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The magnesium lithium thermal control oxidation is a commonly used conductive anti-
corrosion treatment method for aerospace. The corrosion behaviors of thermal control
oxidation films for LA103Z alloys were studied in 3.5% NaCl solution. The corrosion
characteristics with different immersion time were characterized by using scanning
electron microscopy, energy spectroscopy, and electrochemical methods. The results
showed that the corrosion of Mg-Li alloy with chemical oxidation film starts from pitting
corrosion, gradually expands in depth in the early stage, forms corrosion holes, and then
gradually develops into river-like morphology. In the last stage, the increasing corrosion
products slow down the corrosion rate and gradually covers the entire sample surface. The
corrosion product mainly consists of MgO, LiF, and MgCl2. Combined with the
electrochemical characteristics, the corrosion mechanism was investigated.
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INTRODUCTION

As the lightest metallic structural materials (1.30–1.65 g/cm3), Mg-Li alloys have been widely used in
space fields (Wu et al., 2020a; Wu et al., 2020b). In order to satisfy the functional requirements and
adapt to the space environment, it needs to take out surface treatment such as plating, oxidation, and
coatings for Mg-Li alloys (Xia et al., 2019; Zhang et al., 2019; Liu et al., 2021). However, due to the
electrochemical activity of Mg and Li, the alloys have great corrosion risks in the service environment
(Prando et al., 2019; Sun et al., 2020). Although there are few corrosive factors in space, the coastal
launch site can bring severe corrosion for the products. Oxidation methods can form thermal control
coatings, anti-corrosion coatings, coating suitable for bonding, etc., which are suitable for the
structure applications of satellites (Shi et al., 2015; Guo et al., 2017; Yang et al., 2018; Qiu et al., 2020).

In order to improve cementing property, it is needed to reduce thickness of the coating; however,
the thin coating is useless for preventing corrosion. Many researchers have made efforts to form thin
coating with good corrosion resistance (Wang et al., 2007; Chen et al., 2011; Formosa et al., 2012;
Fernández et al., 2019). Fernandez et al. (Fernández et al., 2019) found that reduced graphene oxide
ontomagnesium discs by electrochemical and chemical methods can decrease the corrosion rate. The
results obtained by Chen et al. (Chen et al., 2011) indicated that all the conversion coating formed in
different solutions exhibits amorphous structure. The formation of Mo on the surface of Mg alloys
after chemical oxidation can significantly improve the corrosion resistance (Shao et al., 2017). Xu
et al. (Xu et al., 2008) produced oxide film of 2–3 μm by the environment friendly chemical oxidation
method. The corrosion resistance rate of the film in 3% NaCl solution was only 1/15 of Mg alloy
substrates. Wang et al. (Liu et al., 2016) used black chemical oxidation to form a film, which had
uniform blackness and dense film.
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In this paper, the thin film of magnesium lithium LA103Z was
fabricated by chemical oxidation, and the corrosion behavior was
studied by immersion test in 3.5wt% NaCl solution. The
morphologies and corrosion products were characterized,
combined with the electrochemical analysis of sample with
different corrosion time, and the corrosion evolution
mechanism was also studied.

EXPERIMENTAL SECTION

Experimental Sample and Procedure
The specimen used for the test is LA103Z magnesium lithium
alloy, and the chemical composition is given in Table 1. The
material was cut into 40 mm × 40 mm×2 mm for experiment.
Moreover, the specimens were polished by sandpaper from 400#,
800#, to 1,000#.

Before oxidation, the specimens of LA103Z magnesium
lithium alloy were degreased with absolute ethanol and then
cleaned by deionized water → activation treatment by fluoride
salt with concentration of 2.5 g/L → cleaned by deionized water
→ dried by compressed air. The chemical oxidation was carried
out to obtain a thermal control film.

After oxidation, the specimens were sealed and protected by
chloroprene rubber, except for an area of 40 mm × 40 mm for the
immersion test. The specimens were soaked in 3.5% NaCl
solution at the temperature 45°C with different times (1, 3, 6,

12, 18, 24 h). After immersion with the assumed time, the
specimens were cleaned by deionized water and dried by
compressed air. Specimens with different immersion time were
cut off by cross-section and observed by SEM.

Characterization
After immersion test, the morphologies of the specimens were
characterized by metallurgical microscope (MO, Canon E60) and
scanning electron microscope (SEM, SUPRA55VPX,Germany).
The composition of corrosion products was characterized by
x-ray diffraction (XRD, Bruker AXS D8, Cu target, scan rate of 5°/
min, scan range of 10°–90°).

The electrochemical evaluation with different immersion time
was performed by using IM6 electrochemical equipment in 3.5wt
% NaCl solution at room temperature. The experiment employed
a three-electrode system, a saturated calomel (SCE) electrode as
reference electrode, a Pt electrode as counter electrode, the
magnesium lithium alloy chemical oxidation sample as
working electrode, and the sample exposure area was 1 cm2.
The open circle potential (OCP) was tested for 600 s. The
electrochemical impedance spectroscopy (EIS) was tested with
sinusoidal signal disturbance voltage amplitude of 10 mV. The
frequency range is 100 kHz–10 mHz. The polarization curve test
range is -0.5 V ∼ +0.5 V (vs OCP), scan rate is 5 mV/s, the range
of cyclic voltammetry test voltage is -0.25 V ∼ +0.25 V (vs OCP),
and the scan rate is 5 mV/s.

RESULTS AND DISCUSSION

Corrosion Morphologies
The morphology of the film and its element content are shown in
Figure 1. The surface of the film contains many micro cracks and
holes. The main elements are Mg, O, and Cr.

TABLE 1 | Chemical composition of LA103Z magnesium-lithium alloy
(wt%).

Element Li Al Zn Si Fe Mg

Content/% 10.0 3.2 2.8 0.05 0.05 Bal

FIGURE 1 | The morphology and element content of the film.
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The morphologies of the specimens after different
immersion time are shown in Figure 2. It can be seen that
when the specimens are immersed in NaCl solution, the
surface forms black pits, which demonstrated that the
pitting corrosion happens on the surface for 1 h. As the
immersion time increases to 3 h, the surface is
impregnated and the pits become dense, some of which
develop to line. As the reaction continues, a big gray-green

corrosion hole forms and gradually evolves into severe
corrosion (6–12 h). The corrosion expands from the
corrosion holes, which accelerates the corrosion, until the
corrosion products almost cover the whole specimen
surface (24 h).

In order to further study the evolution of the corrosion in
NaCl solution, the micro morphologies after immersion for
different time were characterized by SEM, which are shown in

FIGURE 2 | Surface morphologies of the specimens in 3.5% NaCl solution.

FIGURE 3 | SEM morphologies of the specimens in 3.5% NaCl solution.
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Figure 3. After oxidation, the surface film is flat and locally
covered with micro cracks. When immersed in the NaCl
solution for 1 h, the electro active surface of the sample is
dissolved and the corrosion products fall off, which promotes
to the formation of pits. As the corrosion develops, the
corrosion pit expands along the grain boundary (12 h) and
the corrosion products present river-like morphology
(12–18 h). As the corrosion exacerbates, fluffy corrosion
products cover the surface of the sample.

The cross-section morphologies were characterized and
shown in Figure 4. It can be seen that in the early stage of
immersion (1 h), the corrosion is slight, and sporadic
corrosion pits exist on the surface. Once the pit forms, the
pits develop rapidly, which connect to form notch

FIGURE 4 | Cross-section morphologies of the specimens in 3.5% NaCl solution.

FIGURE 5 | XRD results of the specimens in 3.5% NaCl solution.

FIGURE 6 | Open circuit potential (OCP) plots of specimens with
different immersion time.

FIGURE 7 | Electrical equivalent circuit model for the EIS results, R (Q (R
(QR))) (Rl stands for solution resistance, QDL and RDL are electric double layer
capacitance and resistance respectively, Qct and Rct are reaction capacitance
and resistance respectively; Q is a constant phase angle element).
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morphology. And the corrosion expands to depth direction,
promoting the formation of corrosion holes. Based on the
corrosion pits, the horizontal expansion of corrosion is
obviously better than the vertical expansion, and finally a
piece of corrosion morphology is formed, which gradually
covers the entire sample surface.

The corrosion products were analyzed by XRD and the results
are shown in Figure 5. It can be found that the oxidation film is
consisted with MgO, LiF, and MgCl2. As the corrosion happens,
the diffraction peak intensity of MgO is much higher than that of
Mg, which shows the opposite characters for 0 h, and the
corrosion products contains MgCl2, which indicates that
Chloride ions participate in the reaction and promote the
formation of corrosion products.

Electrochemical Results
The OCP results of the specimens after different immersion time
are shown in Figure 6. After immersion, the potential of the
sample quickly becomes positive and gradually stabilizes. With
the immersion time increase, the open circuit potential becomes
positive until 12 h and then gradually negative. It indicated that at
the early stage (before 12 h), the corrosion product attaches to the
surface and prevents the corrosion from developing, but as the
immersion time goes on, the corrosion products become loose
and blade off from the surface.

The structure of the electrochemical model of the specimens
was characterized by EIS, and the fitting results for different
immersion time of all specimens according to the electrical

FIGURE 8 | EIS results of specimens after different immersion time.

TABLE 2 | Fitted data by Zsimpwin of EIS results.

Time (h) Rl (ohm) QDL RDL Qct Rct (ohm)

YDL (Ω−1 cm−2 s-n) n YDL (Ω−1 cm−2 s-n) n

0 13.02 4.129 × 10−6 0.8907 947.8 7.660 × 10−6 0.9453 1,050.5
3 10.72 6.858 × 10−6 0.9324 664.1 4.393 × 10−6 1 497.2
6 8.95 8.897 × 10−6 0.9645 411.1 9.972 × 10−7 1 475.7
12 15.91 2.608 × 10−6 0.7756 334.1 7.106 × 10−7 1 65.8
18 17.85 1.783 × 10−6 0.7403 186.5 5.322 × 10−7 1 103.6
24 22.37 1.282 × 10−6 0.7193 122.6 2.628 × 10−7 1 1,301.4

FIGURE 9 | The polarization curves of the specimens with different
immersion time.
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equivalent circuit model in Figure 7 are shown in Figure 8 and
Table 2, respectively. From the Qct results can be seen that the
capacitance value decreases from 7.660 × 10−6Ω−1 cm−2 s-n to

7.660 × 10−6Ω−1 cm−2 s-n as the immersion time increases from 0
to 24 h, which demonstrated that the resistance of corrosion
product layer is reduced. However, although the reaction
resistance is lower than that without immersion, as the
immersion time increases from 1 h to 12 h, the reaction
resistance decreases from 1,050.5Ω to 65.8 Ω, indicating that
the corrosion resistance of the sample decreases. From 12 to 24 h,
the reaction resistance increases from 65.8 to 1,301.4Ω.
Combined with the morphologies, the corrosion happens
when the specimens immersing in the NaCl solution and
mainly forms pits and holes before 12 h, and then the
corrosion products formed on the surface for 12–24 h, which
has a certain blocking effect in the film layer, and the corrosion
rate decreases.

The polarization plots after different immersion time are
shown in Figure 9. The self-corrosion potential and self-
corrosion current obtained by the linear fitting for
polarization zone are given in Table 3. Compared with the
non-immersed sample, the immersed sample has a smaller
corrosion current and higher corrosion resistance, which
indicates that the immersion reduced the corrosion
resistance of the film. The self-corrosion potential shows
the same trend with the open circuit potential. From the
self-corrosion, current data show that the current increases
from 2.435 × 10−6 A/cm2 to 5.861 × 10−4A/cm2 before 12 h,
which indicates that the corrosion reaction is exacerbated,
consistent with the reaction resistance. However, as the
corrosion products cover the reaction area (anodic zone),
which prevents the corrosion, the anodic resistance (ba) of
the specimen increases after 12 h. However, the cathode area
is still exposed to the solution and the continuous reaction
leads to a decrease in cathode reaction resistance (bc) from
132.1 mV dec−1 to 110.3 mV dec−1 with the increasing time
from 0 to 24 h.

TABLE 3 | The fitting calculation results for linear polarization zone of polarization
curves.

Time (h) Ecorr (V) Icorr (A/cm
2) ba (mV dec−1) bc (mV dec−1)

0 −1.255 2.435 × 10−6 168.9 −132.1
3 −1.250 8.747 × 10−6 67.5 −125.7
6 −1.232 9.238 × 10−6 67.2 −124.5
12 −1.318 5.861 × 10−4 38.6 −113.2
18 −1.247 1.103 × 10−5 69.2 −111.7
24 −1.286 1.165 × 10−5 75.3 −110.3

FIGURE 10 | The cyclic voltammetry curves after different
immersion time.

FIGURE 11 | The reaction model of the corrosion initiation and expansion for different immersion time (A): 0 h, (B): 1–3 h; (C): 3–6 h; (D): 6–12 h; (E): 12–18 h; (F):
18–24 h).
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The cyclic voltammetry curves after different immersion
time are shown in Figure 10. It can be seen that the current
response to voltage change of the specimens without
immersion is the smallest and basically presents a
reversible process, which indicates that the sample has
good corrosion resistance. The corrosion processes are
shown in Figure 11. As the reaction time increases from 0
to 12 h, the current response is more obvious and the degree
of reversibility gets lower and lower, which demonstrates that
the electrochemical reaction is more and more violent. But
the irreversible process of the reaction weakens from 12 to
24 h, which is caused by the corrosion products.

Discussion
From the corrosion morphologies, composition of the
corrosion products, and the electrochemical results, the
process of corrosion initiation and development is given as
Figure 10. The corrosion process can be concluded into the
following processes.

The initial stage of corrosion initiation (a-b) is mainly the
formation of pits due to the electrochemical solution of Li, as it
is the most electrochemically active element. When the
immersion continues, the element Mg happens in corrosion,
and Li reacts further and dissolves off, which leads to the pits
expanding to corrosion holes (b-c), and corrosion rate
increasing as the corrosion products accumulate on the
surface of the specimen (c-d), the micro-electro-battery and
dissolution effect are more obvious, and the corrosion is
further intensified, and corrosion develops mainly towards
horizontal (d-e). However, after the corrosion products cover
most of the surface, the micro-battery effect reduces, and the
horizontal reaction slows down. And the corrosion products
on the surface changes from Mg(OH)2 to MgO, which is more
loose than Mg(OH)2, leading to depth corrosion acceleration.

The wedge effect of corrosion products leads to thickening of
corrosion products.

CONCLUSION

1) The corrosion of Mg-Li alloy with chemical oxidation film
starts from pitting corrosion, gradually expands in depth in
the early stage, forms corrosion holes, and then gradually
develops into river-like morphology. In the last stage, the
increasing corrosion products slow down the corrosion rate
and gradually cover the entire sample surface.

2) The corrosion product is mainly consisted withMgO, LiF, and
MgCl2.

3) The initial stage of corrosion initiation is mainly the formation
of pits due to the electrochemical solution of Li. When the
immersion continues, the element Mg happens as corrosion,
and Li reacts further and dissolves off, leading to the pits
expanding to corrosion holes. As the corrosion products
accumulate on the surface of the specimen, the micro-
electro-battery and dissolution effect are more obvious, and
the corrosion is further intensified, and corrosion develops
mainly towards horizontal.
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