increasing oxida-
tion times and is well above the nominal composition of the
bulk alloy, suggesting Y segregation on the sample surface.
Such segregation extent intensifies as the oxidation time
increases. Apart from surface segregation, the Y atoms also tend
to segregate along the initial grain boundaries. Specifically, the
grain boundary (Site 1) of the 6h' oxidized sample contains
1.41at.% Y (Table 1), this value is well above that of the aver-
aged Y content (0.86at.%) of the sample surface (Figure 3).
‘When the oxidation time increases further to 12 h and 48 h, the
Y concentration at the grain boundaries increases accordingly
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FIGURE 2 | Surface scanning electron microscopy (SEM) morphologies of the Mg-Y alloy after various oxidization times. [Color figure can be

viewed at wileyonlinelibrary.com]
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FIGURE 3 | Dependence of the averaged surface chemical evolu-

tion on the oxidation time of the Mg-Y alloy at 350°C. [Color figure can
be viewed at wileyonlinelibrary.com]

to 1.91at.% (Site 4) and 3.05at.% (Site 7), respectively. The
averaged O content on the sample surface and along these grain
boundaries present the same trend as Y, while the Mg content
evolution exhibits an opposite tendency (Figure 3).
The decreased Mg content is only partially due to the increased
content of (O +Y), but might also be due to the thickening
of the oxide scales (so the EDS results are less affected by the
Mg-substrate) as the oxidation time increases.

Moreover, the Mg-Y alloy also contains a lot of Y-rich sec-
ondary phase particles, as observed in Figure 1; such

observation is even more straightforward in the SEM images, as
proven by the white dots embedded in Figure 2a. Such sec-
ondary phase particles significantly affect the neighboring oxi-
dation behavior, which in turn affects the composition of both
these particles and that of the neighborhood regions. Site 2
shown in Figure 2b, is an example of the secondary particle that
has been slightly affected by oxidization, and the Y content here
is as high as 3 at.%. In this short-time oxidized sample, there are
also particles that have been heavily affected by oxidation. For
example, Site 3 in Figure 2b marks the region surrounding a
secondary particle. It can be seen that the contrast of the par-
ticle has faded, suggesting the reduced Y content of the particle
itself. Simultaneously, the particle was surrounded by an
almost-perfect circle with a bright white edge and even darker
regions between the edge and the particle. Such phenomenon is
frequently observed in the Mg-Y alloy even when the oxidation
time was increased to 48h and 60h, as shown in Figure 2.
Lower Y content is expected in the dark regions (Y-depletion
region), say Site 3, Site 6, and Site 9, surrounding the particles
based on the imaging principles of the backscattered electrons.
Actually, the Y content at Site 6 and 9 is only 0.75at.% and
1.13 at.%, respectively. Such values are much lower than the
averaged Y content, that is, 2.1 at.% and 3.3 at.%, on the sample
surface oxidized for the same period of time.

More detailed surface chemical analysis of the sample oxidized
at 350°C for 60 h is conducted by EPMA, and the results are
depicted in Figure 4. The elemental segregations of Y and O
along the grain boundaries are also verified according to the
elemental mapping analysis, as shown by Figure 4c,d. Accord-
ingly, the grain boundaries possess less Mg content than the
grain interior (Figure 4b). Quantitative analysis of the chemical
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TABLE 2 | The EDS analysis of the corresponding regions is shown in Figure 2.
Regions as indicated in Figure 2
Element (at.%) 1 2 3 4 5 6 7 8 9
(0] 4.17 6.71 4.62 6.74 6.24 2.93 9.06 29.44 3.25
Mg 94.36 90.22 94.43 91.35 91.52 96.32 87.89 59.52 95.62
Y 1.47 3.08 0.96 1.91 2.24 0.75 3.05 11.04 1.13

Abbreviation: EDS, energy dispersive X-ray spectrometer.

variations along the segments A and B perpendicularly crossing
two different grain boundaries are respectively plotted in
Figure 4ef. It is clear that both the O and Y concentrations
exhibit a Gaussian-type distribution, whereas the Mg content
shows a valley-like distribution, with the extremums of all three
plots observed exactly at the middle point of the grain bound-
aries. The chemical distribution profiles were fitted using the
Gaussian formula, and the FWHMs (full-width at half maxi-
mum) of the fitted peaks, 0.50 + 0.05 um, were taken as the
width of the elemental segregated boundaries.

Based on Figure 4e, the Mg, O, and Y concentrations at the
extremums (that can be roughly taken as the composition of the
grain boundary) are extracted to be 86.8at.%, 9.3at.% and
3.9 at.%, respectively. Assuming that all the Y atoms are bond-
ing with O to form stochiometric Y,O3 (the most common oxide
of yttrium), then the O atoms taken by Y should be 5.8 at.%.
Such a value is significantly lower than the detected O. The
excessive O content (3.5 at.%) must have been bonding with Mg
to form MgO. Therefore, the coexistence of Y,05; and MgO is
expected along the grain boundaries, and the molar fraction of
Y,0; in the oxide mixture is roughly 36.1%.

The Mg, O, and Y atomic concentrations at a distance away
from the grain boundaries (as indicated by a dashed line in
Figure 4e) were also extracted to roughly represent the chemical
compositions in the grain interior, and the results are 92.9 at.%,
5.1at.% and 1.7 at.%, respectively. Then it can be calculated
(based on the same assumption that all the Y existed in the form
of Y,05 and all the O atoms were forming metallic oxides) that
the molar fraction of Y,05 in the oxide scale is 25.0%. Similar
results can also be derived from the plot shown in Figure 4f).
From the EPMA analysis, it can be concluded that (i) the oxide
scale formed on the Mg-Y alloy surface comprises Y,0; and
MgO, and (ii) the original grain boundaries seem to facilitate
the formation of Y,O;.

The surface morphologies of the alloy after 60 h' oxidation were
also characterized using AFM, and the results are shown in
Figure 5a. The height profiles along segments perpendicularly
crossing the grain boundaries (as numbered in Figure 5a) were
also extracted, and the results are plotted in Figure 5b). It
should be mentioned that each curve has been shifted to make
the middle of each grain boundary the zero point of the x-axis.
The inset in Figure 5b shows the height profile along Segment
1; it is clear that the grain boundary is appreciably higher than
that of the adjacent grain interiors, and the resulting height
profile exhibits good symmetry and follows the Gaussian dis-
tribution (as indicated by the solid red line in the inset). All of
the height profiles present the same distribution; therefore, they
are not discriminated in Figure 5b. It is now clear that the

higher grain boundary, other than the grain interior, seems to
have a regular pattern. By fitting these curves against the
Gaussian formula and averaging the full width at half maxi-
mum (FWHM) of each peak, the averaged width of the grain
boundaries is derived approximately to be 0.63+0.1 um
(slightly higher than that derived from the elemental distribu-
tion shown in Figure 4e,f probably due to the difference in the
spatial resolution of EPMA and AFM). The height of the grain
boundaries above the neighboring grains, calculated as the
average of the peak heights, is 24.7 + 5.2 nm. Considering that
the samples had been carefully polished before oxidation, the
sample surface should not have shown such lateral height dif-
ferences had the grain interiors and boundaries experienced the
same oxidation rate. Therefore, the lateral height difference
might indicate different oxidation rates at the grain boundaries
and grain interiors. The higher height of the grain boundaries
than the grain interiors can also be rationalized from the
regional chemical analysis. The higher grain boundaries might
suggest a higher content of Y,0; at the grain boundaries other
than the grain interiors. Since the conversion of Y to Y,05 leads
to an increased volume, while the formation of MgO is associ-
ated with a decreased volume, the aggregation of more Y,0; at
the boundary certainly results in an increased regional height.

3.3 | Phase Composition Analysis by XRD

XRD analysis was implemented to determine the phase com-
position, as well as its dependence on oxidation time, of the
Mg-Y alloy isothermally oxidized at 350°C, and the results are
plotted in Figure 6. Sharp and apparent peaks at 26 =32.1°,
34.4°, 36.6°, 47.8°, and 57.3° are observed in all the diffraction
patterns, which are, respectively, associated with the (100),
(002), (101), (102) and (110) crystallographic planes of the a-Mg
phase (PDF #04-0770) following the simple search/match
method. This phase is directly related to the Mg-Y substrate.
Moreover, it is clear that the intensities of the a-Mg peaks
gradually reduce, the a-Mg (002) peak in particular, because
fewer X-rays can reach the substrate as the thickness of the
oxide scale increases with increasing oxidation time.

It is not surprise that the secondary phase Mg,,Ys observed in
Figure 1 and Figure 2 is not detectable in the as-polished
samples because of its too low volume fraction in the as-
extruded alloy. Nevertheless, the oxidation temperature utilized
in the present study will facilitate the precipitation of the sec-
ondary phases, as had been reported by Zhang et al. [38].
Therefore, a peak at around 26 = 29.8° is observed as the oxi-
dation time increases beyond 12h, which is believed to arise
from the (321) crystallographic planes of the secondary phase
Mg,,Ys (PDF #16-0854). It should be mentioned that the
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FIGURE 4 | (a) Surface morphology of the Mg-2Y alloy oxidized at 350°C for 60 h, the corresponding surface chemical distribution of (b) Mg, (c) Y and
(d) O and the chemical distributions crossing, (e) the grain boundary A, and (f) grain boundary B marked in (a). [Color figure can be viewed at

wileyonlinelibrary.com]

volume fraction of the Mg,,Y5s phase cannot increase sustain-
ably because of the low Y content of the studied alloy. Also, due
to the continuous thickening of the oxide scale, the penetration
of the incident X-rays toward the substrate is reduced. These
two factors, that is, a limited amount of Mg,,Y5 and thickening
of the oxide scale, lead to the diminishing of the Mg,,Ys (321)
peak as the oxidation time increases beyond 60 h, and this peak

cannot be detected when the sample was oxidized for longer
than 500 h.

Apart from the peaks associated with the a-Mg and Mgy,Ys,
additional peaks can also be identified in the oxidized sample.
To be specific, peaks at 26 = 20.4°, 29.0° and 33.8° were detected
when the sample was oxidized for>12h, and another weak
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FIGURE 5 | (a) Atomic force microscope (AFM) analysis of the sample oxidized at 350°C for 60 h and (b) the height profiles of the segments
labeled in (a). [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6 | X-ray diffraction (XRD) patterns of the Mg-2Y alloy oxidized at 350°C for various time. [Color figure can be viewed at

wileyonlinelibrary.com]

peak at 260 =39.8° appeared as the oxidation time is > 300 h.
These peaks perfectly match the standard powder diffraction
pattern of the Y,03; (PDF #25-1200). Therefore, the Y,03 phase
was formed in the oxidization process. Moreover, all the Y,03
peaks present well-defined sharp Bragg peaks, suggesting that
the Y,0; phase is well crystallized.

Moreover, when the alloy was oxidized at 350°C for longer than
100 h, an additional peak at 26 = 42.9° appears even though its
strength is pretty weak (the inset in Figure 6). By considering
the chemical compositions of the oxidized sample and search-
ing for the PDF database, it is straightforward that this peak can
be attributed to the MgO (200) (PDF # 43-1022) diffraction. The
coexistence of the Y,05; and MgO, proven by the XRD results, is
also consistent with our speculations based on the EPMA and
EDS results. It should also be noted that the intensities of the
peaks associated with Y,0; and MgO had been gradually
strengthening because of the progressive thickening of the
oxidized scales.

3.4 | Surface Chemical Analysis by XPS

The XPS survey spectra of the samples oxidized at 350°C at
various times are exhibited in Figure 7. In the as-polished
sample without oxidation, signature peaks are observed around
530eV, 347¢€V, 285¢eV, 89¢eV, and 52 eV, associated with O 1s,
Ca 2p, C 1s, Mg 2s, and Mg 2p. The Ca content in the sample is
inevitable because the feeding raw material Mg in the casting
procedure (to prepare the current Mg-Y alloy) was prepared by
reducing MgCa(CO3), through the Pidgeon process. However, it
is hard to detect any yttrium signals in the as-polished sample.
When the sample was oxidized at 350°C even for a short time,
say 6h, the Y 3d peaks appeared at around 158eV, as an
indicative of Y segregation toward the sample surface during
oxidation. Other than the appearance of the Y 3d peak, the
presence of the signature peaks excited from the rest species
persisted. When the oxidation time was further prolonged to
60 h, the characteristics of the XPS spectra remained almost
unchanged, suggesting that the oxidation time did not
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FIGURE 7 | X-ray photoelectron spectroscopy (XPS) survey spectra of the Mg-2Y alloy oxidized at 350°C for various time. [Color figure can be

viewed at wileyonlinelibrary.com|

significantly alter the chemical valent states on the sample
surfaces (as the XPS penetration depth is only limited to
around 10 nm).

The high-resolution XPS spectra of the C 1s, O 1s, Mg 2p, and Y
3d transitions were also collected after various oxidation times,
which, together with their respective deconvolution analysis,
are exhibited in Figure 8. As seen from the first column of
Figure 8, the C 1s spectra did not present any significant
changes as the oxidation time increased. The deconvolution of
the C 1s spectra yielded three sub-peaks at BE =284.8¢V,
289.7 eV, and 285.7 eV, associated with the adventitious carbon,
carbonates, and C-O-C components, respectively. The Mg 2p
spectra obtained from the freshly-polished Mg-Y overlap with
the Mn 3p (BE=48.4eV) (Figure 8b). Mn raised from the
impurities of the studied Mg-Y alloy (as shown in Table 1). The
Mg 2p peaks dominated around the binding energy of 50 eV can
be resolved into two subpeaks, say 2ps,, and 2p;,, peaks, at a
separate binding energy of 0.28 eV and peak intensity ratio of
2:1 due to the orbital splitting. The binding energy of the Mg
2p;/» peak is determined to be 49.9 eV, suggesting that the Mg
atoms on the freshly polished sample existed in their metallic
state (Mg°®). When the samples were oxidized at 350°C, the Mn
3p spectra could not be detected anymore due to the formation
of an oxide scale on the sample surface. The deconvolution
analysis of the Mg 2p peaks suggests the coexistence of metallic
Mg (Mg°. BE=49.5eV) and MgO (BE=50.3eV) on all the
oxidized sample surface regardless of the oxidation time (The
2ps;» and 2p;,, splitting doublets are not included in Figure 8b
due to their narrow BE gap). The as-polished sample surface
yielded a single O 1s peak that can be deconvoluted to three O
1s transitions, i.e., metallic oxides (BE = 529.6 eV), carbonates
(BE=531.6eV) and OH™ (BE = 532.5eV) [39]. The presence of

the OH™ component might be attributed to the inevitable
moisture absorption on the sample surface. When the sample
was oxidized, the three transitions of O 1s can all be resolved
from the O 1s. Nevertheless, the ratio of the three sub-peaks has
to be adjusted to accommodate the ever-changing of the
FWHMs as the oxidizing time increases.

The intensity of the spectrum acquired from the as-polished
sample surface in the BE range of 162-154 eV was very weak,
yielding a high noise/signal ratio. However, the splitting
doublets associated with the Y 3ds/, and Y 3d;/, orbitals with a BE
gap of 2.1eV are still distinguishable. The Y 3ds/, peak can be
observed at BE =158.1 eV, suggesting the presence of Y,(COs);
[40]. After polishing, a marginal amount (0.3 at.% as quantified by
XPS analysis) of Y atoms was presented on the sample
surface, which then reacted readily with the surrounding air to
form Y,0;, the only stable oxides of yttrium. Subsequent
adsorption of CO, in the atmosphere on the Y,O; leads to the
formation of yttrium carbonates [41]. The identification of the
Y,(COs); was also cross-verified by the presence of a carbonate
component (BE = 531.6 eV) from the O 1s deconvolution analysis.
When the sample was oxidized for 6 h, the concentration of Y at
the sample surface increased to tenfold that of the bulk alloy,
leading to a well-defined Y 3 d spectrum that can be resolved into
two pairs of splitting-doublets (each pair is marked using the same
color in Figure 8d). The two splitting doublets are ascribed to Y,03
(Y 3ds;, BE=157.0eV) and Y(CO3); (Y 3ds, BE=158.3¢V),
respectively. As the samples are oxidized for a longer time
(<60h), the coexistence of the two Y-containing components
persists, and the Y content at the outmost surface remains at a
high level of 3.3-5.1 at.% that is well above the bulk composition of
the studied alloy, suggesting a Y enrichment on the sample surface
during the oxidation process.
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FIGURE 8 | High-resolution X-ray photoelectron spectroscopy (XPS) spectra excited from orbitals of (a) C 1s, (b) Mg 2p, (c) O 1s, and (d) Y 3d
from the Mg-2Y alloy oxidized at 350°C for various times. [Color figure can be viewed at wileyonlinelibrary.com]

To understand the oxidation kinetics of the Mg-Y alloy, the the as-oxidized sample without any sputter etching, and the
sample oxidized at 350°C for 60 h was sputter etched using Ar* strength of the C 1s peak is comparable to that of Mg, O, and C.
ions, and the survey,and high-resolution XPS spectra were, The presence of C 1s signal may be ascribed to carbon con-
respectively, collected to disclose the chemical depth distribu- tamination (adventitious carbon) or adsorption of carbon
tion (Figure 9). It should be mentioned that the intensities of  dioxide [42] while exposure to air. However, it seems that such
the spectra had been normalized to assure the reliability of the carbon contamination is only confined to the top-most of the
direct comparison among the spectra. It is clear that Mg, O, C, sample surface, as the C 1s signal can hardly be identified in
and Y are detected from the surface of the oxidized, as con- the survey spectrum after only 3 min’ etching by the Ar* ions
sistent with the EPMA results. However, the relative content of (as shown by the inset in Figure 9). After the removal of the
these elements varies significantly as the sputtering time carbon layer, all of the peaks associated with the O 1s, Y 3d, and
increases. For example, an intense C 1s peak was observed from Mg 2s became intensified. To make such a tendency more
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FIGURE 9 | The X-ray photoelectron spectroscopy (XPS) survey spectra from the Mg-Y alloy oxidized at 350°C for 60 h after sputter etching

various times. [Color figure can be viewed at wileyonlinelibrary.com]

visibly apparent, the highest points of the respective peaks are
connected and marked using yellow shades in Figure 9.

The peak around the binding energy of 530 eV associated with the
O 1s was significantly increased after 3 min' sputter-etching. Such
O 1s signal must have raised from the oxide scale, the intensity of
which is gradually diminishing with the increasing etching time.
It suggests a reducing O content from the surface towards the bulk
of the oxide scale. The evolution of the peak intensity associated
with Y 3d orbits is much more complicated than that of the O 1s
peak. To be specific, the intensities of the Y 3d peaks exhibited an
inverted “U-shaped” pattern along with the increasing etching
time. Its peak strength gradually increases as the etching time
increases up to 21 min; afterward, the Y 3d peak gradually
weakens. The evolutions of the Mg 2s, as well as the associated Mg
KLL peaks, are contrary to that of the Y 3d peaks and exhibit a
normal ‘U-shaped’ parabolic pattern in the studied etching time
range (3-72) minutes. To be specific, after the removal of the top-
most carbon coverage (after 3min’ etching), both Mg peaks
intensified. Then, with the increasing etching time, the intensities
of the two Mg peaks decreased gradually and reached a minimum
after being etched for 25 min. Then when the spectra were sam-
pled from the deeper region within the oxide scale (etched for >
25min), the Mg peaks gradually intensified. The overall evolu-
tions of O 1s, Mg 2p (as well as Mg KLL), and Y 3d with the
oxidize depth suggest an inhomogeneous chemical distribution
along the oxide thickness that might provide insights into how the
oxide scale was formed.

To verify the chemical evolutions with etching time, the high-
resolution spectra of the C 1s, Mg 1s, O 1s, and Y 3d were also
acquired within their respective binding energy ranges, as shown
in Figure 10. It should be mentioned that each curve in Figure 10
was rescaled to different Y-axis ranges. We did not attempt to
deconvolute the spectra shown in Figure 10 because of the lack of
reliable BE calibration. It is impractical to align the BE scales
using the C 1s referencing because of the absence of the adven-
titious carbon on the sample surface after 9 min’ etching. More-
over, the oxide scale did not exhibit any Fermi level (FL) cut off,
which makes it difficult to derive the ‘0’ point on the BE scale [43].
Hence, the high-resolution spectra are shown as recorded. For-
tunately, this inability to make BE calibration did not prevent us
from investigating the relative spectral changes with etching time.

In the as-oxidized (etching time = 0 min) sample surface, the
C 1s spectrum displayed a well-defined single peak at around
285eV. When the sample was etched for 9 min, a weak C 1s
peak could still be acquired, but its position had been shifted
toward the lower BE direction to around 283eV. Further
increasing the etching time, the C 1s signal could hardly be
detected. The Mg 1s spectra changed dramatically with
increasing etching time, as shown in Figure 10b. To be spe-
cific, the Mg 1s spectra comprised only a signal peak with
apparent symmetry when the etching time was <21 min.
When the sample was sputter etched for 21 min, the sym-
metry of the Mg 1s peak had been compromised with a
dragging tail in the lower binding energy side. The Mg 1s
spectra did not present any dramatic change when the
etching time was 21-36 min (not shown here). Nevertheless,
when the etching time was increased to 39 min, the Mg 1s
shifted toward the higher BE direction, and a lower shoulder
at the lower BE side was also observed. Such characteristics
roughly persisted even when the sample was etched for
72 min.

Figure 10c indicated that when the etching time increased from
0 to 9 min the BE of the O 1s shifted from 532¢eV to 531¢eV;
then, when the etching time was further increased to > 21 min,
the BE of the O 1s shifted back to 532 eV. In addition, the O 1s
peak only comprised a single symmetric peak when the sample
was etched for up to 9 min. However, when the etching time
increased to > 21 min, an additional peak at 534 eV appeared
apart from the main peak at 532eV.

Normally, the 3d orbital-splitting yields a pair of doublets in
the XPS spectra; however, the Y 3d spectra acquired in the
etching time of <9 min did not present any apparent dou-
blets, possibly due to the coexistence of several different Y-
containing compounds. However, when the sample was
etched for 12-45 min (only the spectra acquired after 21 and
39 min’ etching are shown in Figure 10d), the splitting dou-
blets became apparent, with the 3ds,, at BE=159¢V, and a
BE gap of around 2.05eV. When the etching time was
increased to 45-54 min (the spectra associated with 51 min'
etching were presented as an example), the doublets of the Y
3d spectra could not be distinguished, yielding a single peak
similar to that of the un-etched sample. The distinguishable
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FIGURE 10 | The (a) C 1s, (b) Mg 1s, (c) O 1s, and (d) Y 3d X-ray photoelectron spectroscopy (XPS) high-resolution spectra acquired from the
Mg-Y alloy oxidized at 350°C for 60 h after sputter etching for various time. [Color figure can be viewed at wileyonlinelibrary.com]
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C with the etching time. [Color figure can be viewed at
wileyonlinelibrary.com]|

doublets could be observed again when the etching time was
54-72 min.

The spectral changes shown in Figure 10 suggested that the
bounding situation of the various chemicals varied through
the thickness of the oxide scale. Even though it is unreliable to
conduct deconvolution analysis as explained, the spectral
changes can still be indirectly rationalized by quantitatively
analyzing the chemical concentrations based on the high-
resolution XPS spectra shown in Figure 10. In this regard, the
evolutions of the Mg, O, C, and Y concentrations along with
the etching time was quantified and the results are displayed

in Figure 11. As can be seen, the carbon content on the sample
surface drops significantly from around 64.58 at.% to a level of
around 2-3 at.%, when the etching time increased from 3 min
to 50 min. Therefore, a thin layer of carbon contamination
covering the sample surface was formed in the time interval
between isothermal oxidation and XPS characterization. The
low C content in the bulk of the oxides (etched for 10-15 min)
might come from the CO, adsorption during the XPS acqui-
sition [42]. As the sample was sputter etched for 54 min,
however, the C content increased abruptly to 6.5at.%, and
further prolonging the etching time, the carbon content
reduced significantly to a low level. The localized spiking
carbon content in the middle might have arisen from carbon
contamination (AC) from the atmosphere before the as-
polished sample was subjected to isothermal oxidation. In this
regard, it can be speculated that the depth reached after
54 min' etching is adjacent to the boundary between the nat-
urally formed sample surface and the artificially formed
oxides.

The pattern of the variation in Mg content was contrary to that
of Y by exhibiting a “U-type” characteristics. When the sample
was etched from 3 to 21 min, the corresponding Mg content
dropped from 12.28 at.% to 2.60at.%. Further increasing the
etching time to 72 min, the Mg contents increased monotoni-
cally to 36.98 at.%. The O content reduced gradually with the
increasing etching time. As has been verified in Figure 9, the Y
content variation presented an inverted “U-type” pattern along
with the etching time, that is, Y content increased from
16.43 at.% to 45.23 at.% when the etching time increased from 3
to 21min, afterward the Y content dropped gradually to
9.72 at.% after 72 min' etching. It should be mentioned that after
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72 min' etching, the Y content was still almost 20 times that of
the bulk composition of the studied alloy. Such high Y content
suggests an oxidation-affected Y-segregation at the interface
between the artificially formed oxides and the bulk metallic
substrate.

Quantitative analysis of the chemical composition at the position of
the 72 min etched sample revealed the C, Y, O, and Mg concen-
trations of 1.58 at.%, 9.72at.%, 51.72at.%, and 36.98 at.%, respec-
tively. Adapting the assumption that C originated from the C
contamination during XPS characterization, it is plausible that Y
and Mg atoms had combined with O to form respective stoichio-
metric oxides Y,03; and MgO based on the fact that the atomic
concentration of O equals exactly the sum of 1.5 XY + Mg. There-
fore, the oxide scale had not been completely removed even after
72 min etching. Similar stochiometric oxides have also been verified
on the topmost surface of the samples based on chemical analysis
and deconvolution analysis of the as-oxidized samples.

On the other hand, a higher 1.5xY + Mg value than the O
content suggested the formation of an oxygen-deficient Y,03
and MgO scale. Based on this criterion, it can be found that the
bulk of the studied oxide scale (the etching time between 9 and
63 min) was apparently O-deficient, and the deficiency of O
varies along with the scale thickness.

3.5 | Oxide Scale Characterization by TEM

The cross-sectional image of the sample oxidized at 350°C for
60h was thinned using FIB and then subjected to TEM

at.%_ (D)

C D) 0 21.34

Mg 73.93

200 nm Mg-Y Substrate Y 4.74

observation, as shown in Figure 12. The bright filed image shown
in Figure 12a as well as the chemical mapping images all ex-
hibited a continuous layer of oxide scale with high compactness.
The chemical distribution of the cross-sectional TEM images is
presented in Figure 12b. It is clear that a thin Mg-enrichment
layer was covering the whole sample surface. The Y atoms were
mainly localized in the region between the superficial Mg layer
and the Mg-Y substrate. And the O atoms could be observed
through the entire oxide.

From the bright field image shown in Figure 12a, it seems that
thicker oxide scales normally took place around regions of different
contrasts. One of the regions was designated as (D), and the
chemical analysis of this region revealed a concentration of Mg
(739 at.%), Y (4.8 at.%), and O (21.3 at.%), suggesting that it might be
the secondary phase Mg,,Ys. However, the outward transportation
of Y during the isothermal oxidation had led to a depletion of Y
(respective to Mg»,Ys) in this region (and also led to a Y-segregation
on the sample surface). The Y-depletion observed might also be
caused by the local evaporation because of the regional temperature
rise (the oxidation process is generally exothermic). Therefore,
severer localized oxidation had taken place around the secondary
phases of the bulk alloy, as had been speculated from the optical
(Figure 1) and SEM morphologies (Figure 2).

The selected area electron diffraction (SAED) analysis was
conducted in regions marked as (A), (B), and (C), and the
results are displayed in Figure 12c-e, respectively. It is clear that
region (A), the interface between the oxide scale and the sub-
strate, mainly contained MgO and a-Mg. The radius of the two
circles is approximately equal to 1.4, which is consistent with

(440)* :
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\*\_ 0000

S5nm! >~ —

3 B=[0-110]

0002
San® 0000

B ———

FIGURE 12 | (a) Transmission electron microscopy (TEM) cross-sectional bright filed image of Mg-2Y alloy oxidized at 350°C for 60 h; (b) the
chemical mapping analysis along the thickness of the oxidized scale; (c), (d), and (e) the selected area electron diffraction of the regions A, B, and C,
respectively, as marked in (a). [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 13 | Schematic illustration of the oxide scale structure formed on the Mg-Y alloy at 350°C in air. [Color figure can be viewed at

wileyonlinelibrary.com]

the MgO powder diffraction. The crystallite size of MgO is
small, and there is no preferred orientation, so no obvious dif-
fraction spots are formed, while in regions (B), a dominant Y,05
with good crystallization was identified. Unsurprisingly, only
a-Mg can be observed in Region (C). The TEM diffraction
results present good consistency with that of the XRD analysis.

3.6 | Discussion on the Oxidation Mechanism of
the Mg-Y Alloy

Based on the composition of the oxide scale and the distribution of
elements, a schematic diagram of the oxidation process for the
Mg-Y alloy is proposed (Figure 13). The isothermal oxidation leads
to the surface segregation of Y and also the growing of an oxygen-
deficient Y,05+MgO layer on the sample surface of the Mg-Y
alloy. The Y,0Os3 is the majority component in the oxide mixture. It
has been widely accepted that Y has much better oxygen affinity
than Mg; therefore, a diffusion of Y atoms from the bulk of the
sample toward its surface, where the Y atoms may react with the
surrounding O, to form a preliminary oxide scale. Nevertheless, the
further thickening of the oxide scale does not take place by aggre-
gation of the oxide on top of the preliminary oxides but instead by
the gradual formation of oxides at the oxide scale/substrate inter-
face, as supported by the following facts:

i. the Y,O; oxide is actually a n-type semiconductor, showing
anionic conduction. Then the transportation of the Y cations
from the substrate to the oxide surface was very hard, if not
impossible [44]. On the contrary, the O anions transport easily
from the sample surface (where an excessive amount of O exists
in the atmosphere) through the existing Y,0; scale toward the
interface, where they meet with the Y cations and combine to
form the Y,0s3;

ii. the irregular interface observed in the TEM bright images
(Figure 12) is also supportive of the inwards-thickening of the
oxide scale;

iii. the oxygen content through the oxide scale reduced gradu-
ally from the surface to the bulk of the oxides was another

indicative of the inwards-thickening of the oxide scale. Since
there is a sufficiently high amount of O at the sample surface
during oxidation, any Y cations that appeared on the sample
surface would have a good chance to react with O to form
Y,0:s. If the oxide scale thickening was realized by the out-
ward Y transportation, then a constant O content through
the oxide thickness should have been identified;

iv. the excessive amount of O around the sample surface and the
high O affinity of Y may lead to stochiometric (rather than
O-deficient) oxides that had the scale thickening governed by
the outward Y transportation.

It should be mentioned that the anion transportation was also
affected by the characteristics of the substrates, that is,
the transportation along the initial grain boundaries was
much faster than within the lattice because of the so-called
short-circuit diffusion [45]; therefore, the grain boundaries
presented localized increased surface out of the flat oxide
scale surface.

4 | Conclusions

In summary, a Mg-Y binary alloy was isothermally oxidized at
350°C in air, and the surface changes during the oxidation process
was systematically studied in the present study. Our results have
demonstrated appreciably higher Y content, on the sample sur-
face as well as along the initial grain boundaries, than that of the
bulk alloy, suggesting a Y-segregation when the Mg-Y alloy was
subjected to isothermal oxidation; Inhomogeneous oxidation took
place because of the chemical/microstructure inhomogeneity of
the original bulk alloy, that is, the initial grain boundaries ex-
perienced a higher oxidation rate other than the grain interiors,
and the most severe localized oxidation was observed around the
initial secondary phase particles; A compact layer of O-deficient
Y,03 + MgO scale was verified to form on the sample surface,
with the yttrium oxide dominated the oxide mixture. It was dis-
cussed that oxide scale thickening involves the diffusion of
Y atoms from the substrate to the oxide/substrate interface, the
transportation of oxygen anions through the oxide scale toward
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the interface, and finally, the O and Y reacted at the interface to
form yttrium oxide. The present work suggested that (i) alloying
with Y elements and (ii) reducing the chemical/microstructural
inhomogeneity of the bulk alloy may be beneficial in developing
oxidation-resistant alloys.
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