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Abstract: In our previous work, the effect of Gd alloying on the oxidation resistance of AZ80 alloy
was revealed briefly. However, a comprehensive understanding of the oxidation and corrosion
resistance of the oxide layer formed on the Gd alloying AZ80 alloy surface needs to be developed.
Thus, in this research, the high-temperature oxidation behaviors, oxidation products, and oxide layer
characteristics of AZ80, AZ80-0.47Gd, and AZ80-0.75Gd (wt%) alloys were investigated at 420 °C.
The corrosion protection of the oxide layer formed on the alloy surface was evaluated. The results
showed that Gd alloying eliminated the content of the low melting point phase of 3-Mg;7Al;; and
promoted the generation of a high melting point phase of Al,Gd. Gd,O3 appeared in the oxide layer
and facilitated the propagation of homogeneous oxidation as well as densification of the oxide layer.
In addition, the firm oxide layer showed characteristics of a blurred boundary with the magnesium
matrix. After immersion of the oxide layer containing gadolinium oxide, the products of corrosion
were massively nodulated, leading to the passivation of corrosion. This research provides new ideas
for magnesium alloy protective layer preparation via a high-temperature oxidation technique.

Keywords: magnesium alloy; Gd alloying; high-temperature oxidation; corrosion protection

1. Introduction

One advantage of using magnesium alloys in applications in automotive, rail transit,
and aerospace industries is their lightweight because magnesium alloys show characteris-
tics of low density and high specific strength and provide a satisfactory electric shielding
effect [1-3]. But the requirement for resistance to oxidation, resistance to corrosion, and
heat stabilization has been proposed as magnesium alloys show high chemical and elec-
trochemical activity characteristics [4-7]. In addition, the oxide products of magnesium
alloys, mainly consisting of MgO with a Pilling-Bedworth ratio of less than 1, show poor
film formation and limited protection for the matrix [8]. Therefore, the oxidation resistance
and corrosion resistance of Mg alloys are poor, which seriously limits their popularization
and application.

Alloying, as a simple tactic, has a good effect on enhancing the resistance to oxidation
of Mg alloys [5,8-10]. For instance, Villegas-Armenta et al. [5] investigated the influence
of a low amount of Ca addition (<3 wt%) on high-temperature oxidation resistance of
pure magnesium, which demonstrated that calcium-rich interdendritic regions are more
resistant to oxidation in the molten state than in the solid state, and this effect could be
attributed to the AG (Gibbs energy change) in the formation of CaO in the molten and solid
phase. Kim et al. [8] reported the critical essential factor affecting the ignition resistance
of magnesium alloys at high temperatures, emphasizing that the yttrium element has
a high solid solubility in the Mg matrix, which can significantly improve the oxidation
resistance of Mg alloys. Fan et al. [9] studied the effect of adding Ho on the oxidation
resistance of a Mg-Y-Zn alloy at high temperatures by conducting cyclic oxidation tests at
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500 °C for different holding times. The results showed that Ho addition could improve the
resistance to high-temperature oxidation of the Mg-3Y-2Zn-12Ho (wt%) alloy, which could
be attributed to the formation of dense Ho,O3 on the surface. And compared with Y,0s3,
Ho,03 reduced the inward oxygen diffusion coefficient by three orders of magnitude. Cai
et al. [10] researched the oxidation and corrosion behavior of Mg-0Gd, Mg-13Gd-0.5Zr, and
Mg-20Gd-0.6Zr (wt%) alloys, which showed that with increasing content of Gd, the high-
temperature oxidation resistance as well as corrosion resistance increased. The oxide film
formed on the surface was divided into two layers as follows: the outermost gadolinium
oxide layer with a small amount of zinc oxide (ZrO;) and the inner MgQO layer. However,
the corrosion-protective performance of the oxide layer was not reported.

Gd alloying can enhance the high-temperature oxidation resistance of pure Mg sig-
nificantly. However, for the AZ80 alloy with more complex chemical components, limited
information is available in the literature regarding the effect of Gd addition on its high-
temperature oxidation resistance. Furthermore, the corrosion protection performance of
the oxide film of the Gd-alloyed AZ80 alloy has not been researched. Considering the
actual development and application of Mg alloys, it is necessary to add low amounts of
rare earth elements into magnesium alloys [11,12]. In this research, AZ80-xGd (x =0, 0.5,
and 0.8, wt%) were prepared. The behavior of oxidation and products of the alloys were
investigated, and the influence of gadolinium on the oxidation resistance of the magnesium
alloy was analyzed. In addition, the corrosion protection performance of the oxide layer
formed on the alloy surface was also investigated, aiming to supply novel measures for Mg
alloy surface protective technology development.

2. Experimental Methods
2.1. Materials

The AZ80-xGd (x = 0, 0.5 and 0.8, wt%) alloys were designed and prepared via a
furnace using commercial pure magnesium, pure aluminum, pure zinc (all of 99.9 wt%),
Mg-20 wt% Gd master alloy, and MnCl, particles. The molten alloy shielded with protective
gas was held at 700 °C for half an hour and then cast into a mold. The compositions of the
designed alloys were identified by inductively coupled plasma (ICP) emission spectroscopy,
as shown in Table 1. Considering the actual compositions, the alloys were named AZ80,
AZ80-0.47Gd, and AZ80-0.75Gd, respectively.

Table 1. Chemical compositions of the experimental alloys (wt%).

Alloy Al Zn Mn Gd Others Mg Named
AZ80 8.12 0.57 0.33 - <0.1 Bal. AZ80
AZ80-0.5Gd 8.21 0.52 0.35 0.47 <0.1 Bal. AZ80-0.47Gd
AZ80-0.8Gd 8.18 0.56 0.37 0.75 <0.1 Bal. AZ80-0.75Gd

2.2. Isothermal Oxidation Evaluation

A sample 20 mm x 15 mm x 15 mm in size, cut from the as-cast ingot, was used
for isothermal oxidation evaluation. All samples were metallographically polished with
SiC papers up to 3000 grit. Then, the samples were installed in a device equipped with
a resistance furnace and analytical balance (METTLER TOLEDD Inc., Shanghai, China)
for isothermal oxidation evaluation at standard atmospheric pressure. The weight gain of
each sample was recorded during the oxidation time. The isothermal oxidation tests were
conducted at temperatures near the second phase melting point.

2.3. Corrosion Tests

After oxidation, the AZ80-0.75Gd alloys with and without an oxide layer were soaked
in 3.5 wt% NaCl solution for 1 h. Then, electrochemical measurements were conducted to
investigate the corrosion protection of the oxide film. Each sample for the test showed an
exposed area of 10 x 10 mm?. The experiment was carried out on a ChenHua CHI660E
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electrochemical workstation (Shanghai, China). A saturated calomel electrode (SCE) was
used as the reference electrode, platinum foil as the reverse electrode, and the tested sample
as the working electrode. The experimental temperature was 25 & 2 °C. The open circuit
potential (OCP) evaluation was conducted for 3600 s. Then, electrochemical impedance
spectroscopy (EIS) measurements were performed at the OCP. The polarization curve of
each sample was also measured. In addition, three replicated samples were carried out to
guarantee the reproducibility and reliability of the test. The tests followed the international
standard of ASTM G44-1999 (2013), which is a widely used standard method for studying
the corrosion performance of coatings [13].

2.4. Microstructure and Surface Morphology Identification

A differential scanning calorimeter (DSC, NETZSCH Inc., Selb, Germany) test was em-
ployed to determine the melting point of the second phase. The microstructures of the mor-
phologies of the oxide layer, as-cast alloys, and corrosion products were observed by a JSM-
7800 scanning electron microscope (SEM, NIDEC CORPORATION, Tokyo, Japan) equipped
with energy-dispersive X-ray spectroscopy (EDS). X-ray diffraction (XRD, BRUKER Inc.,
Karlsruhe, Germany) was also used for phase identification. The cross-sectional microstruc-
tures of the oxidized samples were also identified by the SEM for oxidation behavior
analysis.

3. Results and Discussion
3.1. Microstructure and Phase Composition

Figure 1 portrays the microstructures and normalized XRD patterns of the as-cast
AZ80, AZ80-0.47Gd, and AZ80-0.75Gd alloys with 3-Mgj7Alj» and Al,Gd phase X-ray
spectroscopy analysis. AZ80 consists of x-Mg, big chain-like 3-Mgj7Al;y, and widespread
eutectics. AZ80-0.47Gd is composed of x-Mg, island-like 3-Mgj7Al;>, concomitant eutec-
tics, and punctiform Al,Gd. AZ80-0.75Gd is made up of a-Mg, punctiform Al,Gd, and
small island-like 3-Mgj7Aly,. It is obvious that with Gd addition and increasing the content,
3-Mgi7Al;, is reduced and refined with Al,Gd appearing.
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Figure 1. SEM microstructures of the AZ80 (a), AZ80-0.47Gd (b), and AZ80-0.75Gd (c) alloys with
-Mgi7Aljp and Al,Gd phases energy dispersive X-ray spectroscopy analysis as well as normalized
X-ray diffraction patterns (d).
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Figure 2 shows the differential scanning calorimeter curves of the AZ80, AZ80-0.47Gd,
and AZ80-0.75Gd alloys. The results show that 3-Mg17Al;, begins to melt at 425 °C, and
the melting temperature is lower than the matrix. Once the magnesium alloy melts, the
melt will undergo catastrophic oxidation [14]. As the magnesium melt is more susceptible
to oxidation, the content of 3-Mgj7Alj; in the microstructure of the magnesium alloy can
weaken its resistance to oxidation. However, the melting peak of Al,Gd does not appear in
the DSC curve, which means the melting temperature of Al,Gd is higher than the matrix.
It is reported that the melting point of Al,Gd is 1525 °C, which is conducive to the thermal
stability of the alloy [15,16]. In addition, the content of the crystalline phase was determined
via the area of endothermic melting peaks. It can also be seen from Figure 2 that with Gd
addition, the content of 3-MgjyAlj, decreases, i.e., Gd alloying eliminates the content of
3-Mgi7Alj. which is in line with the results shown in Figure 1.
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Figure 2. The DSC curves of the AZ80, AZ80-0.47Gd, and AZ80-0.75Gd alloys.

3.2. Oxidation Behavior and Kinetics

The weight gain behaviors of the test alloys during oxidation at 420 °C for different
times in air are displayed in Figure 3. The isothermal oxidation test was conducted once for
each sample. The weight change in each sample was measured in situ by a high-precision
analytical balance, so the experimental data show good repeatability. Useful insights could
be obtained from a comparison of the oxidation behavior measured with similar setups
and operational procedures. The weight gain of each alloy increased step by step with
an increase in the exposure time while displaying different oxidation kinetics. In order to
investigate the oxidation kinetics of the alloys, Equation (1) [17] was used.

w = kt" (1)

where w is the weight gain per unit area; k is the constant of oxidation rate; ¢ represents
the time of oxidation; and n means the reactivity index. In fact, when n = 1, the oxidation
kinetics of the alloy behaves as a linear rate law, that is, the alloy behaves as a non-protective
oxidation, and the phase-boundary process is the rate-determining step of the reaction.
When n = 0.5, the alloy exhibits parabolic rate law oxidation kinetics, which shows that the
alloy portrays protective oxidation, and cationic transport across the growing oxide film
determines the rate of scaling [18]. In fact, on account of the combined effect of internal
and external factors in the oxidation process, n is hardly ever equal to 1 or 0.5 [19,20].
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Figure 3. The weight gain behaviors of alloy oxidation for 1 h (a), 3 h (b), and 4.5 h (c) at 420 °C in air
and the n values (d).

The weight gain (0~1 h) of the three test alloys was fitted via Equation (1), and the
results are presented in Figure 3a. The n values of AZ80, AZ80-0.47Gd, and AZ80-0.75Gd
are 1.19, 1.15, and 1.32, respectively, which means that the oxidation kinetics approximate a
linear rate law. The fitted results of the weight gain behaviors (0~3 h) of the three alloys
are shown in Figure 3b. The n values of AZ80, AZ80-0.47Gd, and AZ80-0.75Gd are 2.25,
1.63, and 1.06, respectively, which indicates that the oxidation kinetics of the AZ80 and
AZ80-0.47Gd alloys show a superlinear rate law, while the AZ80-0.75Gd alloy oxidation
kinetics still depicts an approximately linear rate law. The fitted results of the weight
gain behaviors (0~4.5 h) of the three alloys are shown in Figure 3c. The n values of AZ80,
AZ80-0.47Gd, and AZ80-0.75Gd are 2.98, 1.99, and 0.84, respectively, which shows that
the oxidation kinetics of the AZ80 and AZ80-0.47Gd alloys are a typical superlinear rate
law, while that of the AZ80-0.75Gd alloy is a parabolic rate law. In addition, the confidence
levels of n values are over 98%. Figure 3d shows the reactivity index (n) transformation of
the three alloys as the oxidation time increases. It is worth noting that the n values of the
AZ80 alloy are all greater than 1, and the n values gradually increase with the extension
of oxidation time, showing non-protective oxidation behavior and superlinear rate law
oxidation kinetics. The n values of the AZ80-0.47Gd alloy decrease in the initial stage and
increase in the later stage, which means the oxide film formed in the initial stage shows
protective properties, and then the protection fails. In contrast, the AZ80-0.75Gd alloy n
values decrease with increasing oxidation time, meaning protective oxidation behavior and
approximately parabolic rate law oxidation kinetics [18]. The results in Figure 3 indicated
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that Gd addition improved the resistance to oxidation of the AZ80 alloy and transformed
oxidation kinetics from a superlinear rate law to an approximately parabolic rate law. In
addition, from the embedded macroscopic morphologies of alloys after 4.5 h of oxidation, as
shown in Figure 3c, it is clear that the AZ80 and AZ80-0.47Gd alloys show inhomogeneous
oxidation while the AZ80-0.75Gd alloy shows even oxidation. Thus, Gd alloying promoted
the film-formation of oxide products on the AZ80 alloy, and complete as well as uniform
oxide film was generated on the surface of AZ80-0.75Gd alloy.

3.3. Oxide Film Characteristic

Figure 4 shows the surface three-dimensional micrographs of the experimental alloys
after 3 h of exposure at 420 °C. A square area is shown, and the change in height of
the morphology is represented by the color variation [21]. A bulge in the figure shows
the oxidized region, and the higher the bump, the redder the color. Figure 4a shows
that the oxidation of the AZ80 alloy is uneven. The unoxidized zone is smooth and flat
without oxide products. Figure 4b shows that the oxidation zone of the AZ80-0.47Gd
alloy is dispersed, and oxidation still shows inhomogeneous characteristics. The most
uniform oxidation occurred on the surface of the AZ80-0.75Gd alloy, as shown in Figure 4c,
compared with the AZ80 and AZ80-0.47Gd alloys. The alloy surface is full of oxidized
products, and it is flat as well as smooth without an obvious oxidation bulge. Thus, the
results in Figure 4 also show that with Gd addition into the AZ80 alloy, the film-formation
ability of alloy oxide products is improved.

Figure 4. The surface three-dimensional micrographs of the AZ80 (a), AZ80-0.47Gd (b), and AZ80-
0.75Gd (c) alloys after 3 h exposure at 420 °C.

Figure 5 displays the micrographs of oxide films formed on the AZ80, AZ80-0.47Gd,
and AZ80-0.75Gd alloys after 4.5 h of exposure at 420 °C. Uneven oxidation occurs on
the AZ80 alloy surface, and the oxidized region as well as the unoxidized region show a
distinct boundary, as shown in Figure 5a. The oxide products on the surface of the AZ80
alloy show a pulverous structure, as shown in Figure 5b. The AZ80-0.47Gd alloy also shows
uneven oxidation, but a transitional zone appears between the oxidized region and the
unoxidized region, as shown in Figure 5c. The oxide scale generated on the AZ80-0.75Gd
alloy is even, and the oxide products show a granular structure, which means the formed
oxide film is more compact compared with the AZ80-0.47Gd alloy.

Figure 6 illustrates the cross-sectional morphologies of the AZ80, AZ80-0.47Gd, and
AZ80-0.75Gd alloys after 4.5 h of exposure at 420 °C. The oxide layer of the oxidized
region of the AZ80 alloy is rough, and oxidation erosion extends inward, as shown in
Figure 6a. Figure 6b shows that the oxidized region also shows a distinct boundary on the
cross-section. In addition, there are many microvoids both in the outer and inner oxide
layer, as shown in the area above the dividing line by the black spots in Figure 6b. The
porous scale shows black holes, where less electron scattering happens [22]. Therefore, the
oxide layer is loose with defects. However, the oxidative erosion of Gd alloying on AZ80
is not as severe as AZ80, as shown in Figure 6c—e. The oxide layers of the AZ80-0.47Gd
and AZ80-0.75Gd alloys were thinner and smoother than that of the AZ80 alloy. The oxide
scale of the AZ80-0.75Gd alloy is more compact with a blurred boundary between the Mg
matrix and the layer compared with that of the AZ80-0.47Gd alloy, as shown in Figure 6e.
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The contrast between the Mg matrix and the layer is weak, meaning good adhesion of the
oxide layer with the substrate [23,24]. The results in Figure 6 prove that with Gd addition
into the AZ80 alloy, the oxide layer of the alloy grows towards completeness and density
and shows an oxidation protective effect. The results also explain the transformation of
alloy oxidation kinetics.

3 Ve

Figure 5. The micrographs of oxide films formed on the AZ80 (a,b), AZ80-0.47Gd (c,d), and AZ80-
0.75Gd (e,f) alloys after 4.5 h of exposure at 420 °C.

Residual oxide film

Densification

Figure 6. The cross-sectional microstructures of the AZ80 (a,b), AZ80-0.47Gd (c), and AZ80-0.75Gd
(d,e) alloys after 4.5 h of exposure at 420 °C.

The XRD spectra of the oxide products of the AZ80-0.75Gd and AZ80 alloys with
reference to the spectrum of Gd,;O3 (JCPDS No.86-2477) are depicted in Figure 7 [25]. The
oxide layer of the AZ80 alloy is mainly composed of magnesium oxide and also contains
a trace amount of Al,O3. But the oxide layer of the AZ80-0.75Gd alloy contains Gd,O3
in addition to MgO and Al,O3. Gd,Oj3 is corundum-like structured and crystallizes in

the trigonal p3m1 space group. Gd>* is bonded in a seven-coordinate geometry to seven
O?~ atoms, as shown in Figure 8. There is a spread of Gd-O bond distances ranging from
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2.24 t0 2.60 A and two inequivalent O?~ sites. In the first O>~ site, O~ combines with
six equivalent Gd3* atoms to form OGdg octahedra, which share corners with twelve
equivalent OGdy tetrahedra, edges with six equivalent OGdg octahedra, and edges with six
equivalent OGdy tetrahedra. In the second O?~ site, O?~ is combined with four equivalent
Gd>* atoms to form OGdy tetrahedra that share corners with six equivalent OGdg octahedra,
corners with six equivalent OGdy tetrahedra, edges with three equivalent OGdg octahedra,
and edges with three equivalent OGdy tetrahedra. The corner-sharing octahedral tilt angles
range from 18 to 56° [26]. Gd,Os is stable in water. Its appearance facilitates restraining the
generation of holes and other defects in the oxide layer, which results in the densification of
the oxide film, as shown in Figure 6. Thus, the oxide film propagated on the AZ80-0.75Gd
alloy surface is dense and thin, as shown in Figure 6d,e. A dense film inhibits the mutual
diffusion of oxidation reactants [27,28], resulting in the transformation of alloy oxidation
kinetics from a superlinear rate law to an approximately parabolic rate law, as shown in
Figure 3. Thus, the typical structure and excellent properties of Gd,O3 show better benefits
for the density and adhesion of the oxide film and enhance the oxidation resistance of the
experimental alloy.

AZ80

Intensity(arbitrary unites)

- e

+Mg0 & ALO, * Gd,0,

¢ Gd,0,

a4 . Gd203: JCPDS N0.86-2477 . ‘ ‘ . . . . .
I I ot i LT ST yeyyp—— L ri— L L L L L L " . L N
30 40 50 60 70 80 25 26 27 28 29 30 31 32 33 34
2 degree) 2&degree)

Figure 7. The normalized XRD patterns (a) and partially enlarged image (b) of the oxide products of
the AZ80 and AZ80-0.75Gd alloys.

Figure 8. The crystal structure of Gd;O3.

3.4. Corrosion Protection Performance

The corrosion protection performance of the GdyO3-containing oxide layer was briefly
reported in our previous short communication work because of space limitations [29].
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However, a comprehensive understanding of the corrosion behavior and mechanism of
Gd;O3-containing oxide film needs to be developed based on corrosion morphologies
and EIS diagrams with equivalent electrical circuits. Figure 9 shows the potentiodynamic
polarization curves of the AZ80-0.75Gd alloy with and without an oxide layer during the
dip in 3.5 wt% NaCl solution for 1 h. The results show that test samples exhibit similar
cathodic polarization behaviors. The cathodic branches depict a particularly obvious linear
Tafel characteristic at potentials more negative than the critical potential [30], while the right
branches of the polarization curves display different characteristics. The right branch of the
polarization curve exhibits anodic polarization, which mainly involves the dissolution of
magnesium and abnormal anodic hydrogen evolution (negative difference effect, NDE).
Therefore, the anodic polarization curve is too complex to calculate the corrosion current
density and cannot be used for Tafel extrapolation [31-33]. The polarization curve of oxide
film samples showed a breakdown potential E},. The results indicate that the oxide scale
generated on the AZ80-0.75Gd alloy surface exhibits corrosion protection performance,
and the passivation layer generated in the corrosion process shows good stability and
a diffusion restrain effect on corrosive media C1~ [34,35]. In addition, the fitting results
of the polarization curves are listed in Table 2. The corrosion resistance of materials is
mainly determined by the corrosion current (icorr). The icorr of AZ80-0.75Gd with and
without an oxide layer is 6.7 x 1072 and 1.6 x 1073, respectively. The icorr Of the sample
with an oxide layer is two orders of magnitude lower than that of the sample without
the oxide film, which proves the protection properties of the oxide layer generated on the
AZ80-0.75Gd alloy.

0.1 -
S /:/
— \7\., F
0.01 “\tmo\o\ ,J.r‘ﬁ“’ E
& E e - e
= ™
5 S ~
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Figure 9. The potentiodynamic polarization curves of the AZ80-0.75Gd alloy with and without an
oxide layer while soaking in 3.5 wt% NaCl solution for 1 h.

Table 2. Fitting results of the polarization curves in Figure 9.

Samples Ecorr (Vscp) icorr (Alcm?)
Without oxide film —1.51 1.6 x 1073
With oxide film —148 6.7 x 107°

In order to further study the corrosion kinetics of the test alloys without and with
an oxide film, EIS tests were carried out, and the EIS diagrams after soaking in 3.5 wt%
NaCl solution for 1 h are shown in Figure 10. It is evident from Figure 10a that the Nyquist
diagrams for the test alloys consist of the following two loops: a high-frequency capacitance
loop and a low-frequency inductance loop. The loops are similar except for their diameters.
The capacitance loop diameter represents the charge transfer process of Mg/Mg?* in the
double layer formed on the surface of the membrane [36]. It is generally believed that the
induction loop is related to pitting corrosion [37]. In addition, the impedance Z of the test
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sample can be clearly observed in the low-frequency region between 10~2 and 10~! Hz,
as shown in Figure 10b. The Z values are ranked as a sample without an oxide layer < a
sample with an oxide layer, indicating the same sequence of samples corrosion resistance,
that is, the generation of the oxide layer hinders the occurrence of corrosion. However, the
appearance of the induction loop implies defects in the AZ80-0.75Gd alloy oxide film.

(a)1000 (b)

o Without oxide film Fitting line 1200 | 1 Without oxide film Fitting line
With oxide film  —— Fitting line A With oxide film Fitting line -{ 80
800 | ] NS "
1000
60
600 - . 800
b < ¥
S 5 0=
S 400 4 o 600 p
= et =
S S &
200 il 400 20
200 7
0 4 0
[}
200 1 1 1 1 1 1 1 1 il 1 1 _20
0 200 400 600 800 1000 1200 0 10t 100 10t 10* 100 10t 10°
Z'(Q em?) Freq (Hz)

Figure 10. The EIS diagrams of the AZ80-0.75Gd samples after 1 h of soaking in 3.5 wt% NaCl
solution: (a) Nyquist plots and (b) Bode plots of impedance modulus and phase angle.

Figure 11 shows the equivalent electrical circuits fitted by ZSimpWin 3.30d software.
To be clear, though the Nyquist diagrams of the samples without an oxide film are composed
of a low-frequency inductance loop and a high-frequency capacitance loop, they cannot
use the same equivalent electrical circuits model as the samples with an oxide film. The
fitted equivalent electrical circuit of a sample without an oxide layer is shown in Figure 11a,
and the fitted EIS data on account of the equivalent electrical circuit are listed in Table 3.
The fitted equivalent electrical circuit of a sample with an oxide layer is demonstrated
in Figure 11b, and the fitted EIS data on account of equivalent electrical circuits are also
listed in Table 3. Admittedly, it is hard to describe in detail the physical meaning of each
electrical element in the equivalent electrical circuits because this is under drastic research
and is currently the topic of scientific debate [38]. Despite the lack of consensus, a brief
description of the reasonable meaning is attempted as follows. In addition, it should
be noted that the equivalent electrical circuits in Figure 11 use the minimum number of
time constants required to dependably portray the obtained data and keep the fitting
errors to a minimum, as shown in Table 3. In Figure 11, the capacitive response was
modeled using constant phase elements (CPEs), the resistive behavior using R, and the
inductive loop using an inductor (L). R is associated with the solution resistance between
the reference and the working electrodes. CPE4 and R are the double-layer capacitance
and the charge transfer resistance related to the film and charge transfer of the surface,
respectively [22,30,39]. L and Ry, indicate inductance and inductive resistance, which depict
the low-frequency inductive loop and are associated with pitting corrosion as well as the
relaxation of the adsorbed intermediates on the Mg surface [37,40—42]. The fitted Rp; and
Rop as well as the corresponding CPEg; and CPE(; of the sample without oxide film
are film resistance and constant phase elements, which is caused by the appearance of
microvoids in corrosion products film [22,42]. The results in Table 3 show that the CPEg4;
values of samples with and without the oxide film do not show significant differences. The
Rt values are 370.7 and 1182 Q-cm?, respectively, showing wide differences. In addition,
because of the densification of the oxide film, CPEp; and CPEp, disappear in the EIS fitting
circuits of the sample with an oxide layer. In addition, the Ry, values of samples with and
without an oxide layer are 3842 and 711.5 Q-cm?. The results indicate that AZ80-0.75Gd
with an oxide layer shows better corrosion resistance than that of AZ80-0.75Gd without an
oxide layer.
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Figure 11. Equivalent electrical circuits used for the simulation of EIS data in Figure 10: (a) sample
without oxide film and (b) sample with oxide film.
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Table 3. Fitted EIS data based on the equivalent circuit presented in Figure 11.

Rs CPEq Rt CPEo; Ro1 CPEo; Roz L Ry 2

Sample 0-cm? O-1l.cm2.g" ndl Q-cm? O-1l.cm2.s" No1 Q-cm? O-1.cm—2.g" no2 Q-cm?  H-cm?  Q-cm? X
Without 15.74 2.56 x 1075 1 370.7 1.23 x 1075 0.97 5.47 1.28 x 10~* 0.56 245.5 170.8 711.5 15 x 1072
With 10.27 4.89 x 1075 0.96 1182 -- - - - - - 4177 3842 2.8 x10°*

The hydrogen evolution curves of AZ80-0.75Gd samples with and without an oxide
layer immersed in 3.5 wt% NaCl are shown in Figure 12. It is obvious that the sample
without oxide film shows higher hydrogen evolution content during the testing time, which
means that the oxide layer generated on the AZ80-0.75Gd alloy presents an impressive
corrosion protection effect during the immersion time. The oxide layer of the AZ80-0.75Gd
alloy shows a compact structure, as illustrated in Figures 5 and 6, so densification of
the oxide film improves the corrosion resistance. The results suggest a new method for
preparing magnesium alloy surface protective film by high-temperature oxidation.

1.0 b —— Without oxide film ]
—— With oxide film
g 0.8 i
g
g 0.6
R 1/1
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=041 | i
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Figure 12. Hydrogen evolution curves of AZ80-0.75Gd samples with and without an oxide layer
immersed in 3.5 wt% NaCl solution.

Figure 13 shows the microscopic corrosion morphologies of the AZ80-0.75Gd samples
without and with an oxide scale after soaking for 12 h in 3.5 wt% NaCl solution. As shown
in Figure 13a, huge cracks appeared on the surface of the sample without an oxide layer,
and after soaking in 3.5 wt% NaCl solution for 12 h, the corrosion products formed a
loose rose-like corrosion layer. Only capillary cracks occurred on the surface of the sample
with an oxide layer, as shown in Figure 13d, and the high magnification image shows the
compact structure of the layer with nodulizing corrosion products, as shown in Figure 13e f.
The nodulizing corrosion products are conducive to the constitution of the compact film
and the prevention of corrosion.

So, Gd addition into the AZ80 alloy modulated the phase compositions, eliminated
the content of the low melting point phase of 3-Mg;7Al;;, and promoted the generation
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of a high melting point phase of Al,Gd, which resulted in the thermostability of the alloy.
Then, the oxidation behaviors at high-temperature and the oxide layer features of the AZ80,
AZ80-0.45Gd, and AZ80-0.75Gd (wt%) alloys were researched to reveal the influence of
Gd alloying on the resistance to oxidation and corrosion protection ability of the oxide
layer of the test alloy. The results indicated that after oxidation, Gd,O3 was generated
in the oxide film of Gd-containing alloy, which improved the densification of the oxide
layer and translation of oxidation kinetics from a superlinear rate law to an approximate
parabolic rate law of the alloy. After corrosion of the oxide layer, the products were
roundly nodulated, leading to corrosion passivation and depicting the protection effect, as
illustrated in Figure 14.

Figure 13. The microscopic corrosion morphologies of the AZ80-0.75Gd samples without (a—c) and
with (d—f) an oxide layer after soaking for 12 h in 3.5 wt% NaCl solution.

Figure 14. Schematic illustration of the mechanism of Gd,O3 involvement in oxide film growth and
nodulizing corrosion products.
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4. Conclusions

In this paper, the influence of Gd alloying on the high-temperature oxidation resistance
of the AZ80 alloy and corrosion protection of the oxide layer were researched. The main
conclusions are summarized as follows:

(1) The addition of Gd into the AZ80 alloy modulated the phase compositions. Gd
alloying eliminated the content of the low melting point phase of 3-Mgj7Al;> and
promoted the generation of the high melting point phase of Al,Gd, resulting in the
thermostability of the alloy.

(2)  When Gd was added, the enhancement in the thermal stability of the alloy and the
formation of Gd,Oj3 in the oxide product promoted the uniform oxidation, layer
formation, and densification of the oxides, thus improving the resistance to oxidation
of the alloy and transforming the oxidation kinetics from a superlinear rate law to an
approximate parabolic rate law.

(8) The compact oxide layer demonstrates a blurred boundary with the magnesium ma-
trix, indicating excellent adhesion with the substrate. After the erosion of the compact
oxide layer containing Gd,O3, the products were roundly nodulated, resulting in
corrosion passivation and showing corrosion protection performance.

(4) The densification of the magnesium alloy oxide film improved its corrosion protection
performance, which provides a new method for preparing magnesium alloy protective
layers via high-temperature oxidation.
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