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ABSTRACT

Herein, we have reported formulation of MoOj; and Y,0; coatings over AZ31 alloy using organic binder. The coatings
were characterized using X-ray diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), Raman
spectroscopy and Field Emission Scanning Electron Microscope (FESEM). The results indicate that the powders exhibit
high crystalline nature. The electrochemical polarization studies were conducted using three electrode systems in 3.5%
NaCl electrolyte. The corrosion resistance was examined using electrochemical impedance spectroscopy technique. The
uncoated AZ31 alloy exhibited the corrosion potential (E,,,) of -1.7 V (SCE) and corrosion current density of 3.4 x 10
mA/cm’. Similarly, the MoO, coated AZ31 alloy showed the corrosion potential (E,,) of -1.5 V (SCE) and corrosion
current density of 3.73 x 10" mA/cm’. Further, the Y,O; coated AZ31 alloy showed the E_ of -1.3 V (SCE) and
corrosion current density of 1.28 x 10" mA/cm’. Similarly, the impedance analysis also provides strong evidence that

corr

the Y,0; coated AZ31 alloy exhibited higher corrosion resistance among all the samples. From the results, it is evident

that the Y,0; coated AZ31 alloy showed enhanced corrosion protection properties.
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1. INTRODUCTION

Magnesium and its alloys demonstrated excellent
performance in aerospace applications due to their low
density and high strength. Nevertheless, magnesium and
its alloys suffer high corrosion due to more negative
electromotive force and hence, they undergo corrosion
in aqueous mediums [1-4]. In this view, the research has
been focused on the enhancement of corrosion
resistance [5-12]. Many attempts have been directed on
the development of surface coatings, where the
application of coatings has demonstrated as an excellent
method to improve the corrosion resistance of
magnesium and its alloys [13-15]. However, still much
scope is yet to be done in the direction to improve the
corrosion resistance of magnesium alloys. The surface
and interconnected porosity play a vital role in
determining the corrosion rate of inorganic coating and
it is evident that the porosity of the coatings should be
low to achieve higher corrosion protection.

Herein, we have formulated MoO; and Y,0; coatings
over AZ31 alloy using organic binder. The organic
binder provided porous (inter connected) free coatings.

The electrochemical  polarization — studies were

conducted in 3.5% NaCl electrolyte using three
electrode systems, where platinum foil as counter,
saturated calomel electrode (SCE) as reference and
AZ31 alloy (with and without coatings) employed as
working electrode. The uncoated AZ31 alloy exhibited
) of -1.7 V (SCE) and
corrosion current density of 3.4 x 10* mA/cm’.
Similarly, the MoO; coated AZ31 alloy showed the
corrosion potential (E_,.) of -1.5 V (SCE) and corrosion
current density of 3.73 x 10" mA/cm’. The Y,O,
coated AZ31 alloy showed the corrosion potential (E

the corrosion potential (E

COIT,

Corr)

of -1.3 V (SCE) and corrosion current density of 1.28 x
10" mA/cm’. This work paves new pathways to
improve corrosion resistance of AZ31 alloy.

2. MATERIAL AND METHODS

2.1. Chemicals

Yttrium(Ill) nitrate  hexahydrate (Y(NOj;);'6H,0,
99.8%, CAS No: 13494-98-9), Ammonium hepta-
molybdate ((NH,),Mo,0,,), Sodium hydroxide (NaOH,
CAS No: 1310-73-2), Poly(ethylene glycol) (PEG;,
Bioultra 8000, CAS No: 25322-68-3) and Nitric acid
were purchased from Sigma Aldrich.
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2.2. Synthesis of MoO;

The MoO; nano-particles were synthesized by
hydrothermal route. In brief, ImM of Ammonium
heptamolybdate ((NH,),Mo0,0,,) was dissolved on
distilled water under stirring, to this, nitric acid (2M)
was added drop wise and the resultant solution was
transferred to hydrothermal Teflon lined autoclave and
kept in furnace at 180°C for the period of 10 h. The
resulted solution was centrifuged and dried for
characterization.

2.3. Synthesis of Y,0,

The Y,0; nano-particles were synthesized by hydro-
thermal route. In brief, ImM of Yttrium(IIl) nitrate
hexahydrate was dissolved on distilled water under
stirring, to this, NaOH solution (pH=~12) was added
drop wise and the resultant solution with precipitation
was transferred to hydrothermal Teflon lined autoclave
and kept in furnace at 180°C for the period of 10 h. The
resulted solution was centrifuged and dried for
characterization.

2.4. Sample preparation

The electrochemical polarization study samples were
fabricated with the following procedure. First, the small
samples were cut into 12 x 12 x 5 mm in size using wire
EDM. Before the development of coatings over alloy
samples, the samples were undergone metallurgical
polishing using SiC grit emery papers, from 200 to 1200
grit papers, and finally 0.5 microns cloth polishing.
Further, the samples were washed and dried at room
temperature.

First, PEG was dissolved in anhydrous ethanol for 10
min at 50°C and mixed with synthesized MoOj; and
Y,0; (separately) powders till homogenous mixture and
kept in oven for 12 h and the resultant was applied on
AZ31 alloy using doctor blade method

2.5. Electrochemical experiments

The electrochemical polarization of uncoated AZ31
alloy, MoO; and Y,0; coated AZ31 alloy was explored
in 3.5% NaCl electrolyte using three electrodes system,
where Pt foil as counter electrode, SCE (saturated
calomel electrode) and Mg alloys as working electrode.
Electrochemical impedance was also carried out on the
all the samples using the same system.

3. RESULTS AND DISCUSSION

3.1. X-ray diffraction analysis:

The crystalline nature of uncoated AZ31, MoOj; coated
AZ31 and Y,0; coated AZ31 alloy was analyzed by X-

ray diffraction analysis and presented in figs. 1-3.

The bare or uncoated AZ31 alloy demonstrated the high
crystalline peaks, which were well matched to the
standard JCPDS file no 35-0821, exhibiting hexagonal
crystal structure for Mg alloy (a=b=3.2094 A and
c=5.211A) and belongs to P63/mmc space group. This
analysis is also well matched with reported literature
(16-19].

The MoO; coated AZ31 alloy XRD pattern is shown in
fig. 2. The Molybdenum oxide peaks well matched with
standard JCPDS file no: 05-0508. The pattern exhibit
the planes of (020), (110), (040), (021) indicate
orthorhombic 0-MoO; structure (a=3.9620 b=13.858
¢=3.6970 A) that belongs to Pbnm space group. The
plane (060) indicates anisotropic growth at corner
sharing chains of MoOy octahedra with two similar

chains and forms stoichiometric layers in ac-plane of
MoO; [20-24].
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Fig. 1: XRD pattern of AZ31 alloy
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Fig. 2: XRD pattern for MoO; coated AZ31 alloy
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Further, the Y,0; coated AZ31 alloy XRD pattern is
shown in fig. 3. The diffraction peaks centered at
20.65° (211), 29.30° (222), 33.89° (400), 36.15°
(411) 39.89° (332), 43.59° (134), 48.692° (440), 53.
48° (611), 56.40° (541), 57.90° (622), 59.35° (136),
60.80° (444), 64.80° (127), 71.40° (800), and 72.65°
(811), which are matched well with the standard body-
centered cubic Y,0; (JCPDS card no.88-1040) [25-27].
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Fig. 3: XRD pattern for Y,0; coated AZ31 alloy

3.2. FESEM analysis

The surface morphology of MoO; and Y,0O; coatings are
presented in figs. 4 and 5, respectively. Both the oxide
powders show their individual particles with irregular
shapes or morphology. Some spherical and individual
particles are noticed in the both the images, which are
corresponds to the respective oxide particles.

3.3. FTIR analysis

The Fourier Transform Infrared Spectroscopy (FTIR)
analysis of MoO; and Y,0; were carried out and
presented in fig. 6 and 7, respectively.

Figure 6 shows the FTIR spectrum of MoO; compound.
The peak at 493 cm’' is due to the stretching mode of
Mo-O terminal, while 866 cm™ is attributed to the
bending vibration mode of Mo-O-Mo. The peak at 1522
cm’ is attained due to the C=0 stretching and 3688
cm''is due to the hydroxyl groups in the compound [28-
31].

Similarly, fig.7 shows the FTIR spectrum of Y,O,
compound, where it is noticed that the peaks at 450,
570, 1577, 3040 and 3680 cm™'. The bands at 450, 570
cm’' can be distinguished and corresponds to vibration
Y-O bands in the yttria structure [32-34]. The band at
3040 and 3680 cm’' are attributed to olefinic and
hydroxyl stretching.

L

Fig. 4: Surface morphology of MoO; coated
AZ31 alloy

Fig. 5: Surface morphology of Y,0; coated AZ31
alloy
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Fig. 6: FTIR spectrum of MoO; compound
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Fig. 7: FTIR spectrum of Y,0; compound

3.4. Raman analysis

The Raman spectrum of MoO; compound is presented
in fig. 8. The Raman modes were observed at 115, 160,
285, 335, 375, 470, 666, 820 and 996 cm™'. The peak
at 375 cm ' is attributed to the scissoring of O-Mo-O.
The band at 335cm ' can be assign to O-Mo-O
bending, and 285 cm ' can be assign to O=Mo=0
wagging. Further, the peaks at 666 cm ' are attributed
to  O-Mo-O stretching; the 822 cm 'and 996
cm ' peaks are corresponds to the stretching of terminal
Mo=0 bonds [35-38].
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Fig. 8: Raman spectrum of MoO; compound

The Raman spectrum of Y,0; compound is presented in
fig. 9. The Raman modes were observed at 122, 165,
211, 262, 328, 443, 515, 591, 881 and 971 cm . The
most intense band at 375 cm’' demonstrates the large
polarizability vibration and it is characteristic peak of
cubic yttria. While the rest of peaks represent A, E,

and F, and F, are Raman active of yttria cubic strictures
[39, 40].

Moreover, the disorder-induced peak (1350 cm™) and
graphite peak (1580cm’™"), which are caused by C when
TaC + C phase is formed.
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Fig. 9: Raman spectrum of Y,0; compound

3.5. Electrochemical analysis

Electrochemical polarization studies of uncoated AZ31
alloy, MoO; and Y,0; coatings are presented in figs.
10-12. The electrochemical studies were carried out in
3.5% NaCl electrolyte using three electrode assembly
cell systems. As described in experimental procedure,
pt foil was used as counter electrode, SCE as reference
electrode and coated and uncoated AZ31 alloy as
working electrodes.
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Fig. 10: Open circuit potentials of bare AZ31
and Y,0; coated and MoO; coated AZ31 alloy

The open circuit potentials are considered corrosion
potentials for all the electrodes and the recorded results
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are shown in fig. 10. From the figure, it is noticed that
the uncoated sample exhibited corrosion potential of
1.7 V. (SCE), while MoOj; coated AZ31 alloy
demonstrated corrosion potential of 1.5 V (SCE) and
Y,0; coated alloy showed 1.3 V (SCE) as corrosion
potential. In comparison, the Y,0; coated AZ31 alloy
exhibited more noble shift in open circuit potential than
that of others.
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Fig. 11: Tafel plots of bare AZ31 and Y,0; coated
and MoO; coated AZ31 alloy
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Fig. 12: Electrochemical impedance curves of
bare AZ31 and Y,0; coated AZ31 alloy and
MoO; coated AZ31 alloy

The Tafel plots of uncoated AZ31 alloy and Y,O,
coated and MoOj; coated AZ31 alloy are shown in fig.
11. The calculated corrosion rate are as follows, the
uncoated AZ31 alloy exhibited 3.4 x 10" mA/cm’.
Further, the MoO; coated AZ31 alloy showed the
corrosion current density of 3.73 x 10" mA/cm’ and

in addition to this, the Y,0; coated AZ31 alloy showed

the corrosion current density of 1.28 x 10" mA/cm’.
The EIS images Fig. 12, shows that uncoated AZ31
alloy demonstrated less corrosion resistance, and the
Y,0; coated AZ31 alloy showed excellent resistance,
while  MoO; coated AZ31 alloy demonstrated
intermediate performance.

White et al fabricated TiO, coating over AZ31 alloy
using plasma electrolytic oxidation (PEO), where the
coating demonstrated enhanced corrosion protection to
Mg alloy [41]. The coating showed the noble shift in
corrosion potential upto -1.4 V (SCE) in 3.5% NaCl
electrolyte. Similarly, Chen et al developed MgO,
MgAl,O, and MgSiO; composed coating through
microarc oxidation process and demonstrated that the
ceramic coated sample showed corrosion potential of
~1.5 V in 3.5% NaCl medium [42]. Tan et al
developed Ca-P coatings on AZ31 Mg alloy via chemical
deposition and noticed that Ca-P coating dramatically
decreased the corrosion rates and improved corrosion
resistance. The authors demonstrated the corrosion
potential up to -1.5 V (SCE) in 3.5% NaCl medium
[43]. In this work, the Y,O; coated AZ31 alloy showed
the corrosion potential of ~ -1.3 V (SCE) and corrosion
current density of 1.28 x 10" mA/cm’ in 3.5% NaCl
medium. This work demonstrated enhanced corrosion
protection for AZ31 alloy with proposed coatings in
comparison with literature and paves new pathway for
the corrosion protection improvement of magnesium

alloys.

4. CONCLUSION

The MoO; (molybdenum oxide) and Y,O; (yttrium
oxide) coating was developed on AZ31 alloy using
polymer binder. The uncoated AZ31 alloy exhibited
corrosion current density of 3.4 x 10* mA/cm’. The
MoO; coated AZ31 alloy showed the corrosion current
density of 3.73 x 10" mA/cm’ and the Y,0; coated
AZ31 alloy showed the corrosion current density of
1.28 x 10" mA/cm’. The EIS results also reveal the
same trend and the Y,0; coated AZ31 alloy

demonstrated higher corrosion resistance than of bare
and MoO; coated AZ31 alloy and bare AZ31 alloy
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