The oxidation behavior of Mg-Er binary alloys at 500 °C
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Thermodynamics and kinetics of the oxidation behavior of magnesium-erbium (Mg-Er) alloys at 500 °C were
studied. The observed protective oxidation behavior, which follows parabolic kinetics, can be attributed to the
formation of compact EryO3 surface layer and continuous dissolution and diffusion of Er from the matrix. The
surface film of Mg-8.1Er (wt%) alloy was composed of four sublayers, with the double Er,O3 layers consisting of

a compact fine-grain layer and an underlying coarse-columnar-grain layer providing the protective effect. A four-
stage oxidation process composed of three transient reaction-controlled oxidation processes and followed by a
diffusion-controlled oxides growth process is proposed.

1. Introduction

Magnesium (Mg) alloys are regarded as the next generation struc-
tural metal materials following iron alloys and aluminum alloys [1-3].
They have gained increasing interest for industrial applications, espe-
cially for aerospace, transportation, medical and 3C fields due to their
low density, high specific strength and stiffness, good electromagnetic
shield ability and biodegradability [4-11]. However, it is generally
perceived that Mg and its alloys are easily oxidized at high temperature
due to the high chemical activity of Mg and the absence of a formation of
passive films. During the manufacturing at elevated temperature, such
as extruding, welding, forging, and heat treatment, Mg alloys are prone
to be severely oxidized or even burned [1,12,13], which seriously limits
the commercial acceptance and application of Mg alloys. Therefore,
improving the oxidation resistance of Mg alloys at high temperature is
essential for the development of magnesium alloys meeting the needs of
widespread application. The reasons of the poor oxidation resistance of
Mg alloys can be summarized as the following aspects [12-18]: (i) the
structure of MgO film is not compact due to its low Pilling-Bedworth
ratio (P-B ratio) with value of 0.81; (ii) Mg evaporates severely at
high temperatures, which raises the internal stress inside MgO film,
causes the cracking of the MgO film, and accelerates the further oxida-
tion; (iii) the exothermic oxidation generates large amount of heat and
intensifies the further oxidation process and finally leads the

self-ignition.

In general, two methods, surface modification and alloying, were
studied to improve the oxidation resistance of Mg alloys. Surface
modification, including ion implantation and coating, can form a uni-
form oxide film on the surface to impede the oxidation. However, the
high cost and poor self-repairing ability of surface modification also
limit the method being widely applied on Mg alloys. Nowadays, many
researches focused on improving the oxidation resistance of Mg alloys
by alloying with reactive elements (REs), such as Ca, Be, Y, and Gd, etc.
[19-27]. The REs with high affinity to oxygen exert a positive effect on
improving oxidation resistance of Mg alloys, which is so-called “reactive
element effect” (REE). Tan et al. [28] found that the micro-alloying of
60 ppm Be could significantly improve the high temperature oxidation
resistance of AZ91, which was attributed to the reinforcement of the
initially formed (Mg,Be)O oxide film on the alloy surface. You et al. [26]
also showed that the oxidation of pure Mg at 500 °C can be retarded by
Ca addition with the formation of a protective oxide film. In addition to
these alkaline-earth elements, Rare earth (RE) elements with high oxy-
gen affinity can also improve the high-temperature oxidation resistance
of Mg alloys. Yu et al. [29,30] proved that Y plays a critical role in
improving the oxidation behavior of pure Mg and Mg-Sn alloys. Wang
et al. [24] studied the high-temperature oxidation behavior of Mg-Y
alloys and found the increase of Y content can make the alloys exhib-
iting protective oxidation in 450-550 °C by forming a continuous

* Corresponding author at: National Engineering Research Center for Magnesium Alloys, College of Materials Science and Engineering, Chongging University,

Chongging 400044, China.
E-mail address: yuanyuanl7@cqu.edu.cn (Y. Yuan).



Mg-dissolving Y203 protective film. Cheng et al. [3] showed proper
amount of Gd addition can enhance the oxidation resistance of
AZ80-0.8Ca alloy by eliminating the low-melting p-Mg;7Al;5 phase to a
certain extent. Shinichi et al. [31] found that adding Yb to Mg results in
the formation of thermal-barrier-type YbyO3 film, increasing the
oxidation resistance. We also found that the oxidation resistance of Mg
alloys can be improved by the addition of Gd [25]. However, most
oxidation experiments of Mg alloys in literature were only conducted for
a short time, commonly within several hours. The oxidation behavior of
Mg alloys may change over time due to the depletion of REEs. The alloys
that show protective oxidation in the early stage of oxidation process
may undergo breakaway oxidation in the later stage. Therefore, it is
necessary to study of the long-term oxidation behavior of alloys to
accurately evaluate the service of alloys. For the long-term oxidation,
the high solution REEs in the primary Mg phase are usually more
promising to provide a long-term protection. In this study, Er, with
around 7 at% solubility in the primary Mg phase, is selected, and the
long-term oxidation behavior of Mg-Er alloys were analyzed.

The oxidation kinetics were studied based on the weight gain curves
of the samples under the semi in-situ high temperature oxidation pro-
cess. Morphologies and chemical compositions of the surface film were
characterized using scanning electron microscopy (SEM), transmission
electron microscope (TEM), X-ray diffraction (XRD) and X-ray photo-
electron spectroscopy (XPS). In addition, thermodynamic calculations
and diffusion calculations were performed to analyze the oxidation
mechanism of the Mg-Er alloys.

2. Experimental methods
2.1. Alloy preparation

Pure Mg and commercial Mg-20 wt% Er master alloy (with 807 ppm
impurity) were used as the original materials to produce the Mg-Er bi-
nary alloys. All materials were melted in steel crucibles in an electric
resistance furnace, which was protected under a mixed gas of 99 vol%
CO2-1 vol% SFg. Pure Mg was heated to 720 °C until it melted
completely, and a certain amount of Mg-20 wt% Er master alloy was
added into the melt. The melt was then isothermally held at 720 °C for
20 min for the complete dissolution of the master alloy. Then the steel
crucible with melt was quenched in water. Table 1 presents the chemical
compositions of pure Mg, Mg-20 wt% Er master alloy and the obtained
four alloys, in which the contents of Er were determined by X-ray
fluorescence spectroscopy (XRF, XRF-1800). The contents of trace im-
purity elements Ca, Fe, Ni, Cu was measured using a plasma-atomic
emission spectrometer (ICP-AES, Optima 8000), where the trace
amount of impurity Ca in obtained Mg-Er alloys comes from the impu-
rity Ca in Mg-20 wt% Er master alloy. The ingots were cut into different
blocks for the as-cast microstructure characterization and high-
temperature oxidation experiment. Before the characterization and
oxidation process, all samples were ground to 1200 grit SiC polishing
papers and cleaned with alcohol to obtain clean and flat surface.

Table 1

Chemical compositions of the starting materials and the obtained Mg-Er alloys.
Content of
impurities (ppm in
weight fraction)

Alloy Content of main elements

Er (wt%/at%) Mg Ca Fe Ni Cu

Pure Mg / Bal. / 35 1 10
Mg-20 wt% Er master alloy  20.2/3.6 Bal. 807 29 42 485
El 0.5/0.07 Bal. 31 39 2 15
E2 1.9/0.3 Bal. 68 46 4 58
E3 4.8/0.7 Bal. 142 17 9 119
E4 8.1/1.3 Bal. 323 4 17 200

2.2. High-temperature oxidation procedure

The high-temperature oxidation experiments were conducted in a
box furnace at 500 °C, where the ambient air was used as the oxidation
atmosphere to simulate the common heat treatment of Mg alloys. The
alloys were cut into 13 mm x 13 mm x 13 mm blocks for the high-
temperature oxidation weight-gain test. For the long-term oxidation
study, a semi in-situ analysis process was employed. During the oxida-
tion procedure, the specimens were periodically taken out of the furnace
to cool down to room temperature for weight measurement and then put
back into the furnace for the continuous oxidation process. The total
period of the oxidation experiment was 100 h. The weight gains during
the oxidation procedure of these specimens were measured by a preci-
sion analytical balance (METTLER MS105/A) with an accuracy of 1073
g. Ten measurements of weight gain at each time were taken and the
mean value was selected.

2.3. Microstructural characterization

The microstructure of the as-cast and oxidized specimens were
analyzed using scanning electron microscopy (FE-SEM, JEOL JSM-7800
F) equipped with energy dispersive spectroscopy (EDS), with 15 kV
voltage and 12 mA current. The volume percentage of the second phase
of as-cast alloys was measured via the Image-J software. The average of
five images measurements of each alloy was taken for each calculation.
A FEI Talos F200X transmission electron microscope (TEM) with an
accelerating voltage of 200 kV was used to characterize the cross-
sectional oxide film. The thin foil for TEM observation was prepared
using an FEI LD Helios G5 UX focused ion beam (FIB) milling system.

X-ray diffraction (XRD, Rigaku D/MAX-1200 and D/MAX-2500PC)
with Cu targets, 10-90° scanning range, 40 kV voltage, and 30 mA
current was used to identify the phases of the as-cast and oxidized
specimens. X-ray photoelectron spectroscopy (XPS, Thermo Scientific
Escalab 250Xi) was used to analyze the valence and quantitative com-
positions of the surface films. The XPS data were analyzed using the
Advantage software. A JX8530F Plus electron probe microanalyzer
(EPMA) with 20 kV was used to obtain the concentration profile of Er
with depth.

Thermodynamic calculation using the ThermalCalc software equip-
ped with TCMGS5 database was employed to calculate the binary phase
diagram of Mg-Er. The FactSage (version 7.0) software package with its
database was used to calculate the standard reaction Gibbs free energy
of element reacted with oxygen.

3. Results
3.1. The microstructure of Mg-Er alloys

Fig. 1 demonstrates the backscattered electron images of as-cast Mg-
Er alloys. The Er content detected by EDS corresponding to the zone
denoted in Fig. 1 is shown in Table 2. The E1 alloy is composed of a-Mg
and fine white secondary phase particles. For the E2, E3 and E4 alloys, in
addition to a-Mg and secondary white phase particles, grey-white areas
along the o-Mg dendrite boundaries were observed. According to
Table 2, the Er contents in these grey-white areas are higher than that of
a-Mg for the corresponding alloys, but far to be recognized as (Mg, Er)
compounds. Therefore, these grey-white areas are supposed to be caused
by the segregation of Er elements along the dendrite boundaries. These
grey-white rare-earth element segregation areas were also reported by
Yu et al. [32] in the as-cast Mg-Y alloys. With the increasing addition of
Er, the Er contents in solid solution a-Mg and the segregated areas both
increase. The volume percentages of the secondary phase particles in the
as-cast E1, E2, E3 and E4 alloys are 0.06%, 0.12%, 0.11% and 0.12%,
respectively, according to the calculated area-fraction of phases shown
in the 2-D backscattered electron images.

With the increasing addition of Er, the general size of secondary
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Fig. 1. The backscattered electron images of the as-cast Mg-Er alloys obtained: (a) alloy E1, (b) alloy E2, (c) alloy E3 and (d) alloy E4.

Table 2

The Er content detected by EDS corresponding to the denoted areas in Fig. 1.
Alloy El E2
Symbol shown inFig. 1 1 2 3 4 5 6
Er content (Wt%) 0.2 0.3 0.6 0.8 2.1 2.4

phase grains increases. In order to identify the white secondary phase,
XRD analysis was conducted on E4 alloy and the result is shown in Fig. 2.
However, it can be observed that a-Mg is the only phase presented, and
the (Mg, Er) intermetallic compounds are too few to be detected by XRD.
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Fig. 2. XRD pattern of as-cast E4 alloy.
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The entire diffraction peaks of a-Mg shift to the left about 0.2° compared
with that of standard card (JCPDS#350821), which is attributed to the
solid solution of Er in a-Mg, thereby causing the lattice distortion and
increasing the interplanar spacing. Fig. 3 displays the binary phase di-
agram of Mg-Er, and it can be observed there can be four intermetallic
compounds in Mg-Er alloys: Mgo4Ers, MgoEr, MgEr and MgErs. The EDS
point analysis of the secondary phase showed that the Er content ranges
from 3 to 25 wt% with the Mg content balanced. Since the sizes of these
secondary phases are too small to be identified, we do not make a
distinction here, and collectively mark them as the (Mg, Er) compounds.

3.2. Oxidation kinetics of Mg-Er alloys at 500 °C

Fig. 4(a) shows the weight gain curves of the Mg-Er alloys and pure
Mg during oxidation at 500 °C in air, in which the weight gain test of
pure Mg is conducted for comparison. As shown in the Fig. 4(a), pure Mg
shows a significant weight gain compared to the Mg-Er alloys. The
weight gain test of pure Mg was not continued after 22 h, because a large
amount of MgO powder was formed on the surface of the pure Mg
sample and fell off, leading to the inaccurate weighing. Fig. 4(b) is a
regional magnification of Fig. 4(a), clearly showing the oxidation
behavior of the Mg-Er alloys. In order to determine the oxidation ki-
netics of Mg-Er alloys, the square values of weight gain are calculated
and their relation to time are shown in Fig. 4(c). It can be seen that the
square values of weight gain follow a linear relationship with time
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Fig. 3. The calculated phase diagram of Mg-Er system.
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Fig. 4. Oxidation kinetic curves of pure Mg and Mg-Er alloys in air at 500 °C for 100 h: (a) weight gain curves; (b) the regional enlargement of (a); (c) square of
weight gain curves.

during the whole 100 h for the E2, E3 and E4 alloys and within 45 h for occurrence of accelerated oxidation. The square root of weight gain can
the E1 alloy. When the oxidation exceeds 45 h for the E1l alloy, the be fitted to the linear equation, which means the weight gains of alloys
weight gain curve shows an exponentially increasing, indicating the in an oxidation process follow parabolic kinetics. The weight gain curves



of alloys can be fitted using the following parabolic equation [33-37]
and the calculated parabolic rate constants are listed in Table 3.

Am o (k) )}

For pure Mg shown in Fig. 4(a) and the E1 alloy oxidized beyond
45 h shown in Fig. 4(b), they show accelerated oxidation, which can be
fitted to the power law using the following equation [28,35]:

Am A" +B(B>1) 2)

where Am is the weight gain of the alloy per unit area (mg/cm?), kpis the
parabolic rate constant (mg?cm~*h™1), A and B are fitting constants, n
is the exponent, and t represents the oxidation time in hour. The fitted
Egs. (1) and (2) are displayed by the solid curves in Fig. 2(a) and (b), and
the corresponding fitted parameters are summarized in Table 3.

Fig. 4(a) shows that E1 alloy exhibits two oxidation stages: (i) the
initial parabolic stage; and (ii) the accelerated exponential-increased
oxidation stage. However, for the E2, E3 and E4 alloys, only the para-
bolic oxidation kinetics were observed throughout the whole studied
oxidation period. This transition of the oxidation kinetics represents the
change of oxidation behavior. The parabolic oxidation is regarded as the
protective oxidation, which is determined by the formation of crack-free
oxide films on the surface [12,38]. On the other hand, the accelerated
oxidation indicates the change of the oxidation mechanism, which is
believed to be attributed to the loss of protection of oxide films [28,39].

Besides, within the parabolic oxidation stage, it is worth noting that
the parabolic rate constant, kp, increased with the content of Er, indi-
cating smaller content of Er addition corresponds to lower weight gain
values under oxidation. Similar trend was also seen in many literatures
[26,29,37,40-43], such as the reports of high-temperature oxidation of
Mg-Y binary alloys by Yu et. al [29] and that of Mg-Ca binary alloys by
You et al. [26]. However, the reason for this phenomenon has not yet
been explained in literature, and some proposed analyses are provided
in Section 4.2.

It should be noted that the high-temperature oxidation test per-
formed in this work involved cooling/heating cycles. The oxide film can
crack and spall off due to the accumulated thermal/internal stress.
However, as shown in Fig. 4, the weight gains of E2, E3 and E4 alloys
follow parabolic law and no disturbs for the possible oxide-loss were
observed during the measurement process. In addition, as later shown in
Fig. 5 (in Section 3.3), the surface micromorphology of the E2, E3 and E4
alloys after oxidation is compact and undamaged. Therefore, in this
work, the oxide-loss during this semi in-situ oxidation test should be
negligible.

3.3. Macrographs of Mg-Er alloys after oxidation

Fig. 5 shows the macrographs of pure Mg and Mg-Er alloys after the
oxidation at 500 °C for 100 h. Pure Mg was severely oxidized and a large
amount of white MgO powder was formed on the surface. The MgO
powder was only loosely fixed on the surface and spalled off during the
handling of the sample. For the E1 alloy, a big oxide nodule can be

Table 3
Oxidation kinetics parameters fitted to the parabolic and exponential equation
for pure Mg and Mg-Er alloys at 500 °C for 100 h in air.

Alloys Time periods Oxidation Parameters R?
kinetics
Pure 0<t<22h Power n 2.06, 0.99
Mg A 9.43 x 10-3
El 0<t<45h Parabolic k, 7.99x10 7 0.95
45 <t <100 h Power n 3.63, 0.99
A 254x10°8
E2 0<t<100h Parabolic k, 3.87 x10 5 0.99
E3 0<t<100h Parabolic k, 1.80 x 10 4 0.99
E4 0<t<100h  Parabolic k, 6.97 x10 * 0.99

observed on the surface, as well as several small ones around it. The
formation of oxidation nodules is regarded as the beginning of the
accelerated oxidation [12]. As the oxidation progressing, oxide nodules
on the surface of the alloy can quickly grow horizontally and longitu-
dinally [38]. Here, the oxide nodules are filled with white powder
(oxidation products of Mg). This loose structure cannot hinder the in-
ward penetration of oxygen and the outward diffusion of Mg, resulting
in further severe oxidation [14,15]. On the other hand, exothermic
oxidation generates large amount of heat, which further intensifies the
oxidation around the oxidant nodule. Hence, starting from the formation
and growth of nodules, the oxidation of the E1 alloy turns into accel-
erated oxidation behavior. For the E2, E3 and E4 alloys, the surfaces are
intact and smooth after the oxidation of 100h, indicating
oxidation-resistance property of those alloys.

3.4. The analysis of formed oxide film

The oxide films formed on the Mg-Er alloys were analyzed using
XRD, XPS and SEM/EDS. Fig. 6 presents surface micrographs of the
oxide films formed on the Mg-Er alloys at 500 °C for 100 h. Fig. 6(a)
shows the morphology of the initial nodules and Fig. 6(b) shows the
morphology of smooth area in E1 alloy. Fig. 6(c)-(h) are the morphol-
ogies of E2, E3 and E4 alloys after the oxidation at 500 °C for 100 h. In
Fig. 6(a), the big nodule with a diameter of around 150 um was sur-
rounded with several smaller nodules with a diameter around of 10 pm.
The nodules cracked and the inner white oxidation products were pre-
sented. In addition to cracks, pits caused by local oxide film shedding
were also observed. Those cracks and pits act as fast transportation
channels for the inward penetration of oxygen and the outward diffusion
of Mg vapor, which intensifies the further oxidation [34]. For the
smooth area in the E1 alloys shown in Fig. 6(b), the oxide film is intact
and compact and white particles were evenly distributed on the surface.
Table 4 shows the EDS composition of the denoted areas in Fig. 6. The Er
contents are 25.3 wt% and 32 wt% for white particles of points 1 (E1)
and 2 (E1), respectively. However, no Er is detected in the dark area of
point 3 (E1) and 4 (E1). It suggests that the white particles is EryOs, the
dark area is MgO and the film is composed of mainly MgO with dispersed
fine EryOs. It is worth noting that the O contents of point 1 (E1) and 2
(E1) are larger than that of points 3 (E1) and 4 (E1), which is due to the
relative high proportion of O atoms in Er,O3 than that of MgO.

For E2, E3 and E4 alloys, the surface films are all compact and free of
crack and pit. This is associated with the protective oxidation behavior
for these alloys shown by the weight gain tests presented in Section 3.2.
The surface film of E2 alloy is similar to that of E3 alloy, which both are
uniform and flat. However, there is loose oxide powder on the outmost
surface of E2 alloy. The EDS analysis shows the atom ratio of Mg and O
in points 5 (E2) and 6 (E2) are around 1:1, indicating MgO of the
powder. Tan et al. [28] also reported the same loose MgO powder was
formed on the oxidized Mg-60 ppm Be alloy, though the oxide film was
generally compact and protective. Unlike the E2 and E3 alloys, the oxide
film of the E4 alloy was covered by a large number of polygonal shaped
oxide. The EDS results of points 7 (E2), 8 (E2), 9 (E3), 10 (E3), 11 (E4)
and 12 (E4) shows the oxide films of the E2, E3 and E4 alloys are mainly
composed of Erp03.

XRD analysis was carried out to identify the formed oxides on Mg-Er
alloys, the results are shown in Fig. 7. The detection of a-Mg peaks comes
from the matrix, indicating thin oxide films of the alloys. For the E1
alloy, both MgO and Er;O3 peaks are detected. However, for the E2, E3
and E4 alloys, the major peaks come from EryOs, which implies the
oxides formed on the E2, E3 and E4 alloys are mainly composed of
Ery0s3. Additionally, with increasing content of Er, the peaks of Ery,O3
intensify, indicating increasing Er,O3 formation.

Backscattered electron images of the cross sections and the corre-
sponding EDS element maps for Mg, Er and O of the oxide film formed on
Mg-Er alloys are shown in Fig. 8. The oxide film formed on the E1 alloy is
thin and composed of discontinuous bright particles. The EDS results



Fig. 5. Macrographs of Mg-Er alloys after the oxidation at 500 °C for 100 h: (a) E1, (b) E2, (¢) E3 and (d) E4.

show the bright particles are enriched with Er, which is consistent with
atomic number contrast of backscattered electron image. Therefore, it
can be inferred that an intermittently distributed Er,O3 was formed on
the E1 alloy. Unlike E1, continuous and thicker bright oxide films
enriched with Er were formed on the surface of the E2, E3 and E4 alloys.
The EDS analysis implies that EroOj3 is the main oxide product for those
alloys, which is consistent with the XRD results.

Based on the above results, Er enrichment in surface oxide films of
Mg-Er alloys is observed with different scales. A large amount of Er on
the surface must be derived from the diffusion of Er from the matrix. In
order to study the relationship between the formation of the oxide film
and the matrix, low-magnification backscatter electron images of oxide

film cross sections are shown in Fig. 9. In the four alloys, white particles
uniformly distribute in matrix away from the oxide film, and the particle
size increases with the increment of Er content. The white particles are
undissolved second phase (Mg, Er) compounds. It is worth noting that
the four alloys all have a depletion zone of second phase just below the
oxide film. And very few fine second phase particles were observed in
the depletion zone, and their sizes are much smaller than those in the
deeper matrix. The depletion of the second phase indicates the disso-
lution of the second phase and the release of large amounts of Er, which
further diffuse to the surface to support the oxidation of the Er.

In order to further prove the existence of Er diffusion, the concen-
tration of Er was measured with depth detected by EPMA, as shown in
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Fig. 6. Micrographs of the oxide films for the experimental Mg-Er alloys at 500 °C for 100 h in air: (a, b) E1, (c, d) E2, (e, f) E3, and (g, h) E4.



Table 4
EDS composition of the denoted areas in Fig. 6.

Alloy Symbol Content of element (Wt%) Content of element (at%)

Mg Er (0] Mg Er (6]
El 1 65.2 25.3 9.6 78.1 4.4 17.5
2 59.8 32 8.2 77.7 6.1 16.2
3 94.2 / 5.8 91.5 / 8.5
4 95 / 5 92.6 / 7.4
E2 5 51 7.1 41.9 44.1 0.9 55
6 56 10.4 33.6 51.6 1.4 47
7 8.3 81 10.7 22.9 32.4 44.7
8 9.1 79.8 11.1 24.2 30.9 44.9
E3 9 5.7 84 10.3 17 36.4 46.6
10 4.7 85.5 9.8 14.7 38.8 46.5
E4 11 / 90.3 9.7 / 47.1 52.9
12 / 88.6 11.4 / 42.6 57.4
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Fig. 7. XRD patterns of the oxidized Mg-Er alloys.

Fig. 10. There is Er depletion zone below the oxide film, and its con-
centration increases approximately linearly with the distance to the
metal/oxide interface. The Er depletion zone is considered to be the Er
diffusion layer, in which Er is transported from the matrix to the surface
for maintaining the formation of EryO3. The thickness of the diffusion
layers for the E1, E2, E3 and E4 alloys are 47 um, 107 pm, 120 pm, and
107 pm, respectively. The Er concentration at the oxide/metal interface
(abscissa is 0) cannot be directly measured by EPMA. Since the Er
concentration almost has a linear relation with depth, the Er concen-
tration at oxide / metal interface can be estimated by linear interpola-
tion using two adjacent points. With the increasing of Er addition, the Er
concentration at the oxide/metal interface also increases. As the depth
increases, the content of Er is increasing linearly approximately to reach
the original composition of the alloy. When the distance exceeds that of
the diffusion layer, the Er contents remain stable at approximately
0.2 wt%, 1.7 wt%, 4.3 wt% and 7.4 wt% for the E1, E2, E3 and E4 al-
loys, respectively. These Er contents are lower than the original added Er
contents, 0.5 wt%, 1.9 wt%, 4.8 wt% and 8.1 wt% for E1, E2, E3 and E4
alloys, respectively, due to the existence of (Mg,Er) compounds.

3.5. XPS analysis of the oxide film of the E1 alloy

According to the previous results obtained by XRD and SEM, the
oxide film of E1 contains both MgO and Er,0s3. In order to quantitatively
analyze the distribution of these two oxides in the oxide film of the E1
alloy, XPS analyses were performed, the results are shown in Fig. 11.
Fig. 11(a), (b) and (c) are XPS depth profiling spectraof Mg 15,0 1 sand
Er 4d regions, respectively. When the samples were followed air

exposure, the surface was covered with the adventitious carbon
contamination. In order to remove the adventitious carbon contamina-
tion, pre-sputtering for 100 s before the measurement was performed.
Fig. 11 (d), (e) and (f) are the XPS spectra with sputtering time 100 s of
Mg 15,01 s and Er 4d regions, respectively, and Fig. 11(g), (h) and (i)
are the XPS spectra with sputtering time 700 s of Mg 1 s, O 1 s and Er 4d
regions, respectively. As shown in Fig. 11(d), for the sputtering time of
100 s, the Mg 1 s spectra is composed of two components. The binding
energy at 1304 eV corresponds to MgO [44], and the binding energy at
1301.9 eV match to Mg(OH); [45]. However, the Mg 1 s spectra with
sputtering time 700 is only contains MgO. The peaks trend in Fig. 11(a)
also suggests that the mixture of MgO and Mg(OH); exists in the outmost
layer of the sample. When the sputtering time increases to 200 s, Mg
(OH); disappears and only MgO exists in the oxide film of E1 alloy. For O
1 s peak with sputtering time of 100 s shown in Fig. 11(e), there are two
components, which are MgO with the binding energy of 529.6 eV [46]
and Mg(OH), with the binding energy of 530.9 eV [45]. This agrees with
the result of Mg 1 s. For the sputtering time of 700 s shown in Fig. 11(h),
the O 1 s peak also contains two components, which are MgO with a
binding energy of 529.6 eV [46] and Er,O3 with a binding energy of
531.4 eV [47]. The concentrations in atomic percent of MgO and Er,O3
were calculated using the software Advantage, resulting in 86% and
14%, respectively. This indicates that different oxide film depths
correspond to different types of oxide films, which can be better re-
flected in Fig. 11(b). When the sputtering time is increased from 100 s to
200 s, the Ols peak gradually shifts to lower energy side, which is
caused by the disappearance of Mg(OH),. However, once the sputtering
time exceeds 200 s, the Ols peak gradually shifts to the higher energy
side with the increasing sputtering time, which is caused by the gradual
increase of the content of Er,O3 from the outmost towards the inner side
in the oxide film. In the case of the Er 4d spectrum, when the sputtering
time is 100 s, no obvious peak appears, as shown in Fig. 11(f). However,
when the sputtering time is 700 s, a peak of binding energy 168.7 eV is
observed, which is associated with the presence of EryO3 [48]. In the
depth profile of Er 4d, as shown in Fig. 11(c), when the sputtering time is
less than 300 s, no obvious peak appears. When the sputtering time
exceeds 300 s, the peak corresponding to EryOs appears. Its intensity
increases continuously with increasing sputtering time.

Based on the above analysis, there is a change in oxide type with the
depth of the oxide film on the E1 alloy. The formed oxides on the
outmost side of the oxide film are the mixture of MgO and Mg(OH);. As
the depth of the oxide film increases, the oxides become a mixture of
MgO and Ery03, and the content of EryOs3 increases with the increasing
depth of the oxide film. This implies that Er,O3 prefers to be formed on
the inner side of the oxide film. Although Er,O3 is easy to be formed on
the inner side, the largest atomic percentage of Er,O3 detected on the
inner side of the E1 alloy is only 14%, which explains the discontinues
Ery03 film shown Fig. 8.

3.6. TEM analysis of the oxide film of the E4 alloy

An HAADF-STEM image and the corresponding EDS element maps
for Mg, Er, Ca and O elements of the cross-sectional oxide film formed on
the E4 alloy are presented in Fig. 12(a). It can be seen from the EDS
element maps that the oxide film of E4 alloy is mainly composed of Er
oxide. In addition, an outer layer of Ca oxide is observed, and Mg oxide
is formed underneath. Since the raw material of Mg-20 wt% Er master
alloy contains impurity element Ca, the E4 alloy obtained in this
experiment contains 323 ppm impurity element Ca. However, since the
content of Ca is small and the oxide film of E4 alloy is mainly composed
of Er oxide, the influence of Ca impurity can be ignored. Fig. 12(b)
presents the bright-field TEM image of the oxide film formed on the E4
alloy and Fig. 12(c)-(h) are the high-resolution images and digital dif-
fractogram obtained by the fast Fourier transform (FFT) (inserted im-
ages). It can be seen from the bright-field TEM image that the oxide film
of the E4 alloy can be divided into three regions: the outer layer of white
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Fig. 8. BSE cross-sectional images and the corresponding EDS element maps for Mg, Er and O of the oxide film formed on (a) E1, (b) E2, (c) E3 and (d) E4.

phase A, the middle layer mixed with white phase B and dark phase C
and D, and inner layer of dark phase E and F. The digital diffractogram in
Fig. 12(c) shows that phase A is CaO (JCPDS #99-0070), with an fcc
structure and lattice constant ap  0.481 nm. Phase C is MgO (JCPDS
#741225), with an fcc structure and lattice constant ag  0.422 nm.
Phase B, D, E and F are EryO3 (JCPDS #010827), with a bcc structure

and lattice constant ag  1.054 nm. The outer CaO layer is not uniform,
and its thickness ranges from 10 to 100 nm. The thickness of the middle
layer of the mixture of MgO and Er,O3 is about 150 nm, and it is about
800 nm for the inner homogeneous Ery03 layer. It is worth noting that
the Er,O3 formed on the inner side of the oxide film (area F) is much
coarser than the outer side (area E). Shin-ichi [49] also found a similar
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Fig. 9. Low-magnification backscatter electron images of cross-sectional oxide film on (a) E1, (b) E2, (¢) E3 and (d) E4.
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Fig. 10. The concentration of Er with depth detected by EPMA.

result that Y203 formed on the inner side is coarser than that of outer
side in the oxide film of the Mg97Y2Zn1 alloy. However, the reason for
the formation of such a structure has not been explained in literature.

4. Discussion

The above results show that the E1 alloy undergoes accelerated
oxidation after being oxidized at 500 °C for 45 h, and a discontinuous
Er03 oxide film is formed on the surface. With the Er content increases,
the alloys show the protective oxidation behavior and the parabolic
oxidation constants (k,) also increases. In order to clearly understand
these oxidation phenomena of Mg-Er alloys, their oxidation mechanism

is analyzed from the perspectives of thermodynamics and kinetics,
including “thermodynamic analysis and oxidation process”, “the diffu-
sion of erbium”, “comparison of oxidation kinetics of Mg-Er alloys with
that of other reactive-element-containing Mg alloys™ and “the oxidation

stages of the Mg-Er alloy”.

4.1. Thermodynamic analysis and oxidation process

The possible chemical reactions occurring during oxidation Mg-Er
alloys are as follows [50,51]:

2 Mg(s)+02(2) 2 MgO(s) ®
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Fig. 11. Depth profiling XPS spectra of the oxide films formed on E1 alloy of (a) Mg 1 s, (b) O 1 s and (c)Er 4d; XPS spectra with sputtering time 100 s of (d) Mg 1 s,
(e) O 1 s and (f) Er 4d; and XPS spectra with sputtering time 700 s of (g) Mg 15, (h) O 1 s and (i) Er 4d.

4/3 Er(s)+02(g) 2/3 Er03(s) (2)

2 Er(s)+3 MgO(s)  ErO3(s)+3 Mg(s) ®)

The standard Gibbs free energies of reactions (1), (2) and (3)
calculated using Factsage software are:

AGY(500°C)  1205010+219.497  1035344[J /mol of 02] @

AGI(500°C) 1261150+ 189.637  1114566[J /mol of O2] )

Using Egs. (4) and (5), the standard Gibbs free energy of reaction (3)
can be derived as:

AGY(500°C) 84210 44.79T  118833[J/mol] (6)

The change in the Gibbs free energy of reaction (1) (2) and

(3), AG;, AG; and AGj; can be calculated by the following equation:
g0
AG, AG)+RTLn——*—[J / mol| )
aMg *po,
el
AG,  AG)+RTLn—722—[y / moll] ®
aEr\ 'poz

3
AGy  AGY+RTLn 220"y / mol] ©
Er'aMgO
where R is gas constant [J/mol K], T is temperature [K] and ay is ac-
tivity. For simplification, the atomic concentrations of Mg and Er are
substituted for their elemental activities, and the activities of MgO and
Ery03 are expressed as unity. Fig. 13 presents the relationship between
the Gibbs free energy change of reaction (1), (2) and (3), AGi,
AG,, and AGs, with the atom fraction of Er at 500 °C. As shown in the
Fig. 13, AG; and AG, are negative for the investigated alloys, indi-
cating the thermodynamic possibility for the occurring of reactions (1)
and (2).

The AGs value can be used to determine the priority of the formation
of Er,03 and MgO. When AGjs is negative, EryOs is preferentially formed
on the surface, and when AGj5 is positive, MgO is preferentially formed.
Therefore, the AGs value can control the oxidation process of Mg-Er
alloys. The Er concentration corresponding to AGs of 0 is called as
the critical concentration of Er, and the critical concentration of Er is
9.66 x 1072 at% (0.07 wt%) calculated by Eq. (9). When the Er con-
centration is larger than the critical concentration, AGs is negative,
which indicates that Er,O3 is formed prior to MgO. AGs; values



Fig. 12. (a) HAADF-STEM image and the corresponding EDS element maps for Mg, Er, Ca and O elements of the cross-sectional oxide film formed on E4 alloy; (b)
bright-field TEM image; (c)-(h) the high-resolution images and digital diffractogram obtained by the fast Fourier transform (FFT) (inserted images) corresponding to
different regions in (b).



Fig. 12. (continued).
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Fig. 13. Relationship between AG for the reaction (1), (2) and (3) at 500 °C
and atom fraction of Er.

corresponding to the Er content at the oxide/metal interface after
oxidation at 500 °C for 100 h are summarized in Table 5. For the El
alloy, the Er content at the metal/oxide interface is below the critical
concentration of Er, indicating the prefer formation of MgO at this
interface. However, for the E2, E3 and E4 alloys, the Er contents at the
metal/oxide interface are larger than the critical concentration of Er,
and Er,0j3 is preferentially formed at the interface. This is consistent
with the results that continuous ErsO3 oxide layers on the surface and
underneath Er depletion zones in the matrix are observed for the E2, E3
and E4 alloys, and for E1 alloy, intermittently distributed Er,O3 on the
surface with slight Er depletion zone are observed. Therefore, the Er
content at the metal/oxide interface directly controls the priority order
of the oxidation reaction, thereby directly affecting the formation of
oxidation products.

According to the XPS results in Fig. 11 and TEM results in Fig. 12,
MgO tends to form on the outer side of the oxide film of Mg-Er alloys. In
the initial stage of oxidation, since AG; and AG, are negative, Mg and Er
can be oxidized at the same time. The atomic radius of Er is larger than
that of Mg, so it can be inferred that the diffusion of Er in Mg should be
slower than the self-diffusion of Mg. Thus, MgO can be accumulated
more quickly on the outside of the oxide film. As the oxidation pro-
ceeding, due to the formation of the oxide film, the oxidation partial
pressure in the oxide film decreases and EryOs with low formation



Table 5

AGj3 values corresponding to the Er content at the oxide/metal interface after oxidation at 500 °C for 100 h.

Er contents and AG3 El

Er content at oxide/metal interface (wt%) 0.03

Er content at oxide/metal interface (at%) 431 x10 2
Corresponding AGs  (J/mol) 1.04 x 10 4

pressure can be formed below MgO. In addition, for the E4 alloy, since it
contains impurity element Ca, a non-uniform thin CaO layer is formed
on the outermost of the oxide film. This is attributed to the much faster
diffusion of Ca in Mg than the self-diffusion of Mg [25], leading to the
CaO formation in the outermost of the oxide film.

For the E4 alloy, the Ery,O3 formed on the inner side (area F) of the
oxide film is much coarser than the outer side (area E), as shown in
Fig. 12. The detailed oxidation process and the formation mechanism of
this four-sublayers film is illustrated in Section 4.4.

4.2. The diffusion of erbium

The continuous oxidation of Er on the surface of Mg-Er alloys relies
on the diffusion of Er from the matrix to the oxide/metal interface. Thus,
the diffusion amount of Er can be related to the amount of Er,O3 formed
on the surface. During the entire oxidation process at 500 °C for 100 h,
the total amount of Er diffused from the matrix to the oxide/metal
interface can be approximately interpreted by the content of Er in the
diffusion layer deviated from that of in the matrix, which is shown as S1,
S2, S3 and S4 in Fig. 10. It can be seen that S1 <S2 <S3 <S4. For E2, E3
and E4 alloys, the oxides formed on the surface are mainly composed of
Ery03, indicating that the weight gain during oxidation is mainly
derived from the oxidation of Er. As shown in Fig. 4, after oxidation at
500 °C for 100 h, the weight gain of those three alloys follows:
Am2 < Am3 < Am4, which is consistent with the order of the diffusion
amount of Er.

Deriving the fitting functions of the weight gain curves (Fig. 4), the
weight gain rate curves can be obtained, as shown in Fig. 14(a). Since
the E1 alloy undergoes accelerated oxidation after 45 h, the weight gain
rate curve is only plotted for the parabolic oxidation stage within 45 h
here. The weight gain rate of the four alloys decreases sharply in the
initial stage of oxidation, and then stabilized. Higher Er concentration
results in an increasing weight gain rate, i.e. in higher oxidation rates.

For E2, E3, E4, the weight gain mainly corresponds to the mass of
oxygen participating in the oxidation reaction of Er, from which the
consumption mass of Er during the reaction can be obtained. Therefore,
the weight gain rate corresponds to the consumption rate of O (Jo), and
then the Er consumption rate (Jg;) can be obtained. The weight gain rate
curves near 100 h were partially enlarged, as shown in Fig. 14(b), and
the weight gain rate of the E2, E3 and E4 alloys at 100 h were calculated,
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which were 3.11 x 1074, 6.71 x 10™* and 1.32 x 10~ mg-cm~2h 7},
respectively. Thus, the O consumption rates and the Er consumption
rates of E2, E3 and E4 can be calculated, as summarized in Table 6. The
consumption of Er on the surface comes from the diffusion of Er in the
underlying matrix. Therefore, the Er consumption rate equals to the Er
flux from the matrix to the surface. Assuming Er diffusion reaches steady
state, the Er flux is expressed by Fick’s first law:

aCEr
ox

Ter Dy, (10)

where the Er flux Jg, is expressed in mg~cm’2~s’1, Er concentration cg, in
mg-cm > and x in cm. Dg; (cm?-s™1) is the inter-diffusion coefficient of Er
in the alloy. In order to calculate the value of %, we transformed the
unit of abscissa and ordinate in Fig. 10 to obtain Fig. 15. Accordingly,
the values of % and Dg, can be calculated and are shown in Table 6.
Although the obtained values have little differences, the dependence of
D on the composition can’t be further extracted here since the obtained
values are obtained from static equations. So far, there is still no
experimental study on the diffusion behavior of the Mg-Er system, and
the only corresponding research was reported by Zhong, who used first
principles to calculate the diffusion coefficient of Er in Mg [52]. The
results of Zhong are shown by line in Fig. 16, and it was compared with
the result of our present work. At 500 °C, the Er diffusion coefficient in
Mg calculated using first-principles by Zhong [52] is 7.86 x 107> m?/s,
and our present data is 2.70 ~4.17 x 1071 m?/s. The results of the two
are close to each other, indicating that the data of this experiment can
provide a certain reference for the follow-up diffusion research of the
Mg-Er system.

4.3. Comparison of oxidation kinetics of Mg-Er alloys with that of the
other reactive-element-containing Mg alloys

A variety of Mg alloys with parabolic protective oxidation behavior
have been reported in literatures (Mg-Gd alloys [19], Mg-Gd-Y alloys
[53], Mg-Gd-Ca alloys [25], Mg-Y alloys [24,29], Mg-Nd alloys [37] and
Mg-Nd alloys [40,43]). Fig. 17 summarizes the parabolic oxidation
constants (k) for Mg alloy oxidation at 500 °C in literature and com-
pares them with the results of the present work. The results show that as
the contents of reactive elements increase, the parabolic oxidation
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Fig. 14. (a)Weight gain rate (mg-cm 2h ') curves of Mg-Er alloys during oxidation at 500 °C for 100 h, (b) regional enlarged the weight gain rate curves near 100 h.



Table 6
The summary of O absorption rates, the Er consumption rates and calculated Dg,.

Specimens Jo (gZem *h 1) Jo (gZem *s 1)

E2 3.11x10 7 8.64 x 10 1!

E3 6.71 x 10 7 1.86 x 10 1°

E4 1.32 x10 © 3.67 x 10 1°
0.14 |-

0.0107 cm

0.12 —e—E1 —e—E2
—e—E3——E4
0.10 — Linear Fit

e
(=]
@®

b
Q
=2}

o
L=
B

0.0107 cm

Concentration of Er (g-cm'3)

o

(=]

)
T

*——o—0—0—0—0—0—9

0.0047 cm
0.00 p-o—e—— e

1 L 1 L 1 L 1 L 1 " 1 i 1 i 1

0.000 0002 0.004 0.006 0008 0010 0012 0.014 0016

Distance to the metal/oxide interface (cm)

Fig. 15. The concentration of Er with depth subscale detected by EPMA.
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Fig. 16. Er diffusion coefficients in a-Mg by first-principles calculations [52] in
comparison with data of this work.

constants generally show an increasing trend, which is consistent with
the results of the present work. The k;, values of the Mg-Er alloy in the
present work are at a low level in the range of Er content of 0.5-8.1 wt%,
which is lower than that of other alloys. Therefore, the Er element seems
to be an ideal element to improve the high-temperature oxidation
resistance of magnesium alloys. It is worth noting that the k;, value of E1
alloy corresponds to the initial protective oxidation stage (0 <t < 45 h),
and with the time increasing, the E1 alloy undergoes accelerated
oxidation. The lower oxidation rate in the limited time for E1 alloy
comparable with that of other E2, E3, E4 alloys is because that for E1
alloy, the formed oxides is mixture of MgO and EryO3 and the accu-
mulated oxygen fraction for MgO is lower than that of ErsO3. Therefore,
from the perspective of long-term oxidation, the oxidation resistance of
E1 alloy is inferior to that of higher Er containing alloys, here these are,
E2, E3 and E4 alloys.
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Fig. 17. The summary of parabolic rate constants (k) of Mg alloys oxidation at
500 °C in literature and present work.

The enhancement of the high-temperature oxidation resistance of Mg
by alloying with rare elements (REs) is mainly attributed to the forma-
tion of compact RE oxide film on the surface [19,31,40,41,54,55]. In the
RE oxides, the metal substructure is rigid below its melting tempera-
tures. It is reported for RE oxides, its growth is mainly dominated by the
inward diffusion of oxygen anions [56]. In lanthanide oxides, oxygen
anion transport rates rapidly decrease with increasing atomic number of
the lanthanide metal [43]. Thus, the oxygen mobility in NdOs is higher
than that of Gd,03 and ErpOs. As shown in Fig. 16, the k, values of
Mg-Nd alloys are much higher than that of Gd or Er-containing Mg al-
loys, which can be explained by the fast-inward diffusion of oxygen
anion in oxide film. The diffusion of oxygen anions in single crystals of
Y203 and Erp,O3 was investigated by a thermobalance technique by
Berard et al. [43], and Dy and E, values for Y,O3 and Er,O3 are
6.06 x 107® cm?/s, 1.6 x 10° cal/mol, and 1.31 x 10™* cm?/s,
3.0 x 10° cal/mol, respectively [57]. Thus, the diffusion coefficient of
oxygen anions in single crystal of Y203 and Er,Os at 500 °C can be
calculated to be 1.75 x 1071% m2/s and 3.95 x 10~ m?/s. The much
faster diffusion of oxygen anions in Y03 can result in a larger k,
compared with that of Erp,O3. For alloys containing Nd or Y, internal
oxidation can be observed due to the faster diffusion of oxygen anions in
their corresponding RE oxides [31,41,43,49,58,59].

4.4. The oxidation stages of the Mg-Er alloy

According to the composition of the oxide layers and the distribution
of the elements, a scheme of the oxidation process is proposed for the
studied alloys. In the initial stage of oxidation, the outmost layer of Mg
and Er are simultaneously oxidized to form MgO and EryOs which are
thermodynamic possible. In the second stage, as the oxidation pro-
gresses, the Er at the surface is continuously consumed. In order to
maintain the oxidation of the Er on the surface, the Er in matrix diffuse
to the metal/oxide interface, and a diffusion layer of Er is formed sub-
scale. When the Er content at the interface is less than the critical con-
centration of Er, MgO is preferentially formed at the interface, such as
the El alloy. When a large amount of Mg is oxidized in the local area,



oxide nodules can be formed (as shown in Fig. 6), which triggers sub-
sequent accelerated oxidation.

For the E2, E3 and E4 alloys, the Er concentration at the oxide/metal
interface is larger than the critical concentration of Er, Er,Oj3 is prefer-
entially formed at the interface, which is promoting the formation of a
continuous ErpO3 layer. Once the continuous EryOs layer is formed,
subsequent oxidation occurs only by the EryOg layer thickening and Mg
is no longer oxidized [59,60].

In order to understand how the continuous EryO3 film improves the
oxidation resistance of Mg-Er alloys, taking E4 alloy as an example, a
hypothesis for the evolution of the oxide film of this alloy is schemati-
cally depicted in Fig. 18. The four-stage oxidation process is described as
follows:

(1) In the first stage of oxidation, as shown in Fig. 18(a), the high
reactive impurity, here the 323 ppm Ca, in the alloy, enriches on the
surface and is oxidized to form CaO. This layer is quite thin, here with an
average thickness of ~20 nm, and not uniform. Such an extremely thin
and uneven CaO film cannot effectively hinder the inward diffusion of
oxygen.

(2) In the second stage of oxidation, as shown in Fig. 18(b), when the
alloy exposed in air, the outer layer of Mg and Er instantly react with
oxygen to form a composite oxides layer composed of MgO and Ery0s.
The thickness of this composite layer is about 150 nm. This composite
layer is not compact and still cannot effectively hinder the inward
diffusion of oxygen.

(3) In the third stage of oxidation, since the composite oxide layer is
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not compact, the oxygen can still freely diffuse into the substrate and a
layer of pure EryOs is formed. This oxide formation is still reaction-
controlled. As a result, a fine and continuous Er,O3 layer with a thick-
ness of about 100 nm is formed, as shown in Fig. 18(c), which can
effectively prohibit the inward diffusion of oxygen, thereby significantly
reducing subsequent oxygen diffusion.

(4) In the fourth stage of oxidation, the oxygen diffused from the
third stage formed compact layer is comparatively slower. Therefore,
the oxidation of Er at this stage tends to continue via the growing on the
crystal grains formed in the third stage and the formation is diffuse-
controlled, resulting in a columnar and coarse EryOs oxide layer
which follows the parabolic growth behavior, as shown in Fig. 18(d).

The first three stages are considered to be a short transient period
where the involved reactions are reaction-controlled and fast. A compact
EryO3 layer was formed in the third stage resulting in the followed
parabolic growth of the fourth layer. For the weight-gain curve of the E4
alloy, the transient stage before the oxidation process following para-
bolic kinetics is too short to be identified. Hence, for the long-term
oxidation process, the oxidation kinetics were mainly controlled by
diffusion.

5. Conclusion

The long-term oxidation behavior of Mg-Er binary alloys at 500 °C
was studied using semi in-situ oxidation experiments by measuring the
weight gain during the oxidation procedure. The oxidation processes

(b) 11: Mg+O—MgO & 2Er+30—Er,0,, reaction-controlled
eInward diffusion of O @
@ Discontinous
CaO layer
Loose MgQO and
Er,0; oxides layer

®

Er depletion region

Inner matrix

20 Ca @Er (Mg, Er) compounds
(c) IT1: 2Er+30—Er,0;, reaction-controlled

® @Inward diffusion of O @
® ? Discontinous

Ca0 layer

Loose MgO and
Er;0, oxides layer
!, Compact fine-grain
. Er,O, layer

Er depletion region

Inner matrix

® (Mg, Er) compounds

Fig. 18. Schematic diagrams of multi-layered oxide film structures formed on the E4 alloys at 500 °C in air.



were analyzed with respect of thermodynamics, kinetics and oxides-film
formation process. The following conclusions can be drawn:

(1) The oxidation of Mg-0.5 wt% Er alloy undergoes a transformation

of oxidation kinetics, with the parabolic law of protective
oxidation transforming into the power law of accelerated oxida-
tion at 500 °C after 45 h. When the content of Er is larger than
1.9 wt%, the alloys exhibit protective oxidation during the
studied oxidation process (500 °C for 100 h).

(2) The oxidation resistance of Mg-Er alloy is closely related to the

continuity of the Erp,Os layer. A continuous Er,O3 layer was
formed on the alloys with Er content larger than 1.9 wt%, sub-
sequent oxidation occurs only by the Er,Os3 layer thickening and
Mg is no longer oxidized. On the contrary, a discontinuous Er,O3
layer was formed on Mg-0.5 wt% Er alloy, which cannot prevent
the subsequent formation of MgO, resulting in catastrophic
oxidation.

(3) The continuity of the EryOs is related to Er concentration at the

metal/oxide interface. For the E1 alloy, the Er concentration at
the metal/oxide interface is less than its critical concentration,
leading to a preferential formation of MgO at the interface. The
situation is the opposite for the alloys with Er content larger than
1.9 wt%.

(4) The continuous oxidation of Er on the surface of Mg-Er alloys

relies on the diffusion of Er from the matrix to the oxide/metal
interface, which causes a depletion of Er layer under the oxide
film.

(5) The surface film of Mg-8.1Er (wt%) alloy was composed of four

sublayers. Beneath an instantly formed high-reactivity trace-im-
purity oxide layer and a thin MgO and Er,Os mixture layer, the
double EryO3 layers consisting of a compact fine-grain layer and
an underlying coarse-columnar-grain layer providing the pro-
tective effect. A four-stage oxidation process composed of three
transient reaction-controlled oxidation processes and followed by
a diffusion-controlled oxide growth process is proposed.
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