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Oxidation behavior of the Mg-X (X
thermodynamics and kinetics. The improved high-temperature oxidation resistance by reactive elements was
attributed to the formation of compact reactive-element-rich oxide film. The oxides formation priority is
determined by the critical concentration of reactive elements based on thermodynamics. A four-layered structure

Ca/Gd/Y) alloys at 500 °C was studied and had been clarified using

film was formed on Mg-Ca alloys, which was proposed to be caused by alternating enrichment of Ca and Mg
atoms at metal/oxide interface. Hydrides was formed in the matrix during oxidation process, resulting from the
decomposition of HyO and continues inward diffusion of H.

1. Introduction

Magnesium (Mg) alloys have the advantages of low density (2/3 of Al
density), environmental friendliness, good thermal and electrical con-
ductivity, etc., and attract increasing attentions in the fields of auto-
mobiles, aerospace and consumer electronics [1-5]. However,
compared with many other metals, Mg alloys are oxidized quickly
during processing under high-temperature environment (such as cast-
ing, welding, forging and heat treatment) and in the medium tempera-
ture service [6-9]. In order to prevent the catastrophic oxidation and
combustion during the manufacturing process of Mg alloys, the research
on the oxidation-resistance of Mg alloys at high temperature is of great
importance to extend their engineering application.

When exposed to the atmosphere at high temperature (higher than
450 °C), Mg tends to form a loose-structure MgO film on the surface,
which is unable to effectively isolate oxygen from the Mg matrix and
avoid the catastrophic oxidation owing to the low Pilling-Bedworth ratio
(Rpp) of MgO (0.81) [6,10-13]. Alloying and surface modification are
two main methods to improve the oxidation resistance of Mg alloys at
high temperature [11,14-16]. The alloying method is simple and
fundamental method to tailor the alloys’ properties [8,17-32] and

widely adopted to improve the oxidation resistance of Mg alloys at high
temperature.

It is accepted that reactive elements, such as alkaline earth elements
(Ca, Be) and rare earth (RE) elements (Nd, Gd, Ce, La, etc.), can improve
the oxidation resistance of Mg alloys at high temperature [6,12,13,16,
27,33-41]. Among them, the effects of alkaline earth elements Ca and Be
in Al-containing Mg alloys have been widely studied [8,16,24-27,
34-37]. Dong [27] found that the alloys of AZ31 + 0.3 wt% Ca and
AZ31 + 0.3 wt% CaO could be cast in ambient air without using envi-
ronmentally hazardous SFg gas, by forming a thin CaO-rich barrier layer
on the surface during casting. Tan [16,36,37] reported that the oxida-
tion resistance of AZ91 alloy could be effectively improved by
micro-alloying with 60 ppm Be. It was claimed that the Be element
participated in the formation of solid solution (Mg, Be)O, which pro-
vided sufficient strength to withstand the internal stress and Mg
vaporization, therefore delayed the oxide film cracking and debonding
from the substrate. In addition, RE elements are also believed to improve
the oxidation resistance at high temperature, especially for Mg alloy
systems without Al. Adyin [42] showed that dilute Mg-Nd alloys (up to
0.5 wt% Nd) had better oxidation and ignition resistance compared with
pure Mg, which was attributed to the formation of a composite
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MgO-Nd,03 film. Wang [40] proved that Mg-10Gd-3Y alloy obeyed the
protective oxidation over the temperature range of 450-600 °C in pure
O, up to 90 min. A continuous Gd;03/Y503 oxide was formed on the
surface, which could reduce the inward diffusion of oxygen.

Although the high-temperature oxidation performance of Mg alloys
is attracting increasing attention, the related thermodynamics, kinetics
and mechanism arestill not clear. Most researches focus on the influence
of a single reactive element, while differences between reactive elements
in terms of oxidizing effects are not reported. In this work, the alkaline
earth element Ca and the rare earth elements Gd and Y, with large dif-
ferences in atomic number, were selected to systematically study the
influence of reactive element types and contents on the oxidation
behavior, and a general oxidation mechanism was proposed.

2. Experimental methods
2.1. Alloy preparation

In this work, commercial pure Mg and master alloys of Mg-30 wt%
Ca, Mg-30 wt% Gd and Mg-30 wt% Y were selected as raw materials for
manufacture of the as-cast alloys. The raw materials were heated to 740
°C in a resistance furnace. After complete melting, the melt was thor-
oughly stirred and then taken out to cooled down to room temperature.
The entire melting process was carried out under the protection of a
mixed gas, 99 vol% CO»-1 vol% SF¢. The chemical compositions of the
synthesized alloys are shown in Table 1, which were detected by X-ray
fluorescence spectroscopy (XRF). The obtained ingots were cut into
blocks. Then they were ground to 1200 grit SiC sandpaper and rinsed
with alcohol for subsequent oxidation behavior test and structural
characterization.

2.2. Oxidation tests

The high-temperature oxidation of specimens was conducted in a
box furnace, and the ambient air was used as the oxidizing atmosphere
to simulate the ordinary heat treatment environment of Mg alloys,
which contains traces of water vapor and CO,. The oxidation tempera-
ture was set at 500 °C, which is the common temperature for the heat
treatment process of Mg alloys. A semi in-situ method was used to
conduct the oxidation weight gain test. During this test, the specimens
were periodically taken out from the furnace and cooled down to room
temperature for weight measurement, and then put back into the
furnace for subsequent oxidation. Specimens were weighed using a
precision analytical balance (METTLER MS10°/A, accuracy 10 ° g).

2.3. Microstructural characterization and thermodynamic calculation

The microstructures of the as-cast and oxidized alloys were charac-
terized using scanning electron microscopy (FE-SEM, JEOL JSM-7800 F)
equipped with energy dispersive spectroscopy (EDS), with 15 kV voltage
and 12mA current. The volume fraction of the second phasein the alloys
was counted by Image-J software, and the statistical result was the
average of the five images for each specimen. The phase identification of
the as-cast and oxidized alloys was conducted by X-ray diffraction (XRD,

Table 1

Chemical compositions of the Mg-X (X  Ca/Gd/Y) binary alloys.
Alloys Ca (Wt%/at%) Gd (wt%/at%) Y (wWt%/at%) Mg
Cl1 0.5/0.3 / / Bal.
Cc2 2.4/1.5 / / Bal.
Gl / 3.3/0.5 / Bal.
G2 / 4.7/0.8 / Bal.
G3 / 10.0/1.7 / Bal.
Y1 / / 3.7/1.0 Bal.
Y2 / / 10.0/3.0 Bal.
Y3 / / 14.2/4.3 Bal.

Rigaku D/MAX-1200 and D/MAX-2500 PC), with Cu targets, 10-90°
scanning range, 40 kV voltage, and 30 mA current. Auger electron
spectrometry (AES, PHI 710e/680 Hybrid Auger Nanoprobe) was used
to detect the depth distribution of elements in the oxide film.

Binary phase diagrams of Mg-Ca, Mg-Gd, Mg-Y systems were calcu-
lated using Thermal-Calc software equipped with the TCMG5 database.
The standard Gibbs free energy changes for oxidation reactions were
calculated using Factsage (version 7.0) software.

3. Results
3.1. The microstructure of the as-cast alloys

Fig. 1 shows the backscattered electron (BSE) images, XRD patterns
of the as-cast Mg-Ca binary alloys, and the phase diagram of the Mg-Ca
system. As shown in Fig. 1(al), there is no obvious second phase in the
C1 alloy, where Ca is mainly dissolved in a-Mg. For the C2 alloy, the
network-structure second phase is formed along the grain boundaries,
which is identified as the Mg,Ca phase according to the XRD results in
Fig. 1(b). Fig. 1(c) shows the Mg-rich corner of the phase diagram of the
Mg-Ca binary system. During the solidification process of the C2 alloy,
when the temperature drops to the eutectic temperature of 515 °C, the
alloy undergoes the eutectic reaction: Liquid—a-Mg+MgoCa, thus
forming a eutectic structure distributed along the grain boundaries as
shown in Fig. 1(a2).

Fig. 2 shows the BSE images, XRD patterns, and the phase diagram of
the Mg-Gd binary system. As shown in Fig. 2(al)-(a3), the distinctive
characteristic on microstructure of the Mg-Gd alloys is that the grain
boundaries are presented as gray-white blurred state, which is caused by
the segregation of Gd atoms along the grain boundaries. The segregation
of alloying elements along grain boundaries is commonly observed in
the as-cast Mg alloys [13,43]. Its formation is caused by the rapid
cooling speed during the solidification process, during which the solute
atoms cannot fully diffuse to form the second phase but are segregated at
grain boundaries. For the G3 alloy, with higher Gd content, the second
phase is formed from the segregation area. It can be seen from the XRD
results in Fig. 2(b) that the second phase is the MgsGd phase. According
to the phase diagram of the Mg-Gd system in Fig. 2(c), when the Gd
content is less than 20.1 wt%, the alloy does not undergo the eutectic
reaction during the solidification process. Therefore, none of the Mg-Gd
alloys in this work form eutectic structure.

As shown in Fig. 3(al)-(a3), the microstructure of the Mg-Y alloys is
similar to that of the Mg-Gd alloys, which is composed of Y element
segregation area along the grain boundaries. For the Y2 and Y3 alloys
with higher Y content, a large amount of second phase is precipitated
from the segregation area, and the second phase content increases with
the increment of Y content. According to the XRD results in Fig. 3(b),
Mg24Y5 phase is present in the Y2 and Y3 alloys, and its content in the Y3
alloy is greater than that of the Y2 alloy, which is consistent with the
demonstration in the Fig. 3(al)-(a3). As shown in Fig. 3(c), when the Y
content exceeds 12.1 wt%, the alloy will undergo the eutectic reaction at
567 °C during solidification process: Liquid—o-Mg+Mgs4Ys. Therefore,
the Y3 alloy (14.2 wt% Y) forms a network eutectic structure along the
grain boundaries. It is worth noting that the Y2 alloy also forms eutectic
structure, as shown in Fig. 3(a2), although its Y content (10.0 wt%) is
less than 12.1 wt%. This can be attributed to the non-equilibrium so-
lidification caused by the actual fast cooling rate.

3.2. Oxidation kinetics

Fig. 4(a) and (b) displays the variation of oxidation weight gain with
time for pure Mg and Mg-X (X = Ca/Gd/Y) binary alloys at 500 °C, in
which pure Mg is set as the reference. As shown in Fig. 4(a), the weight
gain of pure Mg is as high as 5.44 mg-cm 2 after the oxidation for 22 h,
which is significantly greater than that of the binary alloys. The weight
gain measurement of pure Mg does not continue after 22 h due to the
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Fig. 1. Backscattered electron images (BSE) of the as-cast Mg-Ca binary alloys: (al) C1, (a2) C2, (b) the XRD patterns and (c) the phase diagram of Mg-Ca system

calculated using Thermo-Calc software.

shedding of a large amount of MgO powder in subsequent oxidation,
leading to weighing errors. The above results indicate that the addition
of reactive elements can greatly improve the high-temperature oxida-
tion resistance of Mg. Pure Mg exhibits acceleration in weight gain at the
beginning of oxidation, and its variation of weight gain can be fitted to
the power law using the following equation [6,37,44]:

Am = A" +B(n > 1) @

where Am is the weight gain per unit area (mg-cm 2), A and B are the
fitting constants, n is the exponent, and t represents the oxidation time in
hours. The fitted curve is shown as the solid line in Fig. 4(a), and the
kinetic parameters are shown in Table 2. Fig. 4(b) shows regional
enlargement of Fig. 4(a), which clearly demonstrates the variation of
weight gain for the Mg-X (X = Ca/Gd/Y) binary alloys. In order to
determine the oxidation kinetics of these binary alloys, the square of
weight gain is calculated, as shown in Fig. 4(c). It can be seen that the
square of weight gain of all binary alloys is approximately linear with
time, which means that the oxidation of these alloys follows parabolic

oxidation kinetics, and its weight gain can be fitted to the parabolic law
using the following equation [6,37,39,44]:

Am = (k,t)} 2

where k;, is the parabolic rate constant (mgz-cm 4h 1. The fitted curves
are displayed in solid line in Fig. 4(b), and the fitting parameters are
shown in Table 2.

Oxidation kinetics can be used to evaluate the oxidation resistance of
alloys. According to the above results, pure Mg obeys power law
oxidation kinetics, which is a non-protective oxidation and the oxidation
rate increases with time. In contrast, parabolic oxidation kinetics
correspond to the protective oxidation, and the compact oxide film is
believed to be formed on the surface of the alloy. According to Wagner’s
oxidation theory, the oxidation process following the parabolic kinetics
is controlled by the diffusion of ions across the oxide film. Therefore, the
binary alloys in this work have superior oxidation resistance at 500 °C.
In addition, it can be seen from Table 2 that the parabolic rate constant
(kp) also increases with the increased content of reactive element. In
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Fig. 2. Backscattered electron images (BSE) of the as-cast Mg-Gd binary alloys:
system calculated using Thermo-Calc software.

addition, it can be seen from Table 2 that the k; is related to the type of
alloying elements. The k, of the Mg-Ca alloys is significantly smaller
than that of the Mg-Gd and Mg-Y alloys, which indicates that the
oxidation rate of the Mg-Ca alloys is smaller than that of the Mg-Gd and
Mg-Y alloys.

3.3. Macrographs after oxidation

Fig. 5 shows the macrographs of pure Mg and the Mg-X (X = Ca/Gd/
Y) binary alloys after oxidation at 500 °C for 100 h. Pure Mg is severely
oxidized, and the surface is completely covered with loose white oxide
powder, which falls off during sample transportation. However, the
surfaces of all binary alloys after oxidation are covered with flat and
compact oxide film, indicating that these alloys exhibit excellent high-
temperature oxidation resistance.

3.4. Oxide films analysis

The XRD patterns of the oxidized binary alloys are shown in Fig. 6,
where the strong a-Mg peaks come from the Mg matrix, indicating that
the oxide films of these alloys are thin. It can be seen from Fig. 6(a) that
the oxide films of Mg-Ca alloys are mainly composed of CaO and CaCOs,
of which CaO is the main component. CaCOj3 is formed by the reaction of
CaO with CO; in the air [11,15]. For the Mg-Gd and Mg-Y alloys, as
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shown in Fig. 6(b) (c), only Gd203 or Y503 is detected from the oxide
film, which means that the oxide films of the Mg-Gd and Mg-Y alloys are
mainly composed of Gdz03 and Y20s. In addition, with the increment of
Gd/Y content, the Gd203/Y203 peaks intensify, indicating that the
amount of Gdy03/Y203 also increases. In summary, the oxide films
formed on the Mg-Ca, Mg-Gd and Mg-Y binary alloys at 500 °C are
mainly composed of their respective reactive element oxides or
carbonates.

Fig. 7 displays the microstructure of the oxide films formed on the
binary alloys after the oxidation at 500 °C for 100 h. All oxide films are
flat and compact, which is consistent with their parabolic oxidation
kinetics. For the Mg-Ca alloys, the oxide grain size of the C1 alloy is
about 500 nm, while it is extremely small for the C2 alloy. Therefore, the
oxide grain size decreases significantly with the increment of Ca content.
Aydin [45] and Yu [43] also found the similar phenomenon in the Mg-Y
and Mg-Nd alloys. For the Mg-Gd alloys, their oxide films exhibit the
alternative distribution of light and dark morphology, especially for the
G1 alloy (with less Gd content). This morphology is speculated to be
caused by heterogeneity of the oxides, which induces different second-
ary electron emission quantities and different brightness regions.
Therefore, the elements distribution of oxide film formed on G1 and G3
alloys is characterized by EDS, as shown in Fig. 8. It can be found that
the bright region is enriched with Gd, and the dark region is enriched
with Mg. Combined with XRD results, it can be inferred that the bright



iy ‘i.ma{#"";;:z‘*

(b) \ ¢ o-Mg
¢ Mg,
o~
o
S
?
- RRE
z
w
5
| ORI 7
Y1
1 1 1 1 1 1 1
10 20 30 40 50 60 70 80 90

26(%)

(c) Y1 alloy

Y2 alloy Y3 alloy

LIQUID

! /
1
1 / 0, 0
1
HCP Mg [y- 1
1 T
1 1 1
1 i i
1 / 1 2
O 00 1 /o i
I 1 V- 1 ¥
g 1 / 1 i
E 1 /I ] +
g. 1 y- t 1
: - | :
30 T
e ! / 1 1
HCP-MgMg2aY5.
1 y: 1 T
(- 1 1
1/ T 1
- 1 1
1£ T 1
i I 1
1 1 i
- 1 1
/ 1 I ¥
1 1 1
! / 1 i 1
/ i i ¥
£ 1 + +
: i [ i
): t ' '
/ ] ! 1
A ) 10 15
A Mass percent Y
=%

Fig. 3. Backscattered electron images (BSE) of the as-cast Mg-Y binary alloys: (al) Y1, (a2) Y2, (a3) Y3, (b) the XRD patterns and (c) the phase diagram of Mg-Y

system calculated using Thermo-Calc software.

region corresponds to Gd203, and the dark region corresponds to MgO.
As for Mg-Y binary alloys, compact and uniform oxide films are formed
on the surface, which is almost composed of Y50s.

In order to analyze the formation process of the oxide film, the cross
section of the alloys after oxidation is characterized. Fig. 9 shows the
cross-sectional BSE images and the corresponding EDS element maps. As
shown in Fig. 9(a) (b), the enrichment of Ca and O take place on the
surface of Mg-Ca binary alloys, indicating that the oxide films are mainly
composed of Ca-rich compounds, which is consistent with the XRD re-
sults in Fig. 6. Since the formation of the reactive-element-rich oxide
film on the surface depends on the replenishment of the reactive element
from the sublayer, the metal matrix is also of interest. Since the deep
matrix is partially exhibited in Fig. 9, BSE image of the deep matrix is
shown in Fig. 10, displaying the structure of this area more clearly. As
shown in Fig. 9(a) and Fig. 10(a), there is no second phase in the matrix
of the C1 alloy, where the Ca element is completely soluble in «-Mg. For
the C2 alloy, as shown in Fig. 9(b) and Fig. 10(b), there is a large number
of MgoCa phase in the deep matrix. Different from the eutectic structure
existed in the as-cast alloy, Mg»Ca is transformed into island shape after
oxidation at 500 °C. In addition, as shown in Fig. 9(b), a second phase
depleted zone (zone_1) is formed at the sublayer of the oxide film in the
C2 alloy, with the thickness of about 70 ym. The formation of the
depleted zone indicates the occurring of the dissolution of the MgoCa
phase and the outward diffusion of Ca atoms in the sublayer. Since the

formation of the Ca-rich oxide film on the surface constantly consumes
Ca atoms, the Ca atoms in sublayer continue to diffuse towards the
surface of the alloy, resulting in a gradual decrease of the concentration
of Ca in the a-Mg in sublayer. According to the phase diagram in Fig. 1
(c), the solid solubility of Ca in a-Mg at 500 °C is 0.61 wt%. When the
concentration of Ca in the sublayer decreases to this value, the Mg,Ca
phase will dissolve to supplement the consumption of outward diffusion.
When the MgsCa phase near the oxide film is completely dissolved, the
deeper MgoCa phase will be further dissolved with the progressing of
oxidation, so that the second phase depleted zone continues to advance
deeper. For the Mg-Gd alloys, as shown in Fig. 9(c) (d) (e), a large
number of Gd elements are enriched at the oxide films, which indicates
that the oxide films are mainly composed of Gd203, and it is consistent
with the XRD results in Fig. 7. It is worth noting that the second phase
depeltion zone (zone_1) also exists in the sublayer of Mg-Gd alloys, and
the thicknesses of the G1, G2 and G3 alloys are 90 um, 130 um and
130 um, respectively. Fine white second phase particles are dispersed in
the deep matrix (zone_2) of Mg-Gd alloys. Due to the small size of the
second phase in Fig. 9, the elemental distribution measured by EDS may
be skewed. In order to more accurately reflect the elemental distribution
of these second phases, the area in G1 alloy with larger second phases is
selected for further EDS analysis, as shown in Fig. 10(i). It can be seen
that these second phases are cuboid-shape and almost only Gd element is
detected, which indicates that the second phase cannot be MgsGd phase.
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Table 2
Oxidation kinetic parameters of pure Mg and the binary alloys (kp:
mg2~cm’4~h’1).

Alloys Oxidation Oxidation Parameters R?
periods kinetics
Pure 0<t<22h Power n = 2.06, 0.99
Mg A=9.43 x 10 3

Cl 0<t<100h Parabolic kp=1.23 x 10 ° 0.90
Cc2 0<t<100h Parabolic ky=2.55 x 10 ° 0.95
Gl 0<t<100h Parabolic k,=1.67 x 10 4 0.99
G2 0<t<100h Parabolic kp=2.67 x 10 * 0.97
G3 0<t<100h Parabolic kp=6.42 x 10 4 0.99
Y1 0<t<100h Parabolic kp=4.38x10 * 0.99
Y2 0<t<100h Parabolic k,=5.95x 10 * 0.99
Y3 0<t<100h Parabolic k,=1.02 x 10 * 0.99

To identify the cuboid phase, XRD analysis is performed on the matrix of
the G3 alloy, as shown in Fig. 11(a). XRD result shows that the cuboid
phase is the GdH; phase. The GdH; phase is formed by the reaction of Gd
element with Hj at high temperatures, and other scholars [46-50] have
also found similar rare earth hydrides in rare-earth-containing Mg alloys
after high-temperature treatment. For Mg-Y alloys, as shown in Fig. 9(f)
(g) (h), Y element are enriched at the oxide films, indicating the oxide
films composing of Y503, which is consistent with the XRD results in
Fig. 7. The second phase depeltion zone (zone_1) is also found in the

Mg-Y alloys, and the thickness of the Y1, Y2 and Y3 alloys is 90 um,
60 um and 25 um, respectively. It can be found that the thickness of the
depleted zone decreases with the increased content of Y. This may be
due to the large difference in the Y content in the Y1, Y2 and Y3 alloys,
so that the alloy with more Y content can provide higher amount of Y per
unit volume metal, resulting in a narrower depeltion zone. In addition, it
is worth noting that there is significant difference in the second phase in
the matrix of these three alloys. The Y1 alloy mainly contains the cuboid
phase, which is similar to that found in the Mg-Gd alloys. EDS results
imply that the cuboid phase almost only contains Y element and does not
contain Mg element, so it cannot be Mg24Y5 phase. In order to identify
this phase, XRD analysis is performed on the matrix of the Y1 alloy, as
shown in Fig. 11(b), and the results show that the cuboid phase is YH,
phase. Different from the Y1 alloy, the second phase regions in the Y2
and Y3 alloys exhibit a layered structure, which constists of a
single-phase layer of cuboid phase YHy (zone_2) and a duplex layer
coexisting with YHy phase and Mgo4Ys phase in the deep matrix
(zone_3). The volume fraction of the second phase in zone_3 of each
alloy is counted using Image-J software, and the result is shown in
Fig. 12. It can be seen that the phase in zone_3 is dominated by the
Mg24Y5 phase, while the amount of YH, phase is relatively small. The
eutectic structure of Mg24Ys phase in the as-cast state of Y2 and Y3 alloys
(Fig. 3) disappears after the oxidation treament, which is similar to the
Mg-Ca alloys. The thicknesses of zone_2 in the Y2 and Y3 alloys are
150 ym and 65 um, respectively. The size of YH, phase in zone_2 is



Fig. 5. Macrographs of pure Mg and the Mg-X (X Ca/Gd/Y) binary alloys after the oxidation at 500 °C for 100 h.

significantly smaller than that in zone_3, and the YH; phase is obviously
precipitated along the grain boundaries.

The previous XRD and EDS analyses have clarified the main com-
ponents of the oxide film. In order to quantify the distribution of ele-
ments in the depth of the oxide film, AES is performed and the results are
shown in Fig. 13. As shown in Fig. 13(a) (b), the oxide films of the Mg-Ca
alloys exhibit a four-layered structure, in which MgO and CaO are
distributed alternately, indicating that the two oxides are alternately
formed during the oxidation process. The oxide film of the C1 alloy from
the outside to the inside can be divided into CaO-rich layer, MgO layer,
CaO layer, CaO and MgO mixed layer, respectively. The oxide film of the
C2 alloy from the outside to the inside can be divided into CaO-rich
layer, CaO and MgO mixed layer, CaO layer, CaO and MgO mixed
layer, respectively. It is worth noting that a small amount of C is detected

on the outside of the C1 alloy. According to the previous XRD results,
there is a small amount of CaCOj in the oxide film, so it is speculated that
the C detected here comes from CaCO3. CaCOs is formed by reacting
CaO with CO;, existed in air, which is thermodynamically feasible below
521 °C [15]. According to Fig. 13(a), the amount of CaCOg in the oxide
film is quite small, so it can be considered that Ca mainly participates in
the formation of CaO during the oxidation process. The relative content
of CaO and MgO can be obtained by integrating the curves of Ca and Mg
(MgO) in Fig. 13(a) (b), and the oxide proportion (r(cao,mg0)) is shown in
Fig. 14. The r(cao/mgo) values of the C1 and C2 alloys are 1.33 and 2.85,
respectively, indicating that the proportion of CaO in the oxide film
increased with the increment of Ca addition. As shown in Fig. 13(c) (d)
(e), for the Mg-Gd alloys, the oxide films are composed of Gd,O3 and
MgO, and MgO is mainly distributed in the outer layer. Fig. 14 shows the
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Fig. 6. XRD patterns of oxidized alloys: (a) Mg-Ca alloys, (b) Mg-Gd alloys, (c) Mg-Y alloys.
oxide proportion (r(Gd203/Mg0)); and the rga203/mg0) values of the G1, volume of the generated oxide to the volume of metal consumed:
G2 and G3 alloys are 1.56, 1.74 and 7.78, respectively. Like the Mg-Ca
. . . . M, oxide P, metal
alloys, the proportion of Gd;O3 in the Mg-Gd alloys also increases with Reg = M » 2)
metal oxide

the increasing addition of Gd. As shown in Fig. 13(f)-(h), the oxide films
of the Mg-Y alloys are completely composed of Y20s.

4. Discussion
4.1. Protectiveness of oxide films

According to the weight gain curves in Fig. 4, the Mg-X (X = Ca/Gd/
Y) binary alloys investigated in this work follow protective oxidation at
500 °C, while pure Mg undergoes accelerated oxidation. As shown in
Fig. 5 and Fig. 7, a large amount of loose MgO is formed on the surface of
pure Mg, while compact and uniform oxide films are formed on the
surface of these binary alloys. The compactness of the oxide film is an
important factor to determine the oxidation resistance of alloys [1,2,14,
16,23,37]. The loose oxide film formed on pure Mg cannot effectively
isolate the metal from the contact with oxidizing atmosphere, so it fails
in inhibiting the subsequent oxidation. However, the compact
rare-earth-rich oxide films formed on the binary alloys can effectively
isolate internal metals from oxygen and hinder oxidation. The
compactness of an oxide film can be reflected by the Pilling-Bedworth
ratio (Rpg) [11,22,24,41,51], which is expressed as the ratio of the

where M is the mass of an atom or molecule. n is the number of metal
atoms in the oxide molecule. p represents density.

If the Rpg is less than 1, the oxide film cannot completely cover the
metal matrix, and the loose structure provides insufficient protection for
the matrix. If the Rpp ranges from 1 to 2, the oxide film is compact and
protective. If the Rpg is larger than 2, cracking and peeling of the oxide
film occur due to the enormous compressive stress within the film [24,
51]. According to Eq. (2), the Rpg of MgO/alloy, CaO/alloy, Y203/alloy
and Gdp0s/alloy can be calculated to be 0.81, 1.21, 1.64 and 1.77,
respectively. In this work, the oxide films generated on the Mg-Ca and
Mg-Gd alloys are consisted of CaO+MgO and Gd;O3 +MgO, so the
presence of CaO and Gd;03 can effectively improve the compactness of
the oxide film. For the Mg-Y alloys, the oxide film is almost entirely
composed of Y203, which is compact enough to resist the penetration of
oxygen. The compactness of oxide film reflected by the Rpg is consistent
with the observations shown in Fig. 5 and Fig. 7.

4.2. Oxidation thermodynamics and the oxide-film formation process

In this work, reactive-element-rich oxide films are formed on the



Fig. 7. The microstructure of the oxide films of the binary alloys after the oxidation at 500 °C for 100 h: (al) (a2) C1, (b1) (b2) C2, (c1) (c2) G1, (d1) (d2) G2, (el)
(e2) G3, (f1) (f2) Y1, (g1) (g2) Y2, (h1) (h2) Y3.
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Fig. 8. EDS element maps of the oxide films formed on (a) G1 and (b) G3.

surface of the Mg-Ca, Mg-Gd and Mg-Y alloys, but the oxide species and
their distribution are significant different among the three series alloys.
The oxide films formed on the Mg-Ca alloys show distinct layered
structure, and the MgO and CaO are distributed alternately (Fig. 13).
The oxide films on the Mg-Gd alloys are composed of Gd203 and a small
amount of MgO. MgO tends to be formed on the outside, while the inner
layer is almost entirely composed of Gd2Os3. The oxide films on the Mg-Y
alloys are almost made of Y503. In order to better understand the for-
mation of oxide films, a thermodynamics analysis is performed on the
generation of oxides.
For the Mg-Ca alloys, the following oxidation reactions occur:

2 Mg(s)+02(g)=2 MgO(s) 3)
2 Ca(s)+0,(g)=2 CaO(s) 4)

The standard Gibbs free energy changes of reactions (3) and (4) are
calculated using Factsage software. The calculated results are shown in
Egs. (5) and (6), respectively:

AG) = 1142680 + 212.80T [J/mol of 0,] (5)

AG) = 1211560 + 207.30T [J/mol of O,] (6)
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Fig. 9. The cross-sectional BSE images and the corresponding EDS element map of the oxide film formed on: (a) C1, (b) C2, (¢) G1, (d) G2, (e) G3, () Y1, (g) Y2,
(h) Y3.



Fig. 10. The cross-sectional BSE images for deep matrix of the oxidized binary alloys: (a) C1, (b) C2, (c) G1, (d) G2, (e) G3, (f) Y1, (g) Y2, (h) Y3 and (i) EDS element
map of G1 alloy.
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Fig. 11. XRD patterns of the deep matrix for the oxidized alloys: (a) G3 and (b) Y1.
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oxidized alloys.

The Gibbs free energy changes of reactions (3) and (4) can be
calculated by the following formula:

2
Ayg
AG; = AG) +RTIn——=2— @)
dyg ® Po,
aZ
AG; = AG) +RTIn <9 ®)
ag, ® o,

Since the oxidation takes place in air, po,= 0.21. Assuming that the
atomic concentration of Ca is x, the atomic concentration of Mg is 1-x,
and the variation of the Gibbs free energy changes of reaction (1) and (2)
with the concentration of Ca can be calculated by the following equa-
tions and plotted in Fig. 15.

1
A °C) = AG ° RTIn—————
G,(500°C) GY(500°C) + nazMg T

= 978186 +6426.72In 0 9

x)* 00.21

1
o, _ 0 O —_—
AG,(500°C) = AG,(500°C) +RTlnaéa e 021

= 1051317 + 6426.72In (10)

1
x> e0.21

For the Mg-Gd alloys, in addition to the oxidation of Mg (reaction
(3)), the oxidation of Gd also occurs:

4/3 Gd(s)+02(g)=2/3 Gd,05(s) an

The standard Gibbs free energy change for reaction (11) is as follows:

AG) = 1158140 + 182.48T [J /mol of 0,] 12)

The variation of the Gibbs free energy change with the concentration
of Gd is formulated as follows, and it is also plotted in Fig. 15.

1
AG;(500°C) = AG3(500°C) + RTIn ———
ags ® po,

= 1017083 +6426.72In 13)

X3 e0.21
For the Mg-Y alloys, in addition to the oxidation of Mg (reaction (3)),
the oxidation of Y also occurs:

4/3 Y(5)+02(g)=2/3 Y,03(s) 14

The standard Gibbs free energy change for reaction (14) is as follows:

AG) = 1212930 + 187.05T [J/mol of O,] 15)

The variation of the Gibbs free energy change with the concentration
of Gd is formulated as follows, and it is plotted in Fig. 15.
AG4(500°C) = AG}(500°C) +RTIn

4/3
ay @ Ppo,

= 1068340 +6426.72In (16)

1

¥ e0.21

As shown in Fig. 15, the Gibbs free energy changes of the oxidation
reactions of Mg, Ca, Gd, and Y are negative, indicating that these re-
actions will occur spontaneously. It can be seen from Fig. 15 that there is
a critical concentration of reactive element, which corresponds to the
Gibbs free energy change of the Mg oxidation reaction equaling to that
of oxidation reaction of Ca, Gd, and Y, respectively. When the content of
reactive element is greater than the critical concentration, the Gibbs free
energy changes of Ca, Gd and Y oxidation reactions are smaller than that
of Mg oxidation reaction, which means that the CaO, Gd2O3 and Y03
are thermodynamically easier to be formed than MgO. The critical molar
fractions of Ca, Gd and Y are 0.0034, 0.011 and 2.95E-5 (i.e. 0.56 wt%,
6.71 wt% and 0.01 wt%), respectively, which are calculated by the Eq.
(9) (10) (13) (16). It can be seen from Fig. 9 that the second phase in the
investigated alloys does not directly participate in oxidation. The second
phase is firstly dissolved to release the reactive elements, which then
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diffuse to the surface to participate in the oxidation reaction. Therefore,
the solid solubility of the reactive element in a-Mg should be taken into
consideration.

For the Mg-Ca system, the solid solubility of Ca in a-Mg at 500 °C can
be read from the phase diagram in Fig. 1(c), which is 0.61 wt%. For the
C1 alloy, the Ca addition in the C1 alloy is 0.5 wt%, which is close to the
critical concentration of Ca. Therefore, in the initial stage of oxidation,
MgO and CaO are simultaneously formed on the C1 alloy. For the C2
alloy, although the Ca addition is 2.4 wt%, the maximum dissolved Ca
content in a-Mg is only 0.61 wt%, owning to solid solubility limitation.
Since the Ca dissolved in a-Mg is also close to the critical concentration,
MgO and CaO are formed at the same time on the C2 alloy during the
initial oxidation process, which is similar to the C1 alloy. Since MgO and
CaO belong to NaCl structure and have Schottky defects, the ion diffu-
sion in the oxides is dominated by cations [52-55], that is, the diffusion
of Mg and Ca®" is significantly greater than that of O%". Therefore, it
can be inferred that the subsequent oxidation of the Mg-Ca alloys will
occur at the oxide/air interface. Taking the C2 alloy as an example, the
formation process of oxide film on the Mg-Ca alloys is analyzed here.
Fig. 13 shows the four-layered structure oxide film formed on the C2
alloy, and its formation process can be divided into four stages, as shown
in Fig. 16. During the initial oxidation stage, as shown in Fig. 16(a), a
layer of mixed oxides of MgO and CaO is formed on the C2 alloy once
exposed to high-temperature air. As oxidation progresses, the metal
atoms Mg and Ca at the metal/oxide interface are ionized to form Mg?"

(a) -900000

2Mg(s) + O,(g) = 2MgO(s)
2Ca(s) +0O,(g) = 2Ca0(s)
——4/3Gd(s) + O,(g) = 2/3Gd,0,(s)
—4/3Y(s) + ('):(g) = 2-"3Y2('),(s)
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and Ca?', which enter the oxide film and diffuse to the oxide/air
interface to support the oxidation. As shown in Fig. 16(b), since the
diffusion of Ca atoms in a-Mg is much faster than the self-diffusion of Mg
[15], an enrichment layer of Ca atoms is formed at the metal/oxide
interface, where Ca atoms are ionized and diffused to the oxide/air
interface to form a CaO layer. As shown in Fig. 16(c), Ca atoms at the
metal/oxide interface are partially consumed, and Mg and Ca atoms are
ionized and diffuse to the oxide/air interface to form a MgO+CaO mixed
layer. When oxidation progresses to the fourth stage, as shown in Fig. 16
(d), Ca atoms are re-enriched at the metal/oxide interface, thus forming
a CaO layer in the outermost surface on the C2 alloy. Therefore, the
alternating distribution of MgO and CaO in the oxide film of the Mg-Ca
alloys can be attributed to the alternating enrichment of Ca and Mg
atoms at the metal/oxide interface.

For the Mg-Gd alloys, it can be seen from the phase diagram in Fig. 2
(c) that the solid solubility of Gd in a-Mg at 500 °C is 17.92 wt%, so Gd is
theoretically completely dissolved in a-Mg in the G1, G2 and G3 alloys at
500 °C. As shown in Fig. 15, the critical Gd concentration is 6.71 wt%.
The addition of Gd in the G1, G2 and G3 alloys is close to the critical
concentration, so Gd203 and MgO are formed simultaneously in the
initial oxidation stage, corresponding to the outermost mixed layer of
Gdy03 and MgO in Fig. 13. Lanthanide oxides are fluorite-type cubic
structures (CaFy type), in which the diffusion characteristics of ions are
different from these of MgO and CaO (NaCl type) [14,56]. For lantha-
nide oxides, metal substructures are rigid lower than one-half melting
point, so 1200-1400 °C are required to allow metal ions to migrate in
the crystal lattice [57]. However, the diffusion of 07 in lanthanide ox-
ides is feasible even below 300 °C [56]. Therefore, the ion diffusion in
Gd303 and Y503 is dominated by 0% [56], that is, the formation and
growth of GdyO3 and Y203 occur at the oxide film/metal interface. The
0% is diffused to the metal/oxide interface through Gd20s3, and the
partial oxygen pressure at the interface gradually decreases with the
progress of oxidation. Gd203, which has a lower decomposition pressure
than MgO, is easier to form under low partial oxygen pressure [58],
which explains the presence of Gd2O3 inner layer of the Mg-Gd alloys in
Fig. 13.

For the Mg-Y alloys, as shown in Fig. 15, the critical Y concentration
is as low as 0.01 wt%. The solid solubility of Y in a-Mg at 500 °C is
10.54 wt% according to the phase diagram in Fig. 3(c). At 500 °C, the Y
contents in a-Mg in the Y1, Y2 and Y3 alloys are much higher than the
critical concentration. Therefore, the Gibbs free energy change of Y
oxidation is much lower than that of Mg oxidation, which indicates that
Y203 is preferentially formed compared to MgO. Similar to Gd20s3, the
ion diffusion in Y503 is also dominated by the 0. Therefore, Y503 is
continuously generated at the metal/oxide interface during the

-900000
(b) — 2Mg(s) + O,(g) = 2MgO(s)
2Ca(s) +O,(g) = 2Ca0(s)
—— 4/3Gd(s) + 0,(g) = 2/3Gd,0,(s)
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Fig. 15. The variation of Gibbs free energy change of oxidation reaction with the concentration of reactive elements (Ca, Gd and Y) ((b) is the magnified views

of (a)).
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subsequent oxidation process, contributing to thickening of the Y,03
oxide film.

4.3. The formation process of hydride and multilayer structure in sublayer

As shown in Fig. 9, RE hydrides are formed for both Mg-Gd and Mg-Y
alloys after oxidation. A multilayer structure in sublayer is also exhibited
for the Y2 and Y3 alloys. Taking the Y3 alloy as an example, the for-
mation mechanism of hydride YH, and multilayer structure in sublayer
are clarified. First of all, the formation of hydrides is discussed. The
cuboid RE hydrides are sometimes encountered in as-cast Mg-RE alloys
and observed more frequently for the alloys subjected to solution
treatment or annealing at high temperature [48,50]. RE elements have a
strong ability to adsorb hydrogen and can quickly form RE hydrides. The
thermal decomposition temperature of RE hydrides is above 1000 °C
[49]. Mg can also react with Hy to form MgHo, but its thermal decom-
position temperature is about 290 °C [50]. The oxidation temperature in
this work is 500 °C, which explains the absent of MgHj in the Mg-Gd and
Mg-Y alloys. There are some speculations about the source of hydrogen
for the formation of RE hydrides according to previous research [48,51,
60]: (I) hydrogen that dissolved inside the metal [50]; (II) the external
environment: (1) the Mg reacts with water to form hydrogen during the
grinding process, which reacts with RE to form hydride on the surface
[47,59]; (2) water vapor in air is decomposed on the surface at high
temperature to produce hydrogen, which diffuses into the metal interior
[49,60]. As shown in Fig. 9(g)-(h) and Fig. 12, the amount of YH; in
zone_2 is much higher than that of YH; in zone_3 for the Y2 and Y3
alloys. Therefore, the hydrogen in this work mainly comes from the
external environment, in which water vapor is decomposed to produce
the hydrogen during the high-temperature oxidation process. In addi-
tion, it can be seen that YHy in zone 2 of the Y2 and Y3 alloys is
distributed along grain boundaries. Wu [60] also found the distribution
of RE hydride along grain boundaries in Mg-Gd-Y-Zn-Zr alloys, and
proposed that H mainly diffuses along grain boundaries.

Taking the Y2 alloy as an example, the formation of RE hydrides and
the formation process of multilayer structure of sublayer are shown in
Fig. 17. Firstly, the water vapor on the surface is decomposed to produce
hydrogen, which is then dissociative adsorbed by the surface to generate
H atoms. The H atoms diffuse inward to reach the front of the Mgs4Ys
phase distributed along the grain boundaries in the inner layer, resulting
in the decomposition of the Mgs4Y5 phase and the formation of the YH,
phase. In addition, as shown in Fig. 9(g) (h), the YH, phase is dissolving
near the zone_1/zone_2 interface, which releases Y atoms that contin-
uously diffuse through zone_1 toward the surface to participate in the
formation of oxide films. This also implies that the zone_1/zone_2
interface moves forward gradually with the progress of oxidation. It is

the H dissolved in a-Mg previously dissolution of Mg,,Y 5
reacts with Y to form YH, and formation of YH,

decomposition
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[ dissociative adsorption

inward diffusion of H
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Fig. 17. Schematic illustration of the formation of RE hydrides and the
multilayer structure in sublayer of the Y2 alloy.

worth noting that there is no second phase in zone_1. The Y atoms in
zone_l are constantly diffusing outward, so there is a chemical potential
gradient of Y in zone_l1. The chemical potential gradient of Y prevents
the YH, phase from effectively nucleating/growing in zone_1, which is
also the driving force for the continuous dissolution of the YH; phase
near zone_l/zone_2 interface. A small number of coarse YH, phase is
present in zone_3, near the Mgo4Ys phase along grain boundaries. The
source of the H for the YH; phase in zone_3 may be the hydrogen dis-
solved previously in the alloy, which reacts with Y at high temperatures
to form YH,. The external H is mainly captured by the Mg,4Y5 phase at
the zone_l/zone_2 interface and cannot be effectively diffused into
deeper matrix, which can also be supported by the large number of YH,
phase formed in zone_2. Therefore, the hydrogen source of the YH,
phase is proposed to come both from the decomposition of external
water vapor and the hydrogen dissolved previously in the metal.

4.4. Factors of the parabolic rate constant k;

Chatterjee [61] established a kinetic model of the high-temperature
oxidation for nickel-base alloys. The parabolic rate constant k; is
correlated with the partial pressure gradient of oxygen across the oxide
film and diffusion coefficients of cation and anion in this model:

Po, (II) D* D
K — / (“ Du 4’) dLnPo, an
P,y \Ju o

where P, (I) and Po, (II) are the partial pressures of oxygen at the metal/
oxide and oxide/gas interfaces, a is a stoichiometry coefficient, D}, and
Dy, are the tracer diffusivities of cations and anions in the oxide, fy and
fo are correlation factors for self-diffusion.

The parabolic rate constant k, is determined by both thermody-
namics (driving force) and kinetics (diffusion coefficients). The high-
temperature oxidation of pure Mg was investigated by Ma [62], and k,
was described based on CALPHAD-type thermodynamic and kinetic
descriptions:

k=D, + ;) a8)
where Ay, is the difference of chemical potential of oxygen in Mg oxide.
D; denotes the tracer diffusion coefficient of component i in oxide layer.

The above two models correspond to alloy (Ni-based alloys) and pure
metal (pure Mg). As there is a lack of research on oxidation kinetic
model of Mg-based alloys, the oxidation kinetics of Mg alloy is discussed
in combination with the above two models. According to the two
models, it can be seen that k;, is positively correlated with the oxygen
concentration gradient across the oxide film and the diffusion co-
efficients of cation and anion. The oxygen concentration gradient across
the oxide film can be reflected by the difference of the oxygen partial
pressure at the oxide film/gas interface and the oxide film/metal
interface.

As discussed in Section 4.1, the growth of CaO and MgO on Mg-Ca
alloys is dominated by outward diffusion of cations due to the NaCl
structure. However, Y503 and Gd;O3 are dominated by the inward
diffusion of 0% due to the fluorite-type cubic structure. According to
Fig. 4 and Table 2 in Section 3.2, the k, of Mg-Ca alloys is significantly
lower than that of Mg-Gd and Mg-Y alloys, which is speculated to be
caused by the slower diffusion of Ca®" and Mg?" in the CaO+MgO
compared to that of 0% in Gdy03/Y205 under the oxidation at 500 °C.
Nevertheless, the current diffusion research of oxides is mainly aimed at
temperature above 1000 °C, more work should be conducted at the low
temperature range. In addition, Fig. 4 and Table 2 also show that k,
increases with the increment of the content of reactive element. Ac-
cording to the above models, the two factors, oxygen concentration
gradient and ion diffusion coefficient, may be affected by the content of
reactive element, which induced the occurring of this phenomenon.

On the one hand, a higher content of reactive element addition in-



dicates more reactive element at the oxide/metal interface. Higher
amount of oxygen at the interface will be captured by the reactive
element and the oxygen partial pressure is reduced. So the oxygen
concentration gradient across the oxide film is increased which elevates
kp. On the other hand, the increased content of reactive elements may
enhance the diffusion of ions across oxide. Early studies showed that
both lattice and grain boundary diffusion contributed to the growth of
oxide [63]. Therefore, the diffusion coefficient D could be expressed as
[64]:

D=D.(1 f)+Dsf (19)
where Dy and Dg denote the lattice and grain boundary diffusion co-
efficients, respectively, and f is the fraction of the diffusion along grain
boundaries. Assuming a cubic shaped grain, the fraction f can be
calculated as [63]:

2%
_Ll

f (20)
where § is the grain boundary width and a is the oxide grain size.
Therefore, the contribution of grain boundary diffusion increases with
the reduction of grain size.

Growth of oxide film at temperature up to one-half melting point of
oxide is dominantly dependent on grain boundary diffusion rather than
lattice diffusion [63]. Therefore, the ion diffusion in the oxide film is
dominated by grain boundary diffusion in this work. For the Mg-Ca al-
loys, the oxide grain size of the C2 alloy is significantly smaller than that
of the C1 alloy (Fig. 7). So the oxide film on the C2 alloy exhibits higher
ion diffusion coefficient, and the larger k;, of the C2 alloy is obtained. For
the Mg-Gd and Mg-Y alloys, the oxide grain size is hardly observed from
the microstructure in Fig. 7. However, it can be speculated that the grain
size of oxide also decreases with the increased content of reactive ele-
ments. This is probably caused by the greater chance of nucleation with
the higher amount of reactive element at the oxide/metal interface.

5. Conclusion

The long-term oxidation behavior of the Mg-X (X = Ca/Gd/Y) binary
alloys was investigated using a semi in-situ oxidation test. The structures
of the oxide film and the substrate were analyzed using SEM/EDS, XRD
and AES. The oxidation behavior was clarified based on thermody-
namics and kinetics. The results are summarized as follows:

1. Reactive elements Ca, Gd and Y effectively improved the high-
temperature oxidation resistance of Mg. This was attributed to the
compact and crack-free oxide films formed on the surface of these
binary alloys, which isolated the metal matrix from contacting with
air.

2. Composite oxide films of CaO+MgO and Gd03 + MgO were formed
on the surface of the Mg-Ca and Mg-Gd alloys, respectively, while a
single Y503 oxide film on the Mg-Y alloys was observed. The critical
concentrations of reactive elements were calculated based on ther-
modynamics and can be used as the criteria to judge the oxides
formation priority.

3. The oxide films of the Mg-Ca alloys exhibited a four-layered struc-
ture, in which MgO and CaO were distributed alternately. This is
suggested to be caused by the alternating enrichment of Ca and Mg
atoms at the metal/oxide interface.

4. During the oxidation process, the water vapor in the furnace was
decomposed on the surface of the sample to produce H, which
diffused along the grain boundary into the metal and participated in
the formation of RE hydrides.

5. There was a second phase depleted zone in sublayer of oxide film,
where the RE was continuously diffused to the surface. The chemical
potential gradient of the RE in this zone prevented the second phase

from effectively nucleating/growing, and it was also responsible for
the dissolution of RE hydrides in the deeper matrix.
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