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The yttriumbased rare earth conversion coating on the surface of AZ91D magnesium alloy was
prepared and posteated by simple immersing in solution of yttrium nitrate (Y@x¢pand silica sol.

The micremorphology, transverse section and composition of the coatings were investigated by
scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS}ragdootoelectron
spectroscopy (XPS), respectively. The corrosion resistance was assesseth®yhpotentiodynamic
polarization curves, immersion testing and electrochemical impedance spectroscopy (EIS). The results
show that the coatings mainly composedf Y203, YOx/y, Al.Oz and MgO, and the posteated
yttrium-based rare earth conversion i@ was homogeneous and uniform in morphology. The
corrosion resistance capability of the coated AZ91D magnesium alloy was obviously improved
compared with the bare one. The corrosion potermafted positively about 230 mV, anihe
corrosion current desity decreased about two orders of magnitude.

Keywords: yttrium-based conversion coating; AZ91D magnesium alloy; rare earthineasinent;
corrosion resistance

1. INTRODUCTION

Mg is the lightest structural metallic material with many excellent ptigse such as low
density, good casting ability, favorable fmompatibility etc.[1], and there is a growing interest in
applying it in many fields including electronics, automobile and aerospace industries. One of the
biggest disadvantages of magnesiamd its alloys is their poor corrosion resistance in even mild
environments, which seriously limits their applications in diverse fields [2,3]. Surface modification
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treatment is one of the most promising methods to solve the corrosion problem of Mg aluysts
The protection layer can be conversion coatings or coatings prepared through anodizing, vapor phas
deposition, spinning organic coatings and ele@ss plating etc. [43]. Among these methods,
coatings prepared by chemical conversion treatrhaeme attracted much attention for its low cost,
uniform deposition structure, and simplicity in operation. The conventionally used conversion coatings
are usually based on chromium compounds that have been proven to be highly toxic carcinogens
Therefore,it is imperative to develop new environmédmnendly conversion treatments for Mg alloys.
The rare earth based conversion coatingslfddare considered to be one of the best candidate for
replacing the hexavalent chromium compounds for its low tox[di#18]. In previous works, the
addition of rare earth La and Ce were widely adopted to improve the corrosion resistance capability of
Mg alloys, Al alloys and Zn alloys [121]. But there are few reports about the application of other
rare earth elementsuch as Y, Gd and Nd in preparation of chemical conversion coatings. Besides,
there are large amount of mieooacks in the rare earth elemdraised conversion coatings, and which
seriously decrease the corrosion resistance capability of the coating3].[Zhal etc.[24] improved
the corrosion resistance of the AZ31 magnesium alloy by simple stanniteqaistent, and Sajel
technique [2528] was also used to seal the micracks of the conversion coating, which have a
positive effect on the interlay.

In present work, the yttriurbased rare earth conversion coating on AZ91D Mg alloys was
fabricated firstly, and then pestated by simple Sisol sealing technique to heal the micracks
on the coating. The microstructure, chemical compositiohtl@ corrosiofresistance capability of the
asprepared conversion coatings and after crackediation were investigated, and the formation
mechanism of the anticorrosion coatings on the Mg alloys was discussed.

2. EXPERIMENTAL

2.1 Materials and coatig preparation

The substrate material used in present study was AZ91D magnesium alloy with a chemical
composition of Mg9.2Al-0.5Zn (wt. %). The samples were first polished using wateof abrasive
paper from 180 down to 2500 grits, and then a diamostep#3 . 5 e m. After pol i s
were degreased in absolute ethanol in an ultrasonic bath for 15 &l the samples were dipped
into a HNQ (0.8%) aqueous solution for 15 s and subsequently dipped into a 40% HF aqueous
solution for 30 s to increagbe adhesion of the coating and substrate. Between each step, the samples
were rinsed with distilled water in ultrasonic bath for 5 min to remove all the residues on the surface of
the samplesandthendried in a stream of cold air.

The yttriumbased rar@arth conversion coatings on the samples were prepargdnigrsing
in 10 g/L yttrium nitrateY(NOs)z solution at 30N for different time and he reaction vessel was
placed in a magnetic stirring apparatiging coating preparatioif henthe samples were thoroughly
rinsed with deionized water and dried in cold Airlast, thesampleswhich were coated with yttritim
based rare earth conversion coatingsre dipped ima 30% masdractionof silica sol solution and
naturally dried in air for 24 followed byheatng at 2503 for 2 hto seal the cracks on the coatings
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2.2 Characterization

The micremorphology and the @mical composition of the coatings were examined using a
scanning electron microscopy (SEM, Quanta,-#&0) equipped with Oxford Xay energy dispersive
spectrum (EDS). The chemical composition of the coating was probed usingagnpkotoelectron
specto scopy ( XPS, Physical Electronics, Ther mo
monochromatic source, and all spectra were corrected using the signal of C 1s at 284.8 eV. The
electrochemical test was conductegsing aMetrohm Autolabelectrochemical wdkstationin a three
electrode cell composed of a reference electrode (a saturated calomel electrode), a counter electrode
platinum foil) and a working electrode. The area of the working electrode was Z.0Et&
measurements were carried out at a @edarrosion potential in a frequency range fronf Hx to 16
Hz using a 10 mV amplitude perturbation. The potentiodynamic polarization curves were performed at
a scanning rate of 1 mV/s. The corrosion environment was simulated by 3.5% NaCl solutiom at r
temperature. The immersion test was conducted in an aquarium filled with 3.5% NaCl solution for 72h
at room temperature, and consequently, the samples were washed by.03%oition for about 10
min and rinsed with demineralized water and driecbid air.

3. RESULTS AND DISCUSSION

3.1. Formation process of yttrittmased conversion coating

Fig.1 shows the SEMurface morphologgf the coatinggmmersedn 10g/L Y(NGs)zat 30N
for differenttime. It can be seen that the precipitates first deposited at the sites of eroding pits, as
shown in Fig.1la. When the immangitime was increased to 10s, the sizé the white products
increased accordingly (Fig.1b), and #eding pits were gradually covered by the precipitate when
immersed in the solution for 30(Eig.19. When the immersing time was increased to 5 nomes
spherical particles were formed and some surface areas were completely covered by the coating
(Fig.1d). When themmersion time was further prolonged to 20 min, a uniform conversi@ting
coveredthe whole surface of the samgkgg.1e)butthe coating was very thids shown in Fig.1f the
coating becameniform and thickerwith immersng time incressed, and someide crackswvere also
formed on the coating.
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Figure 1. SEM Morphology of the yttriurbased rare earth conversion coatirgs AZ91D
magnesium alloy immersed &0 g/L Y(NQOs)s solution at 30N for time of (a) 5s, (b) 10s, (c)
30s, (d) 5m, (e) 20min and (f) 50min
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Figure 2. EDSmicro area scanning reswif yttrium-based conversion coatiogn AZ91D magnesium
alloy immersed inl0 g/L Y(NGs)s solution at 30N for 50 min {ndicated by yellow box in

Fig.1f)

The whole coating growing prose was similar to the neodymidipased coating [29], cerium
conversion coating [30]t is considered that the crackermed onthe conversion coating is induced
by hydrogen evolution and high inner stressreported imeference[15] and[31]. Fig.2 showsghe
EDS spectra of the coating Igicro areascanning along the yellow kan Fig.1f. The EDS results
show that the coating was mainly composed element of Y, O, Al an&XRIg.analysis was performed
to evaluate the composition of the surface of the cgaths shown in Fig.3, XPS survey spectra
detected Y, O, Mg, and Al peaks, which is in accordance with the EDS results. As shown in Fig.3a, the
Y 3d peak can be decomposed into three peaks, which can be assigned to Y 3d3/2 and Y 3d5/2. The*
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3d3/2 and Y 3dR peaks were measured at 158eV and 158.95eV, which can be attributédaa],y
which indicates that the conversion coating consists of YOx/y atd.YThe O 1s peak was detected

at 531.3eV in Fig.3b, which is assigned drides The Al 2p peak showed iFig.3c reflects the
formation of AbOs. The high resolution spectrum of Mg 1s is corresponding to MgO. All these results
reveal that the yttrium conversion coating is mainly composed0%,YY Ox/y, Al.Osand MgO. The

XPS results are consistent with ttesults of SEM and EDS.
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Figure 3. Decomposed XPS spectra of yttrithased conversion coatimgn AZ91D magnesium alloy
immersed inL0 g/L Y(NGs)s solution at 30N for 50 min

The formation mechanism of the coating layer is related to the electrochemical reaction on
met al surface. The st an darMyphdseis muchohgleetinan tha of p «
t h eMg phase[32,34], which makes the Mgich phase in the substrate act as an active anode, and
the Ar i ch b phase act as an active <cathode in
dissolution of the Mg, and the cathode reaction is the reduction® gfcebrding to the following
eguations:

Anode reaction: Mg- Mg* +2e (1)
Cathode reaction:  H,O0+2e - 20H +H, (2)

Therefore,Y?*, Mg?" and AI®* which were known as the main active ioasists in the ligid
layer of the alloy surface. The abereentioned reactions result in an increased Gdhcentration.



Int. J. Electrochem. Sci., Vol. 12017 37¢

The increased pH value of the local cathode sites between the substrate and the solution leads to tf
formation of the metal hydroxides. When the pHueain the solution rises to a certain value, hydrates
coating will deposit on the sample surface. During the competitive reactions betweamAF",

Y3*ions, and M§'ions, the Af* and Y**ions are more favorable to form hydroxides and deposit on
the surface, because of the solubility of aluminum hydroxide, magnesium hydroxide and yttrium
hydroxide is 1.3x10%, 5.61x10" and 1.0x13? respectively. The forming reactions of the coating
layer are as follows:

Y* +30H" - Y(OH), « A3)
Mg? +20H " - Mg(OH), « )
AI* +30H " - AI(OH), « (5)

The decomposition will occur when the composite conversion coating is exposed tg].air [3
Therefore, it can be concluded that the yttrium conversion coating on the AZ91D alloy consists of
yttrium oxde, aluminum oxide and magnesium oxide, as confirmed by the above experimental results.

3.2 Posttreatment of yttriurbased conversion coating

Figure 4. SEM surface mrphology of the coatingn AZ91D magnesium alloy immersed 10 g/L
Y(NO3)3 solution at 30N for 50 min, therdipped in 30% masdgractionof silica sol solution
andnaturally dried in air for 24 followed byheaing at 2503 for 2h

The posttreatment was carried out by immersing the Mg alloy with the conversion coatings
into a silia sol solution to heal the cracks formed within the coatings, which may further improve the
anticorrosion property of the yttrium conversion coating by preventing the etchant penetrate through
the conversion coating laygB6]. The morphology of the conk&on coating after the silica sol
treatment is shown in Fig.4. Table 1 lists the quantitative analysis of the chemical composition of the
conversion coatings after silica sol treatment determined by EDS marked in the area of Fig.4. It can be
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found that tle coating is composed of elements of Mg, Si, Y, O and Al, Which means that the silica sol
solution can seal the cracks and pores very well.

Table 1. EDSaomic ratios (at.%df correspondingnarked positionsn the surface coating 8iZ91D
magnesium alloymmersed in10 g/L Y(NQs)z solution at 30N for 50 min, thendipped in
30% masdractionof silica sol solutiorand naturally dried in air for 24 followed by heatng
at 2503 for 2h

Location Mg (at.%) Si (at.%) O (at.%) Y (at.%) Al (at.%)
A 35.22 7.76 51.78 2.87 2.37
B 32.89 49.45 14.65 0.20 2.80

Fig.5 shows the morphology of the transverse section of the ytbasad conversion coating
and the sample treated in the silica sol solution. Fig.5a demonstrates that numerous cracks exist on th
surface of the aprepared conversion coating, i can behave as corrosion source when the alloy is
exposed to etchant. After immersing the conversion coating into the silica sol solution, the cracks are
filled with SiO, and no crackghrough the coatingcan be observed. The white area is yttrium
convesion coating and the gray one is &i0he structure of the coatings protect the magnesium
alloys from the corrosion medium in ambient. In general, the interlayer nearby the substrate would
avoid the corrosion of magnesium alloys. The outer layer carttseahicrepores and micra@racks
formed within the chemical conversion coatings. Thus, the silica sol treatment of the conversion
coatings willdramaticallyimprove the corrosionesistance capability of the magnesium alloys.

____—LCoating

Figure 5. SEM Transvese sectioal morphology of (a) the yttrium-based conversion coating
immersed in10 g/L Y(NGs)s solution at 30N for 50 min and (b) the yttrium-based
conversion coatindipped in 30% masdractionof silica sol solutiorandnaturally dried in air
for 24 h followed byheaing at 2503 for 2h
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3.3 Corrosion resistance of the pdstated conversion coating

The cathode reaction in the polarization curves corresponds to the evolution of the hydrogen.
The anodic polarization curve shows important featuredelto the corrosion resistani&s]. Fig.6
shows the polarization curves of the blank samfile yttriumbased conversing coating and the
yttrium-based conversing coating after treatment by the silica sol solution in 3.5 wt.% NaCl solution at
room tempeature. It can be found that the hydrogen evolution rate decreased seriously after the
treatment of the conversion coating on the AZ91D magnesium alloy with the silica sol. The corrosion
current density of the bare alloy increased sharply with the inogegmtentials, indicating the
corrosion of the magnesium substrig8] and the conversion coatinth a typical polarization curve,
low corrosion current densities correspond to good capability of resisting corrosion. It can be found
from the polarizatiorcurves in Fig.6 that the silica stveated coating slows down the corrosion rate of
the conversion coating by inhibiting both the cathodic hydrogen evolution and the anodic dissolution
reactions. The & and korr 0f the AZ91D magnesium allpyhe yttium-based conversion coatignd
the silica sokreated coating were presented in Table 2. Thedf the silica sctreated coating is
about 5.821EA A c?nwhich decreased the corrosion current density about two orders of magnitude
compared with the Ia alloy and the yttriurrbased conversion coatin@ontrarily, theEcor Of the
silica sottreated sample is significantly shifted positively by about 230 mV compared to the AZ91D
magnesium alloy, which means that the conversion coating after the siliteeament has better
corrosion resistanceThis is contributed to the remediation of the cracks by.Si€dfectively
prohibiting the magnesium alloy from contacting the etchant medium.
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Figure 6. Potentiodynamic curves of (a) bare samfthe coaings preparéin 10g/L Y(NGs)zat 30
N for 50minand (c)yttrium-basedconversioncoatingdipped in 30% masdgractionof silica
sol solutionandnaturally dried in air for 24 Followed byheatng at 2503 for 2h
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Table 2. Tafel fitting results of thgotentiodynamic curves ifig.6

Material Ecorr(MV) lcorr/ (A/CIT?) bc(mV/dec)
The bare AZ91D magnesium -1600 7 025E5 256.1
alloy
Conversion coating -1460 5.880E-5 189.5
Theyttrium-based coating post 1370 5 821E7 164.8

treated with the silica sol

To evaluate the corrosion resistan@pability of the AZ91D magnesium allpyhe yttrium
based conversion coatimgnd the sample covered by the conversion layer after treatment by the silica
sol solution, electrochemical impedance spectroscopy (EIS) was conducted after the stabilizagion of th
OCP immersion in 3.5 % NacCl solution at room temperature. As Nyquist plots shown in Fig.7, the
bare alloy the yttriumbased conversion coatiragnd the sample with the silisol treated conversion
coating show two capacitive loops at high and mediurquieacies and an inductive loop at low
frequencies, which means the same corrosion mechanism existed for both specimens. It can be see
that the obvious differencamongthe blank samplethe yttriumbased conversion coatirgnd the
posttreated sample ithe size of the capacitive loop. The impendence of this capacitive loop of the
posttreated sample exhibits an increase of 5x compared to AZ91D magnesium alloy substrate. The
EIS plots in Fig.7 clearly reveal that the total impedance value of the sampléhevgilicasol treated
conversion coating is much higher than the bare alog the conversion coatinginderlying the
former one has a better corrosion resistance than the blank sample.
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Figure 7. EIS spectra of (a) bare sample andt{i® coatinggprepare in 10g/L Y(NGs)zat 30N for
50min and (c) yttrium-basedconversioncoating dipped in 30% masdractionof silica sol
solutionandnaturally dried in air for 24 followed byheatng at 2503 for 2h

Fig.8 shows the morphology of the bare allagd the sample with the silisol treated
conversion coating after immersing in 3.5% NacCl solution for 72h at room temper&emeral
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corrosion and pitting corrosion were reflected in the immersion environi3@ntit was seen that the
micro-structureof the conversion coating is porous, loose and uniform in Fig. 8a. The bare alloy could
not provide an effective corrosion protection in the corrosive solutions. Whereas, on the surface of the
sample with the silicgol treated conversion coating, the guéar grids without deep holes appear in
some area, while other areas are still intact, reflecting a superior capability of corrosion resistance. The
results of the immersion tests further consolidate the results of the electrochemical tests.

Figure 8. SEM surface morphologgf the samplesmmersed in the 3.5%NaCl solution for 72h (a)
bare sample and (khe yttrium-basedconversioncoating dipped in 30% masdractionof
silica sol solutiorandnaturally dried in air for 24 Followed byheaing at 2503 for 2h

4. CONCLUSIONS

A compact yttriumbased rare earth conversion coating on the AZ91D Mg alloy was prepared
by simply immersing in a solution of yttrium nitrate firstly and then in a silica sol solution. The results
are summarized as followgn

(1) Under the optimal preparation process, the yttrhamsed conversion coating is mainly
composed of ¥Os, YOx/y, Al20s and MgO.

(2)The electrochemical tests and the immersion test show that the siliraaget yttriurrdbased
conversion coating gatly improved the corrosieresistance of the AZ91D Mg alloy. The corrosion
potentialshifted positively about 230 mV anlde corrosion current density decreased about two orders
of magnitude.
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