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ABSTRACT: Superlight Mg—Li alloy is a promising structural
materials in aerospace, automobile, and electronics because of
its excellent properties such as low density, high ductility,
superior strength-to-weight ratio, and good damping ability.
The fabrication of compact plasma electrolytic oxidation coat-
ings with excellent corrosion resistance is valuable for the
widespread application of Mg—Li alloy. Here we present a
ceramic coating on the surface of Mg-14Li-1Al (LA141) alloy
for corrosion protection via plasma electrolytic oxidation
(PEO) in an alkaline silicate electrolyte with tungstate as an
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additive. X-ray photoelectron spectroscopy and thin film-X-ray diffraction analysis of coatings show that the surface coating is mainly
comprised of Mg,SiO,, MgO and WO;. Scanning electron microscopy observations have revealed that the dense and compact
coating formed in the presence of tungstate has less structural imperfections in comparison to the control one fabricated without use
of tungstate. The effect of oxidation time on the morphology and phase composition of coatings is also examined in detail.
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1. INTRODUCTION

As the lightest structural materials, Mg—Li alloys are widely
utilized in the fields of aerospace, automotive, electronic and
other industries." All applications of Mg—Li alloys are based on
the unique characteristics of higher strength-to-weight ratio, high
specific stiffness, good machining property, good magnetic
screening and shock resistance ability.””* However, the poor
corrosion resistance that results from the high chemical reactivity
of magnesium and lithium has impaired the widespread practical
application of Mg—Li alloys, especially in aggressive environ-
ments. Though many surface treatment techniques such as con-
version treatment, electroless plating, anodizing, sol—gel, and
physical vapor deposition® ® have been applied to improve corro-
sion resistance of the traditional magnesium alloys, researches
carried out on corrosion resistance of Mg—Li alloy are limited.” **
Among these limited studies, most have focused on the conver-
sion coatings; however, the brittle and thin conversion coatings
are usually used for decoration and intermediate protection, and
rarely used for long—term corrosion protection. So, it is neces-
sary to develop surface modification technologies to improve
corrosion resistance of Mg—Li alloys. Plasma electrolytic oxida-
tion (PEO) as a relatively new electrochemical surface treatment
technology based on anodic oxidation has been used to fabricate
ceramic coatings in vivo on valve metals such as Al, Mg, and
Ti."*~"” The compact PEO coatings that adhere firmly to the
substrate impart excellent properties, such as hi%h hardness, wear
resistance, anticorrosion and thermal stability.”’>* The proper-
ties of the PEO coating are affected by many factors, of which a
key determinant is the composition of electrolyte that can modify
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Figure 1. Voltage—time responses for PEO processes of LA141 alloy
formed in an alkaline silicate electrolyte (a) without and (b) with the
addition of tungstate.

surface morpholo?, microstructure, and composition of the
PEO coatings.M*2

The influence of electrolyte on the properties of oxide film
formed on magnesium alloy via PEO technique has previously
been studied.?”*” ~>° However, fabrication and characterization
of PEO coatings on Mg—Li alloys have not received an extensive
attention. Our previous work has demonstrated that PEO coat-
ings can be successfully fabricated on the surface of Mg—Li
alloys.*"* But since the content of Li had not exceeded S wt %,
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Figure 2. SEM images of PEO coatings formed at different PEO times formed in an alkaline silicate electrolyte with the addition of tungstate ((a) 30's;

(b) 90's; (c) 180 's; (d) 600 s).

the alloys used in our previous research were merely composed of
HCP o phase of Mg solid solution. According to the Mg—Li
phase diagram, body-centered cubic (BCC) structured f3 phase
of Li solid solution becomes the main composition of Mg—Li
alloys when the content of Li is higher than 11.5 wt %. BCC
structure shows better mechanical properties and worse corro-
sion resistance compared with HCP structure. In this paper, we
fabricate a ceramic coating on BCC structured Mg—Li alloys
(LA141) in a alkaline silicate/tungstate electrolyte via PEO
technique with a clear motivation to investigate the evident
influence of tungstate additive upon the surface morphology,
microstructure, composition and corrosion resistance of the
oxide coating via a joint analysis of SEM, TE-XRD, XPS, and
potentiodynamic polarization. We also examine the PEO process
conducted in alkaline silicate/tungstate electrolyte by taking a
close look at the evolution of morphology and phase composi-
tion with oxidation time.

2. EXPERIMENTAL SECTION

2.1. Preparation of PEO Coatings. The cylinder samples (height:
16 mm, diameter: 15 mm) of Mg—Li alloy (14 wt.% Li, 1 wt.% Al and Mg
balance) were used as the substrate for the PEO coatings deposition. Prior
to PEO treatment, the specimens were ground and polished with 800, 1000,
2000 grit silicon carbide paper to achieve a smooth surface, then ultra-
sonically cleaned in acetone and rinsed with ethanol, and finally dried in
cool air. The alkaline silicate electrolyte was prepared from the solution of
15.0 g/L Na,SiO; in distilled water with an addition of NaOH (2.0 g/L)
and triethanolamine (5 mL/L) with and without the addition of Na,WO,
(0.6 g/L).

A pulsed DC electrical source was employed to control the voltage,
current density and other electrical parameters such as frequency and
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Figure 3. TF-XRD patterns of PEO coatings at different PEO times
formed in an alkaline silicate electrolyte with the addition of tungstate
((a) 30s; (b) 90's; (c) 180 's; (d) 600 s).

duty cycle. The sample of Mg—Li alloy and a stainless steel container
were used as anode and cathode, respectively. A cooling system was used
to keep the temperature of the electrolyte at room temperature. The
PEO process was conducted under constant current density. The appro-
priate electrical parameters were as following: frequency, 2000 Hz; duty
cycle, 15%; current density, S A/ dm?. After PEO treatment of 10 min,
the coated sample was taken out from electrolyte, rinsed thoroughly with
distilled water and dried in cool air. Three samples were made under
each condition to ensure the reliability of the experiments.

2.2. Coating Characterizations. The surface, cross-sectional
morphologies and elemental compositions of PEO coatings were examined
by JSM-6480A scanning electron microscopy (SEM) equipped with
EDX (JEOL, Japan) and $4800 Field-emission scanning electron micro-
scopy (Hitachi). The thickness of samples was measured with an eddy
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Figure 5. Element mappings in PEO coatings formed in an alkaline silicate electrolyte without the addition of tungstate.

current coating thickness measurement gauge (TT 230, Time Group
Inc., China). The thickness data given were the average of ten measure-
ments made at different locations. The phase composition of coatings
was analyzed by thin-film X-ray diffraction (TF-XRD, Philip X'Pert,
Holland), using a Cu K|, radiation as the excitation source at a grazing
angle of 1°. The measurements were performed with a continuous
scanning mode at a rate of 3° min . The X-ray photoelectron spec-
troscopy (XPS) analyses were performed on a ESCALAB-MKII X-ray
photoelectron spectrometer (VG Instruments, UK) using monochromatized

Al K, radiation (photon energy 1486.6 V) as the excitation source and
the binding energy of Cls (284.6 eV) as the reference. Xpspeak 4.1
software was used to analyze the data. Potentiodynamic polarization
was performed on an eight channel VMP3/Z potentiostat (Princeton
Applied Research) controlled by EC-lab software. All potentiodynamic
polarization measurements were conducted in 3.5 wt % NaCl solution at
room temperature using a conventional three-electrode cell with LA141
alloy or coated alloy as the working electrode, a saturated calomel
electrode (SCE) as the reference electrode and a platinum plate as the
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Figure 6. Element mappings in PEO coatings formed in an alkaline silicate electrolyte with the addition of tungstate.

counter electrode. For the potentiodynamic polarization test, scanning
was from —1.8 to —1.0 V at arate of 2.5 mV/s after an initial 5 min delay.

3. RESULTS AND DISCUSSION

3.1. Voltage—Time Curves for PEO Process. Figure 1 shows
the voltage—time curves for the PEO process of LA141 alloy
in an alkaline silicate electrolyte without (a) and with (b) the
addition of tungstate.

The instantaneous variation of voltage was recorded every 10 s
before the first 3 min and every 30 s after 3 min. The PEO
processing of LA141 alloys is characterized by four different
stages in each two curves. In the first stage, the voltage increases
linearly with time, approximately. The alloy substrate dissolves at
first and a thin barrier layer forms on the surface of LA141 alloy.
In the second stage, a thin barrier layer breakdown and fine spark
discharges appear. The voltage of the alloy treated in the alkaline
silicate electrolyte is higher in the first two stages, and the rate of
the voltage in the previous two stages is faster than the alloy
treated in the alkaline silicate electrolyte with the addition of
tungstate. In the third stage, the moving spark changes in shape,
size, density and color. The increased rate of voltage for the alloy
treated in the alkaline silicate electrolyte with the addition of

tungstate is higher and the period of third stage is much longer
than that of the alloy treated in the alkaline silicate electrolyte.
We speculate that a thicker coating should be obtained by using
tungstate as an additive. In the fourth stage, the large spark
discharge is transferred to fine spark discharge and the number of
spark discharges increases on the entire sample surface. The
voltage increases from 366 to 379 V for LA141 alloy treated in
alkaline silicate electrolyte. However, the voltage change is 8 V
(from 479 to 487 V) for LA141 alloy treated in the alkaline
silicate electrolyte with the addition of tungstate. After 9 min
treatment, the whole sample surface is covered by golden sparks.
The discharge sparks behavior of the PEO coating prepared in
the alkaline silicate electrolyte without the addition of tungstate is
different from our previous work.>' The main reason is due to the
different content of Li in the alloy substrate. When LA141 alloy
is immersed in the electrolytes and acts as anode, Li composi-
tions on the surface of alloys would be first oxidized and dissolved
into the electrolytes. It is difficult to form uniform anodic
oxidation coatings on the surface of the alloys due to the release
of reactive Li compositions into the electrolytes. The addition of
corrosion inhibitor tungstate is favorable for the formation of
passive film on the surface of LA141 alloy, which is essential for
the formation of oxide film under the applied voltage. Our
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Figure 7. Cross-sectional FE-SEM images of PEO coatings formed in an alkaline silicate electrolyte (a) without and (b) with the addition of tungstate.
The backscattered electron images of PEO coatings formed in an alkaline silicate electrolyte (c) without and (d) with the addition of tungstate.

experimental results indicate that the plasma discharge behavior
of the alloy treated in the alkaline silicate electrolyte without the
addition of tungstate is much fierce than that with the addition of
tungstate. As proposed by Nie et al,** strong discharges would
make the coating more porous and elimination of strong discharges
may facilitate the formation of inner layer with denser micro-
structure and less porosity. This implies that the addition of
tungstate in the electrolytic solution may have impact on the
PEO process and subsequently affect the formation and char-
acteristics of the oxide coating.

3.2. Effect of Oxidation Time on PEO Coatings. 3.2.7. Mor-
phology Characteristics of PEO Coatings Formed at Different PEO
Times. We investigate the structure of PEO coatings formed at
different PEO times with scanning electron microscopy and TF-
XRD. Figure 2 shows the SEM images of PEO coatings prepared
in an alkaline silicate electrolyte with the addition of tungstate at
different PEO times.

As shown in Figure 2a, only parts of the substrate is covered by
porous PEO coating after PEO process of 30 s; traces of the
polishing scratches before the PEO process are clearly observed.
When PEO time attains 90 s (Figure 2b), nearly all the surface of
the substrate is covered by a porous ceramic coating, and the
grinding cracks have almost disappeared. As the oxidation time
increase, the size and density of pores increase as well (Figure 2c).
Figure 2d shows the SEM image of the coating obtained at 600 s. In
compared with the PEO treatment of 180 s, the average size of the
micropores increases and the number of micropores decreases,
which is a typical morphology of PEO coating.

3.2.2. Phase Compositions of PEO Coatings Formed at
Different PEO Times. TF-XRD patterns of PEO coatings formed
in an alkaline silicate electrolyte with the addition of tungstate at
different PEO times (30's, 90 s, 180 s, and 600 s) are shown in
Figure 3. When the PEO time is 30 s (Figure 3a), the diffraction
peaks of 3 phase originating from the alloy substrate are still very
strong, we can only observe weak diffraction peaks of Mg,SiO,
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Figure 8. TF-XRD patterns of PEO coatings formed in an alkaline
silicate electrolyte without (a) and with (b) the addition of tungstate.

and MgO in the TF-XRD pattern. The process of plasma
electrolytic oxidation is actually the plasma discharge process,
the temperature in the microdmain of discharge can reach
2000 °C, and the instantaneous pressure is about 100 MPa.
First, Mg and Li element in the alloy substrate melt under high
temperature and pressure produced by plasma discharge, then
molten Mg and Li react rapidly with the oxygen atom on the
surface of alloy and form MgO under the cold quenching of
electrolyte. Subsequently, deposited MgO remelt and react with
SiO3 ™ to produce Mg,SiO, As the oxidation time increases, the
intensity of peak of MgO increases and the intensity of 3 phase
decreases. Because of the short oxidation time, the coatings
produced after 90 and 180 s treatment are still thin, X-rays can
easily penetrate the ceramic coatings to the substrate; therefore,
the diffraction peaks of 8 phase come from the LA141 alloy
substrate are still strong. After a PEO treatment of 600 s, as
shown in Figure 3d, diffraction peaks of Mg,SiO4 and a new
phase of WO; can be clearly detected.
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Figure 9. XPS spectra of PEO coatings formed in an alkaline silicate electrolyte without (a, the survey spectrum; c, the specific spectra of O 1s) and with
the addition of tungstate (b, the survey spectrum; the specific spectra of d, O 1s, e, Si 2p, f, Mg 2p and g, W 4f). The black lines are XPS data. The green
curve is the fitting of experimental data for coating, which can be decomposed into a superposition of two peaks shown as blue curves.

3.3. Morphology Characteristics of PEO Coatings. Figure 4 the rough PEO coating prepared in an alkaline silicate electrolyte

shows the surface morphologies of the PEO coatings formed in without tungstate. Pores of different size range (0.7 to 4 m) and
alkaline silicate electrolyte without tungstate (a, b) and with shapes imply that different discharge types including strong,
tungstate addition (c, d). We notice that a large number of moderate and small contribute to the formation of oxide coating.
pancake-like or lenticular-like micropores arrange disorderly on The appearance of some microcracks is probably due to the
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thermal stress generated under high temperature and high
pressure. After introducing tungstate into the electrolyte as an
additive, the morphology of PEO coating undergo dramatic
change and a smoother and denser oxide coating with smaller
micropores (1 to 2.5 #m) is formed. Besides, we cannot observe
the existence of microcracks. Obviously, the evident morphology
change can be related to different discharge behavior in the two
kinds of electrolyte. Furthermore, we can tune the anticorrosion
properties by adjusting the component of electrolyte. The results
demonstrate that addition of tungstate into the electrolyte can
favor the formation of a relatively uniform coating with less
structure imperfections, which is consistent with the analysis of
voltage—time curves.

The elemental mappings of PEO coatings formed in an
alkaline silicate electrolyte without and with the addition of
tungstate obtained by energy disperse X-ray analysis spectroscopy
are presented in Figures S and 6, respectively.

It can be seen from Figure S that Mg, O, and Si signals from
sample distribute uniformly on the surface of LA141 alloy. After
introducing tungstate into the electrolyte, it can be seen that W
signal from the sample is existent (Figure 6). It indicates that both
substrate and species in the electrolyte take part in the reaction in the
discharge channel and contribute to the formation of the coating.

Cross-sectional FE-SEM images of coatings formed in an
alkaline silicate electrolyte without and with the addition of
tungstate, formed in consequence of melting by plasma dis-
charges and instantaneous quenching by the electrolyte, and
integrated firmly due to sintering effect, onto the LA141 alloy
substrate are shown in images a and b in Figure 7, respectively. It
can be seen that the PEO coating is composed of an inner layer
and an outer porous layer, the boundary between two layers is
clear as shown in the backscattered electron images (Figure 7c,d).
And there are micropores and microcracks in the cross-section
images, but these micropores and microcracks are not connected
each other or perforated through the entire oxide film, which
reveals high bonding strength between them. The thickness of
two coatings shown in the cross-sectional images is approxi-
mately 12 and 22 um, respectively, which corroborate the data
obtained from the thickness probe. After introducing tungstate into
the electrolyte, the thickness of coating increases obviously, the
micropore decreases in size and number, a denser oxide coating
with less structure imperfections is obtained. The improve-
ment of microstructure can efficiently enhance the corrosion
resistance of PEO coating.

3.4. Phase Compositions of PEO Coatings. TE-XRD pat-
terns of the PEO coatings are shown in Figure 8. It is clearly
shown that the PEO coating prepared in an alkaline silicate
electrolyte is mainly composed of Mg,SiO4 and MgO, and strong
diffraction peaks of 8 phase from the substrate are evident. This can
be explained by the penetration of X-ray into substrate due to a thin
coating (12 um) as shown in Figure 7a. Although the diffraction
peaks of WOj; are detected in TF-XRD pattern of PEO coating
formed in an alkaline silicate electrolyte with the addition of
tungstate. As the intensity of 8 phase decreases, diffraction peaks
of MgO and Mg,SiO, are detected due to the formation of PEO
coating. The formation of the WOj5 results from the reaction of
WO; ™ ions in the discharge channels, as suggested by Zheng et al.**

2WO,™ —4¢ — 2WO; + O, 1

3.5. Chemical Compositions of PEO Coating. The XPS
survey spectrum (Figure 9a) shows that the PEO coating formed
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Figure 10. Potentiodynamic polarization curves of LA141 alloy sub-
strate (a), PEO coatings formed in an alkaline silicate electrolyte without
(b) and with (c) the addition of tungstate.

Table 1. Electrochemical Parameters Related to Potentio-
dynamic Polarization Curves

sample Ecore (V) icore (A/cm?) R, (Q)
LA141 alloy —1.604 71x10°* 92
without tungstate —1.490 20x107° 2381
with tungstate —1.402 88 x10°° 4243

in the alkaline electrolyte without the addition of tungstate is
mainly composed of Mg, Si and O. The XPS survey spectrum
(Figure 9b) indicates that the PEO coating formed in the alkaline
electrolyte with the addition of tungstate is mainly composed of
Mg, Si, O, and W. The O 1s XPS spectra of two coatings show
dramatic differences (Figure 9¢,d), the single O 1s peak at 531.75 eV,
typical for Mg,SiO, and MgO, can be resolved into two peaks at
about 531.75 and 530.80 eV. The O 1s peak around 531.75 eV
corresponds to Mg,SiO4 and MgO, and 530.80 eV corresponds
to WO;. The photoelectron peaks of Si 2p, Mg 2p, and W 4f are
shown in Figures 9e—g, respectively. The Si 2p peak at 102.34 eV
associates with Mg,SiO4. The XPS spectra of Mg 2p around
49.92 and 51.50 eV correspond to MgO and Mg,SiOy, respec-
tively. The binding energy peaks located at 35.50 and 37.61 eV
are attributed to spin—orbit splitting of the W 4f components
(W 4f,,, and W 4f5,), which are in good agreement with those
of tungsten (V1) trioxide power.** The XPS results are consistent
with the TF-XRD results above.

3.6. Anti-Corrosion Analysis of the PEO Coatings. Antic-
orrosion behavior of LA141 alloy and PEO coatings formed in an
alkaline silicate electrolyte without and with the addition of
tungstate are evaluated by potentiodynamic polarization in 3.5 wt %
NaCl solution. In a typical polarization curve, lower corrosion
current density, positive corrosion potential and higher polariza-
tion resistance correspond to lower corrosion rate and better
corrosion resistance of the coating. The obtained potentiody-
namic polarization curves and related parameters including the
corrosion potentials (Ecorn), corrosion current densities (icoy)
and polarization resistance (R,,) are shown in Figure 10 and
Table 1, respectively.

From Figure 10 and Table 1, the corrosion potential of the
PEO coating prepared in an alkaline silicate electrolyte shifts
about 114 mV in a positive direction, the corrosion current
density decreases approximately 1 order of magnitude and the
polarization resistance increases about 1 order of magnitude
compare with the LA141 alloy substrate. However, after the PEO
treatment in an alkaline silicate electrolyte with the addition of
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Figure 11. Photos and SEM images of PEO coatings formed in an alkaline silicate electrolyte without (a, b) and with (c, d) the addition of tungstate after

potentiodynamic polarization test.

tungstate, the corrosion potential of the PEO coating shifts 202 mV
in a positive direction. The corrosion current density decreases
about 1 order of magnitude and the polarization resistance
increases from 2381 Q to 4243 Q compared to the PEO coating
formed in an alkaline silicate electrolyte. The experimental
results clearly elucidate that the anticorrosion properties of the
LA141 alloy substrate are improved greatly by the PEO coating
formed in an alkaline silicate electrolyte with the addition of
tungstate.

3.6. Surface Morphology Characteristics of PEO Coatings
after Potentiodynamic Polarization Test. As depicted in
Figure 1la, after a potentiodynamic polarization test there is
some evident corrosion damages of the PEO coating formed
without the addition of tungstate. A higher magnification micro-
graph (Figure 11b) also demonstrates severe localized corrosion
damages of this film. Two corrosion pits with diameter of 484
and 288 ym are observed and many microcracks distribute on the
corrosion pits. However, the addition of tungstate into the
alkaline silicate electrolyte results in a PEO coating without
significant corrosion damage as displayed in Figure 11c. Only
a small sector is observed on the SEM image of the PEO
coating formed with the addition of tungstate after a poten-
tiodynamic polarization test (Figure 11d). The difference in
corrosion morphologies could be ascribed to different proper-
ties and structure of the PEO coatings. The main corrosion
type of the two kinds of PEO coatings in chloride containing
solution is pitting corrosion. The pitting corrosion is induced
when the corrosive intermediate (C1™) transfers through the
porous PEO coating and arrives at the substrate. The corro-
sion pits on the PEO coatings are due to the corrosion
products moving away from the coating and substrate into
the NaCl solution.

4. CONCLUSIONS

We have obtained an anticorrosion and uniform ceramic
coating mainly composed of MgO, Mg,SiO, and WO3 on the
superlight LA141 alloy via PEO technique in an alkaline silicate/
tungstate electrolyte. The corrosion resistance of PEO coating
has been improved significantly using tungstate as additive in the
electrolyte, which is probably due to the formation of thermo-
dynamically stable Mg,SiO4 and WOj3 phase and substantial
morphology and microstructure change of coating. The corro-
sion type of the PEO coating in a chloride containing solution is
pitting corrosion. This method offers distinct advantages over
other techniques in that it is reproducible, compatible with a
variety of substrate types, and potentially scalable for industrial
applications.
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