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Abstract

In this paper, the isothermal oxidation experiments were used to study the effect of Ag on the high-temperature oxidation
behavior of Mg—6.5Gd-5.6Y-0.1Nd-0.01Ce—-0.4Zr (wt%) alloy oxidized at 350 °C, 400 °C and 450 °C for 120 h. The results
show that the oxidation weight gain of the alloy mainly occurs in the early oxidation stage (020 h). This reason attributes to
the lack of protective oxide film and the rapid inward diffusion of oxygen through the macroscopic defects of the incomplete
oxide film. When dense oxide films such as Y,05, Gd,0;, and ZrO, form, they hinder the inward transport of oxygen ions and
improve the high-temperature oxidation resistance of the alloy. In addition, the role of the Ag element at three temperatures
is different. The addition of Ag mainly promotes the formation of eutectic phases such as Mg;Gd, Mg,,Y5, and Ag,Gd,
which reduces the content of Gd and Y elements in the alloy matrix, resulting in a decrease in the diffusion rate of Gd and Y
elements during the oxidation process at 350 °C and 400 °C, and weakens the oxidation resistance of Ag-containing alloys.
However, in the oxidation experiment at 450 °C, a large amount of eutectic phase is solid dissolved into the matrix, reducing
the difference in element content. At this time, it is detected that the Ag element promoted the outward diffusion of Gd and
Y elements, accelerating the formation of the oxide film. The oxidation resistance of Ag-containing alloys is improved.

Keywords Magnesium alloy - High-temperature oxidation - Thermogravimetric analysis - Gibbs free energy - Oxide film -
Oxidation resistance

1 Introduction

Magnesium alloy has good mechanical properties. Due to its
low density and high specific strength, it can significantly
reduce the weight of components. It is known as a green,
environmentally friendly, and ecological structural metal
material in the twenty-first century. It is especially suitable
for lightweight structural parts and has recently been used in
aviation. Aerospace, automotive, and electronics applications
have made significant progress [1-6]. However, magnesium
alloys have poor high-temperature resistance, significantly
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limiting their applications. Currently, many research studies
focus on improving the high-temperature properties of
magnesium alloys. Research shows that alloying is a crucial
method to improve the heat resistance of magnesium alloys
[7-9]. Adding rare earth elements to magnesium alloys
can improve room temperature and high-temperature
properties, especially Mg—Gd-Y alloys represented by Gd
and Y elements. Gd and Y have significant solid solubility in
magnesium alloys, can form effective strengthening phases,
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and have significant age-hardening effects, potentially
improve the heat resistance of magnesium alloys [10-12].
Moreover, Gd and Y elements can form a dense oxide film
at high temperature to improve the oxidation resistance
of the alloy, which has great potential to improve the heat
resistance of magnesium alloys. But adding excessive Gd
can lead to increased costs and decreased ductility, so other
elements need to be used to solve these problems. Zr can
refine grains, improve microstructure uniformity and reduce
hot cracking tendency in magnesium alloys without Al,
while Nd and Ce can refine grains, so that magnesium alloys
with good thermal stability and excellent high-temperature
performance can be obtained. On this basis, Mg—6.5Gd-5
.6Y-0.1Nd-0.01Ce—0.4Zr (Wt%) alloy was selected in this
study, and the experimental results show that the alloy has
excellent high-temperature properties.

In addition, through previous experimental results and
literature research, it was found that the Ag element played
a positive role in promoting dynamic recrystallization
and grain refinement [13]. Researches show that Ag
can accelerate the age-hardening response of the alloys,
form a large number of B’ and y” phases in the alloys,
significantly improve the room temperature and high-
temperature properties of the magnesium alloys [14-17].
Wang et al. [18] used ordinary casting processes and
heat treatment processes to develop ultra-high-strength
Mg-8.5Gd-2.3Y-1.8Ag-0.4Zr alloy with good ductility.
After solution treatment at 500 °C for 10 h and aging at
200 °C for 32 h, the room temperature yield strength, tensile
strength, and elongation of the cast T6 alloy were 268 MPa,
403 MPa, and 4.9%, respectively.

Adding Ag can improve solid solution strengthening
and enhance the age-hardening reaction. The enhanced
age-hardening response attributes to underlying nanoscale
platelet precipitates (not observed in Ag-free alloys)
and the refinement of B’ phase. The co-precipitation
strengthening effect produced by B’ phase and plate-like
precipitates is considered the most significant contributor
to the strength of cast T6 alloy. Zhang et al. [19] used atom
probe tomography (APT) technology to detect Ag-rich
clusters in Mg—Gd—Ag-Zr alloy after solution treatment
and water quenching. A high-density essential precipitation
phase was observed in the early stage of subsequent
isothermal aging at 200 °C, proving that adding Ag to the
age-hardening Mg—Gd—Zr alloy system can significantly
enhance early age-hardening kinetics. Najafi et al. [20]
studied the effects of adding 0.5 wt%, 1 wt%, and 1.5 wt%
Ag on the microstructural evolution, thermal stability, and
mechanical properties of Mg—5Gd—1Y (GWS51) alloy. The
results showed that the addition of Ag refined the dendrite
structure of the matrix alloy, promoted the formation
of a new MgcGd,YAg phase, and increased the volume
fraction of Mgs(Gd, Y) particles. These effects result in
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improved hardness, strength, and microstructural stability
of Ag-containing alloys both as cast and after long-term
exposure to high temperatures.

However, high-temperature oxidation is a common
form of failure for metal materials and a crucial problem
during service of the component [21]. Magnesium alloys
can undergo high-temperature oxidation under high-
temperature conditions. Therefore, research on the oxidation
resistance of magnesium alloys is also vital. Previous studies
have shown that Ag can effectively improve the high-
temperature stability of the microstructure of magnesium
alloys. However, there are few reports about the effect of
Ag element on the oxidation behavior of magnesium alloys
at high temperature. Therefore, we study the effect of Ag
element on the high-temperature oxidation behavior of Mg—
6.5Gd-5.6Y-0.1Nd-0.01Ce—0.4Zr alloy and analyze its
mechanism.

2 Experimental
2.1 Alloys Preparation

In the experiment, Mg was added in the form of industrial
pure magnesium with a purity of 99.6 wt%, alloy elements
Gd, Y, Nd, Zr, and Ag were added in the form of Mg-30
wt% Gd, Mg-30 wt% Y, Mg-30 wt% Nd, Mg-30 wt% Zr,
Mg-25 wt% Ce intermediate alloys, and Ag was added in the
form of 99.99 wt% pure silver. The oxide scale on the surface
of the raw materials was polished to ensure their purity.
Before smelting, all materials were put into a drying oven
to prevent magnesium from reacting with water vapor during
the smelting process, which could quickly produce holes.
The alloy was prepared in a well-type resistance melting
furnace. Put pure magnesium into the crucible. The furnace
temperature was raised to 750 °C to melt the alloy. After
standing for 20 min, the surface oxide scale and impurities
were removed, and Mg-30%Gd, Mg-30%Nd, Mg-25%Ce,
and Ag were added; then, the temperature raised to 780 °C,
and Mg-30%Zr, Mg-30%Y alloys were added, stirred
evenly, and immediately poured into a preheated mold at
250 °C. During the smelting and pouring process, a mixed
gas of CO, and SF, with a volume ratio of 99:1 was used for
protection, and four types of Mg—6.5Gd-5.6Y-0.1Nd-0.01
Ce—0.4Zr magnesium alloys containing Ag were prepared.

2.2 Analysis Methods

The actual composition of the alloys used in the experiment
is listed in Table 1. The four alloys were named 0Ag, 1.0Ag,
1.5Ag, and 2.0Ag, respectively. The size of the sample for
the oxidation experiment was 20 mm X 10 mm X 1.5 mm. It
was ground to 5000# with SiC sandpaper and then, polished
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Table 1 Actual composition of

the alloy (wi%) Samples Gd Y Zr Nd Ce Ag Mg
0Ag 6.51 5.73 0.26 0.11 0.011 - Bal.
1.0Ag 6.47 5.66 0.31 0.12 0.015 1.04 Bal.
1.5Ag 6.30 5.84 0.29 0.12 0.015 1.63 Bal.
2.0Ag 6.40 5.47 0.22 0.12 0.015 2.09 Bal.

for later use. In order to ensure the accuracy of the oxidation
experiment data, three parallel samples of each alloy
were tested, and the static weight gain method was used
to conduct a constant temperature oxidation experiment.
The experimental temperatures were 350 °C, 400 °C, and
450 °C, respectively. Pair the oxidized samples whose
surface area had been cleaned and measured with an alumina
crucible calcined to a constant weight, and weighed it in
sequence, recorded the original mass (accurate to 0.01 mg).
The oxidation experiment was carried out in a box-type
resistance furnace. Before the experiment, the resistance
furnace was preheated to the experimental temperature, and
then, the crucible containing the sample was placed in the
resistance furnace to start the experiment. After constant
temperature oxidation for 1 h, 3 h, 5 h, 20 h, 40 h, 60 h, 80 h,
and 120 h, respectively, the samples were taken out from
the resistance furnace. After air cooling and weighing, the
samples were put back into the resistance furnace. Repeat
the above steps, until the total oxidation time reaches 120 h.
The alloy composition was analyzed by plasma
spectrometer (OPTIMA7300DV), the AxioObserverZl
metallographic microscope (OM), and the InspectF50
scanning electron microscope (SEM) equipped with an
energy disperse spectroscopy (EDS) probe was used to
observe the microstructure of the samples and analyze the
precipitation phases. A Smart Lab X-ray diffractometer
(XRD) was used to conduct physical phases analysis of
the oxide film of the alloys, an Apreo scanning electron
microscope (SEM) was used to observe the morphology of
the alloys surface and cross-section oxide film, and EDS was
used to analyze the element distribution of the oxide film.

3 Results
3.1 As-cast Alloys Structure

Figure 1 illustrates the as-cast microstructure of the four
alloys. As shown in Fig. 1, the alloys structure consists of
a-Mg (point A) matrix, gray and a small amount of bright
white precipitates. Figure 2 illustrates the XRD patterns of
the four alloys. Combined with the EDS analysis data in
Table 2, it can be seen that the gray precipitates are mainly
composed of Mg;Gd and Mg,,Y s (point B) phases, and the
bright white precipitates are mainly composed of Ag,Gd

phase (point E). When Ag is not added, the alloy has less
precipitate content and a more dispersed distribution. With
the addition of the Ag element, a new phase of Ag,Gd is
formed, and the eutectic phase in the alloys gradually grows
and is distributed more continuously. This is because the
gradual increase in Ag element can enrich more solute
elements in front of the solid-liquid interface during
solidification, leading to the growth and coarsening of
eutectic. In addition, the cubic Y-rich phase (C point) and
the flocculent Zr (D point) element-rich area were also
found under the scanning electron microscope. These phases
were not detected on XRD. Studies have shown that the
cubic phase is generally considered to be a REH, compound
[22] or RE solid solution [23].

3.2 Oxidation Kinetic

To compare the oxidation resistance of 0Ag, 1.0Ag, 1.5Ag,
and 2.0Ag alloys at high temperatures, Mg—6.5Gd-5.6Y—
0.1Nd-0.01Ce-0.4Zr—xAg alloys were subjected to 120 h
oxidation experiments at 350 °C, 400 °C, and 450 °C.
Figure 3 illustrates the isothermal oxidation weight gain
curves of four alloys at 350 °C, 400 °C, and 450 °C.
Figure 3a and b, respectively, shows the oxidation weight
gain curves of four alloys at 350 °C and 400 °C. During
the oxidation process, all four curves contain two oxidation
stages. In the first stage, the weight of the alloy increases
rapidly, which mainly includes the absorption of O and
the initial formation of the oxide film. The first stage lasts
approximately 20 h. In the second stage, the oxidation
weight gain of the four alloys shows a slowly increasing
trend and gradually tends to stabilize. From the graph, it
can be seen that the oxidation weight gain of Mg—6.5Gd-5.
6Y-0.1Nd-0.01Ce-0.4Zr alloy with Ag added is higher than
that of 0Ag alloy, but the oxidation weight gain of the four
alloys is minimal. Figure 3c shows the oxidation weight gain
curve of the four alloys at 450 °C, which shows significant
changes compared to 350 °C and 400 °C. Although the four
curves also contain two oxidation stages during the oxidation
process at 450 °C.

Moreover, in the first stage, alloy oxidation weight gain
increases rapidly, which mainly includes the absorption of O
and the initial formation of the oxide film, but only lasts for
5 h. Compared to the two temperatures of 350 °C and 400 °C,
the duration of the first stage is significantly reduced. In the
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Fig. 1 Microstructure of as-cast alloys: a 0Ag, b 1.0Ag, ¢ 1.5Ag, d 2.0Ag

*a-Mg
vMg3Gd
AMgo4Y5
+ nAg,Gd
’:‘_;‘ OAg AJ'JJA o T af vhra s s
8
> 10Ag A . A A A
‘n
©
£ [1.5Ag e 0
20Ag AR = A Aan
10 20 30 40 50 60 70 80 90
20 (deg.)

Fig.2 XRD patterns of the as-cast alloys
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second stage, the oxidation weight gain trend of the four alloys
slowed down. However, from the graph, it can be seen that the
oxidation weight gain of Mg—6.5Gd-5.6Y-0.1Nd-0.01Ce-0.4
Zr alloy with Ag addition is lower than that of 0Ag alloy, and
different changes occur in the oxidation weight gain of the
alloy with the increase in Ag content. Among them, OAg alloy
has the most significant oxidation weight gain, while 1.0Ag
alloy has the smallest.

The oxidation rate constant of alloys can be calculated using
formulas (1) and (2) [24], and the oxidation experimental data
can be substituted into the formula for fitting. Figure 4 shows
the fitting curves of the oxidation weight gain of four alloys.
As shown in Fig. 4, the fitted curve is similar to the actual
oxidation weight gain curve. In order to better determine the
degree of fit, the relevant parameters of the fitted curve are
analyzed.

Am=kIn(t+c¢;) +c,. (1)
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Table2 EDS data of 2.0Ag

Points Mg Gd Y Zr Nd Ce Ag
alloy (Wt%)
A 95.26 2.53 0.00 0.00 0.00 0.70
B 56.40 23.59 15.24 0.28 0.92 0.00 3.57
C 29.38 13.68 55.28 1.29 0.00 0.00 0
D 48.69 11.55 11.67 24.79 0.19 0.00 3.11
E 59.75 30.17 6.99 0.15 0.57 0.00 2.37
(a) (b) (c)
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Fig. 3 Oxidation weight gain curves of four alloys: a 350 °C, b 400 °C, ¢ 450 °C
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Fig. 4 Fitting curves of oxidation weight gain at different temperatures: a 350 °C, b 400 °C, ¢ 450 °C

(Amyn = K't. )

where Am-weight gain per unit area, mg/cm?; k-logarithmic
curve oxidation rate constant, mgzl(cm“'h); k'-parabolic
oxidation rate constant, mg2/(0m4-h); n-the rate index of
oxidation rate law; t-isothermal oxidation time, h.

Table 3 shows the relevant parameters of the fitted curves
for four different alloys at different temperatures. According
to Table 3, all R? values are more significant than 0.96,
indicating that the fitted curve is very consistent with the
variation pattern of the actual oxidation weight gain curve.

Therefore, the actual oxidation rate of the alloy can
be analyzed by fitting the curve. Compare the oxidation

rate constant k and k' after fitting the function (n=2),
it is found that during the oxidation process of the four
alloys at 350 °C and 400 °C, the oxidation rate constant
k value gradually increases as the Ag content gradually
increases. The oxidation weight gain curves of alloys all
follow the logarithmic curve law. During the oxidation
process at 450 °C, the oxidation rate constant k' value of
Ag-containing alloys is lower than that of 0Ag alloys, with
the oxidation rate constant k' value of 1.0Ag alloy being
the smallest. At this time, the oxidation weight gain curve
of the alloy follows the law of a quadratic exponential
function.
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Table 3 Relevant data of fitting curves for four alloys at 350 °C, 400
°C and 450 °C

Alloys Parameters 350 °C 400 °C 450 °C
0Ag Kk 0.01123 0.01955 0.04146
R? 0.98149 0.97764 0.9793
e 1.00275 —-2.37847x107" -
o —6.14477x 10 -2.92413x10* -
n - - 1.7366
1.0Ag K 0.01207 0.02622 0.02395
R? 0.96863 0.99493 0.97732
I 0.66043 —5.90181x 107" —
e 0.00446 —0.00596 -
n - - 1.9203
1.5Ag & 0.01295 0.03107 0.03625
R? 0.97539 0.99865 0.98089
¢ 0.51521 —1.17842x 107" —
e 0.00814 -0.0114 -
n - - 1.7805
2.0Ag K 0.01972 0.03096 0.03356
R 0.9648 0.99245 0.98192
¢ 1.41663 —22075x10°% -
e —0.00857 0.00579 -
n - - 1.9368
350°C
400°C
450°C

3.3 Morphology and Phase Analysis of Oxide Film

In order to facilitate the observation and analysis of the high-
temperature oxide film morphology of the four alloys, the
oxide samples were placed under laser confocal microscopy
and scanning electron microscopy for observation. Figure 5
illustrates the three-dimensional morphology of the oxide
film.

As shown in Fig. 5, the oxide film of the alloy is relatively
flat. It has good anti-stripping properties at different
temperatures, indicating that the four alloys have excellent
oxidation resistance within this temperature range.

Figure 6 shows the surface oxidation morphology of
four alloys under scanning electron microscopy. As shown
in Fig. 6, the surface morphology of alloys with different
Ag contents is almost the same at the same temperature.
From the surface oxidation morphology at 350 °C and
400 °C, the oxide film is fragile and can be observed to
cover the eutectic structure. As the temperature increases
to 450 °C, the oxide film thickens and completely covers
the substrate and eutectic phase. At this time, the film layer
is very uniform and dense; this indicates that within this
temperature range, the oxide films of different Ag-containing
alloys are very intact and provide good protection to the
substrate. The differences in the morphology of the oxide
surface mainly come from temperature changes, and as the
temperature increases, the oxide film gradually thickens.

Figure 7 shows the XRD patterns of four alloys after
120 h of oxidation at 350 °C, 400 °C, and 450 °C. As

Fig.5 Three-dimensional morphology of surface oxide films on four alloys at different temperatures for 120 h

@ Springer
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Fig.6 Surface morphologies of four alloys oxidized at different temperatures for 120 h
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Fig. 7 XRD patterns of four alloys after oxidation for 120 h at different temperatures: a 350 °C, b 400 °C, ¢ 450 °C

shown in Fig. 7, it can be seen that Mg;Gd, Mg,,Ys, and
Ag,Gd eutectic phases are detected on the surface of the
alloy after 120 h of oxidation at 350 °C, 400 °C, and
450 °C. In addition, MgO, Y,0;, Gd,0;, and ZrO, were
detected at different temperatures, indicating that the
oxide film is mainly composed of these four oxides.

3.4 Cross-section Morphology and Element
Distribution of Oxide Film

In order to test the oxide film thickness of the four alloys
at different temperatures and observe their element
distribution, the cross-sectional structure of the oxidized
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Fig.8 Cross-section morphologies and element distribution of four alloys oxidized at 350 °C for 120 h: a 0Ag, b 1.0Ag, ¢ 1.5Ag, d 2.0Ag

samples was placed under a scanning electron microscope
for observation. Figure 8 shows the cross-sectional
morphology of the oxide films of the four alloys after
oxidation at 350 °C for 120 h. As shown in Fig. 8, the oxide
film is thin and continuously distributed with a thickness of
about 0.24-0.41 pum; its main components are Mg, Gd, Y, O,
and Zr elements, consistent with the XRD detection results.
A large amount of eutectic phase can be observed at this
temperature, the main components of which are Gd, Y, and
Zr elements, indicating that the proportion of eutectic phase
under this condition is similar to that of the as-cast structure
before oxidation without significant reduction.

Figure 9 shows the cross-sectional morphology of the
oxide films of the four alloys after oxidation at 400 °C for
120 h. As shown in Fig. 9, the oxide films are very smooth

@ Springer

and continuously distributed, and the thickness of the oxide
films has increased with an average thickness of about
0.73-0.97 um; its main components are Mg, Gd, Y, O, and
Zr elements, which is consistent with the XRD detection
results. The composition of the oxide film does not change
as the temperature changes, and a small amount of eutectic
phase is dissolved, which can cause the Gd and Y content in
the alloy matrix to increase.

Figure 10 shows the cross-sectional morphology of the
oxide films of the four alloys after oxidation at 450 °C for
120 h. As shown in Fig. 10, the oxide films are smooth and
continuously distributed. The thickness of the oxide films
continues to increase, with an average thickness of about
1.05-1.38 um; its main components are Mg, Gd, Y, O, and
Zr elements, which is consistent with the XRD detection
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Fig.9 Cross-section morphologies and element distribution of four alloys oxidized at 400 °C for 120 h: a 0Ag, b 1.0Ag, ¢ 1.5Ag, d 2.0Ag

results. According to the cross-sectional morphology of the
alloys, it can be seen that compared with the as-cast alloy
structure, the number of eutectic phases in the oxidized alloy
is significantly reduced. At this time, a large amount of solid
solution has occurred in the eutectic phase, which can lead
to an increase in the content of Gd and Y elements in the
alloy matrix at this temperature. The content of elements
in the four alloy matrices depends on their degree of phase
solubility.

By comparing the cross-sectional structures of different
Ag-containing alloys oxidized at 350 °C, 400 °C, and
450 °C, it was found that the compositions of the oxide films
are all Y,0;, Gd,03, ZrO,, and a small amount of MgO, but
no apparent stratification of the oxide films can be observed,
indicating that the oxidized film layer is a composite film

structure. Moreover, the dissolution of the eutectic phase
is very different, which can cause changes in the element
content in the alloy matrix and affect the diffusion rate of
elements. As the oxidation temperature increases, the oxide
film can gradually thicken. The element content in the
matrix can play a key role in resisting oxidation at higher
temperatures.

4 Discussion

Experimental results showed that adding Ag element has
different effects on the high-temperature oxidation behavior
of the alloy at different temperatures. In the oxidation
experiments at 350 °C and 400 °C, adding Ag element
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Fig. 10 Cross-sectional morphologies and element distribution of four alloys after oxidation at 450 °C for 120 h: a 0Ag, b 1.0Ag, ¢ 1.5Ag, d

2.0Ag

could increase the oxidation rate of the alloy, resulting in
the weakening of the alloy's anti-oxidation performance.
In the oxidation experiment at 450 °C, adding Ag element
could reduce the oxidation rate and improve the oxidation
resistance of the alloy. The analysis results of the influence
of Ag element on the alloy oxidation mechanism were as
follows.

4.1 Oxidation Mechanism of Mg-6.5Gd-5.6Y-
0.1Nd-0.01Ce-0.4Zr-xAg Alloy

The Mg—-6.5Gd-5.6Y-0.1Nd-0.01Ce—-0.4Zr—xAg alloys

undergo complex oxidation processes at different temperatures.
As shown in Fig. 4, after the oxide film forms in the early
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high-temperature oxidation process, the oxidation weight
gain rate at 350 °C and 400 °C gradually decreases with time
extending up to 20 h. In comparison, the oxidation weight
gain rate at 450 °C starts after only 5 h. Relevant studies have
shown that the weight gain of the samples mainly occurred
in the initial stage. This result was attributed to the lack of a
protective oxide scale and the rapid inward transmission of
oxygen through the macroscopic defects of the discontinuous
oxide scale [25]. Further analysis of the oxide’s volume ratio
(PBR) to the corresponding pure metal shows that when the
PBR of the oxide is between 1 and 2, the oxide film on the
alloy surface is complete, dense, protective and has strong
oxidation resistance. When the PBR value is less than 1, the
oxide film on the alloy surface is affected by tensile stress,
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resulting in a loose and porous oxide film with poor resistance
to oxygen erosion forms [26]. The alloy matrix element in this
article is Mg, which has active chemical properties and a high
affinity with O. After oxidation begins, it quickly reacts with
oxygen to form MgO. The PBR of MgO is 0.81 (less than 1).
According to the above theory, the MgO oxide film on the
surface of the alloy provides limited oxidation resistance to
the alloy.

Furthermore, the alloy also formed oxide films such as
Gd,03, Y,03, and ZrO, during the oxidation process. The
PBR values of these oxidation products are 1.23, 1.39, and
1.56, which were all greater than 1 [24, 27, 28], which has
excellent protective properties and can effectively make up for
the loose and porous MgO film layer and isolate air to prevent
further oxidation. In addition, a large number of studies have
shown that in Mg—Gd-Y series alloys, protective oxide films
such as Gd,0; and Y,0; can be formed at high temperatures
to prevent the diffusion of oxygen elements and alloying
elements, so they have excellent anti-oxidation properties
[29-32]. The alloy studied in this article contains fewer Zr
elements, and the number of Zr elements that can participate
in film formation is limited. Therefore, the Gd and Y elements
added simultaneously in the alloy play a significant role.

According to thermodynamic theory, the following
reactions may occur during oxidation:

Mg + O, = MgO. ?3)

Gd + O, = Gd,0s. )

Y + §O2 = 1Y203. 5)
4 2

Zr+ O, = Z10,. (6)

Under actual conditions, the Gibbs free energy of reaction
formula (3-6) can be calculated as follows [24, 25, 29]:

_ 0 -1 -1/2
AGygo = MGl + RTIn(ayyo - oy - 2y’ ). )
a8 12 _1 -3/
AGgp03 = AGgg0s + RT1n<aGd203 "0Ga Yo ) ®)

_ —3/4
AGyy03 = AG?’QO3 + RTln(otY203 . aYl . aoz/ ) )

AGyy = AGY o, + RTIn(ag,0, - ! - ag)). (10)

where AGy,0, AGGar03, AGyr03, and AGy,, are the
reaction free energies under actual conditions, respectively,
AGeMgO, AG®G4003 AG%r03. and AGY, ., are the standard
free energies of their reactions, respectively, Opfg> OMe0s AGds
0Ga203> Ays QCya03s Oz and o, are the activities of Mg,
MgO, Gd, Gd,03, Y, Y,03, Zr, and ZrO,, respectively.

By inputting thermodynamic data and the molar fractions
of Mg, Gd, Y, and Zr in Mg—6.5Gd-5.6Y-0.1Nd-0.01Ce-0.4
Zr—xAg alloy into formulas (7-10), it can be obtained that AG
value, as shown in Table 4. The numerical value of free energy
represents the ease of forward reaction. The smaller the AG
value, the easier the reaction to occur. According to the above
results, it can be concluded that between 623 K and 723 K,
their reaction sequence is Y,0;>Gd,0;>ZrO, > MgO.
Therefore, Gd, Y, and Zr elements are oxidized prior to Mg,
and composite films such as Y,05, Gd,03, ZrO,, and MgO are
detected on the surface, which protects the matrix.

As the oxidation temperature increases, the tensile stress on
the surface of the oxide film increases, and stress concentration
occurs, resulting in cracks. The oxidation process continues,
and oxygen in the air diffuses into the matrix through the crack
channels, causing many alloy elements in the matrix to diffuse
to the surface to form the oxide film, making the oxide film
gradually thicker. When a complete oxide film is formed again,
it can regain the protective effect on the alloy. At this time,
the oxidation rate is significantly reduced, and the oxidation
proceeds slowly. The oxidation process is shown in Fig. 11.
In addition, this article observed differences in the impact
mechanism of Ag added to the alloy on the alloy at different
temperatures, and further analysis was conducted.

4.2 Effect of Ag on the Diffusion of Alloy Elements

Experimental results show that the addition of Ag element can
promote the formation of the alloy eutectic phase, resulting in a
reduction in the content of Gd and Y elements in the matrix. At
350 °C and 400 °C, reducing the diffusion rate and making the
formation of the oxide film slower than that of the 0Ag alloy,
which leads to a more significant oxidation weight gain of the
Ag-containing alloy. At this time, the addition of Ag hurts
the oxidation resistance of the alloy. As shown in Fig. 12 and
Table 5, under the condition of oxidation at 400 °C for 120 h,
as the Ag content gradually increases, the total content of Gd
and Y elements at P,-P, in the matrix gradually decreases,

Table 4 Gibbs free energy of

actual reactions at temperatures Temperatures AGwgo AGaaos AGva03 AGz0r

of 623 K, 673 K, and 723 K (J/ 623K —653,428.9 —1,969,362.0 —2,026,730.2 —1,196,767.3

mol) 673K —658,862.3 —1,984,915.0 —2,039,706.9 —1,142,166.5
723K —633,568.0 —2,000,984.9 ~2,001,309.0 —1,147,496.5
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Fig. 11 Schematic diagram of the oxidation process

consistent with the previously inferred results. Moreover, the
higher the element content in the matrix, the faster the element
diffusion. The oxide film can be formed faster to prevent the
further diffusion of O elements into the interior of the alloy
matrix, reduce the oxidation rate, and restrain the progress
of oxidation. This is also the main reason why OAg alloy has
better oxidation resistance. Under oxidation at 400 °C for
120 h, the change pattern of Gd and Y element content at
Ps-Pg in the matrix is the same as that at 350 °C, and they
gradually decrease with the increase in Ag content. At this
time, the oxidation resistance of OAg alloy is higher than that
of Ag-containing alloy.

However, a large amount of the eutectic phases in the
alloy dissolve at 450 °C. The content of Gd and Y elements
at Py-P, in the matrix increases compared with that at
350 °C and 400 °C. The differences in the content of Gd
and Y elements in each alloy are minor. The influence
on the oxidation rate of the alloys is weakened. At this
temperature, Ag significantly promotes the diffusion of Gd
and Y elements, which is the main reason for the difference
in oxidation rate. As shown in Fig. 13, the diffusion of each
element at 350 °C and 400 °C is similar, and there is no
noticeable difference. The content of alloy elements near the
oxide film has slight fluctuations. This is because elements
such as Gd, Y, Zr, and Mg can diffuse to the alloy surface

@ Springer

area and contact oxygen to form an oxide film. Judging
from the curve, the oxidation reaction here is feeble. This
may be because the oxidation temperature at 400 °C is
relatively low, and the protective effect of the oxide film
is very excellent, effectively preventing the oxidation
from proceeding. In addition, no apparent effect of the Ag
element on the diffusion of alloy elements is found during
the oxidation process. However, the diffusion trends of each
element are significantly different at 450 °C. Compared
with 350 °C and 400 °C, the concentration of elements near
the oxide film is significantly increased, and the degree of
oxidation continues to increase, indicating that there are
more elements such as Gd, Y, and Zr. It diffuses to the alloy
surface area and reacts with O elements to form an oxide
film to protect the matrix from further oxidation. This is
mainly due to the increase in temperature, which leads to a
more robust diffusion driving force of elements. The greater
tensile stress on the oxide film causes rupture, allowing the
oxidation reaction to continue, and a complete oxide film
needs to be re-formed to protect the matrix.

At this time, it is observed that the addition of Ag
element significantly promoted the diffusion of Gd and Y
elements, which can quickly form protective oxide films
such as Gd,0; and Y,0; on the alloy surface, effectively
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Fig. 12 Cross-sectional morphologies of four alloys oxidized for 120 h at different temperatures

Table 5 EDS analysis of

. Points Mg Gd Y

the matrix of four alloys

oxidized for 120 h at different P, 9249 347 4.04

temperatures (Wt%) P, 93.63 300 337
P; 9443 277 280
P, 9479  2.63 258
P 90.89 496 4.16
Py 9178 425 396
P, 9254 3.89 357
Pg 9290 351 3.59
Py 88.59 636 5.05
Py, 88.36 622 542
P, 80.02 534 5.64
P, 89.49 538 513

protecting the matrix and improving the oxidation
resistance of the alloy. Among them, the diffusion effect
of 1.0Ag alloy is the most significant, indicating that the
effect is best when the amount of Ag added reaches 1.0%,
and the oxidation difference at 450 °C can be explained

by this.

5 Conclusions

This article systematically studied the effect of
Ag on the high-temperature oxidation behavior of
Mg-6.5Gd-5.6Y0.1Nd-0.01Ce-0.4Zr alloy under the
conditions of 350 °C, 400 °C, and 450 °C for 120 h. The
main conclusions were as follows:

1. The oxidation weight gain of the four alloys after
oxidation at 350 °C and 400 °C for 120 h approximately
followed the law of logarithmic function curve. The OAg
alloy had the best oxidation resistance. After oxidation
at 450 °C for 120 h, the oxidation weight gain of the four
alloys approximately followed the law of a quadratic
exponential function curve. At this time, the 1.0Ag alloy
had the best oxidation resistance.

2. The oxidation products produced by the four alloys after
oxidation at different temperatures had the same phase
types: MgO, Y,05, Gd,05 and ZrO,. The thickness of
the oxide film gradually increased as the temperature
increased. There was no apparent boundary between
the several oxidation products, and they were evenly
distributed on the surface of the alloys.
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Fig. 13 Microstructure cross-section scanning curves of four alloys oxidized for 120 h at different temperatures

3. The mechanism of the influence of the Ag element
on the alloy oxidation process is different at different
temperatures. When oxidation occurred at 350 °C and
400 °C, the proportion of the second phase increases
with the increase in Ag content, resulting in a decrease
in the content of Gd and Y elements in the alloy matrix,
which reduced the oxidation resistance of the alloys.
However, when the temperature rose to 450 °C, Ag
can significantly promote the diffusion of Gd and Y
elements, and improve the oxidation resistance of the
alloys.
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