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A plasma electrolytic oxidation (PEQ)eramic coating FB-A with excellent compachess was
prepared omagnesium alloy AZ91D in acidi€F solutionwith dihydric phosphatéy applying abi-
polar pulsevoltage.For comparison, twather coatingskF-M and F-M-A were preparedn the same
solutionwith and withoutaddition ofdihydric phosphatéy applyinga moro-polar pulsevoltage. The
compositionand microstructure of the coatinggere characterized bXRD, XPS andSEM. While
their corrosion performance in 3.5% Naolutionwas examined by potentiodynamic polarizataona
electrochemical impedanapectroscop (EIS). Resultsshowed that he F-B-A coatingwas uniform
and compact without fisses on surface, and itporositywas around.8% while the other coatings
were loose and porousvith porosity around 45% and 27.9% respectively The FB-A coating
showeal a btlayered microstructure, of which the outer consisted mainl{M§F; and Mgk with
seldom MgO, whereas, the innemainly of MgF,, Mg; (PO4), MgHPQO, and little MgO. The
magnesium allowith F-B-A coatingexhibitedcorrosion resistance about thi@eershigher than the
sample with the fM coating EIS testsindicated thatthis bi-layered coatingslowed downthe
penetration rate of chlorine isand postporgtthe initiation ofpitting corrosion on substrate.

Keywords: PEO coatingmagnesium alloyKF based electrolytdipolar modecorrosion behavior

1. INTRODUCTION

Corrosion, particularly galvanic corrosion, is a complicated and serious problem in applications
of Mg and itsalloys [1]. To improve the corrosion resistance, many surface modificatotmiques
have been applied tBlg alloys, such as electrochemical plating, conversion coating, anodizing and
plasma electrolysigxidation PEO) [2-3]. Among these techniques, PEO, as a relatively new and
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effective surface treatment techniqierived fram the conventionahnodic oxidation, has been widely
investigated and used &pplyceramic coatings oNlg alloys. After PEO procesthe wear resistance,
corrosion resistance, mechanical strength and electrical insulation of Mg alloys can be greatly
enharced [35].

In general,the microstructure of PEO coating is composed of an outer porous layer and an
inner barrierlayer. Some literatures repottie composition and quality of thenerbarrierlayer has a
considerable influence on the corrosion resistanf the coatingd]. While the resistance of the outer
porous layer of PE@oatingis too weak in comparison to that of the compact barrier layer, thus it does
not contribute significantly to the corrosion protection of Mg substrate [7]. Insiacemicro pores of
various sizes always existed agidtributeduniformly inside the porous outer layer of PE@ating.
Thesemicro pores, acting as transportation passage for the corrosive ions, thereby, corrosive media
may rapidly enter onto the barrier lays#f PEOcoatingand so thatlecreas largely the protectiveness
of the PEO coatinggt,5]. It is believed that a preparation process can produce acqy@ditly of inner
barrierlayer, andsimultaneouslylower the porosity of the porous layer should bipfaéto upgrade
the corrosion performance of PEO coatings.

The structures of PEO coating on Mg alloy depend on proceganagneterssuch achemical
composition of electrolyte, electric parameters, alloy composition of substrate, pretreatment and post
treatmentetc. Especially, the chemical composition of the electrolyte exerts a considerable influence
on the formation and propertf effective oxide layer for Mg alloy [8]. Therefore, it issignificantto
select propebaseelectrolyte compositiaito improve thecompactnesand itscorrosion resistanoen
Mg alloys of PEOcoating.

Recently many studies concerned withrrosion performance dflg alloys coated with PEO
coatings, and much attentiondizeen paid on the effeof electrolyte composition otne performance
of PEO coatings. Among these studies, weak alkadileetrolyte such as silicate and phosphate
systemsare usually used as base electrolytes, and many additives, suchaasl RAICG* containing
compoundsare adoptedto improve the propeyto f PEO coating. Results
compoundsare the promisingadditivesfor PEO process [3,-80]. Ad di t i o n sdoffornFthe h e |
stable products Mgk-which canreducethe anodic dissolution of the Mg alloy substrate and also favor
the growth of PECfilms [11, 17. Wang et al. indicated that PE€atingsformed in a bath with
higher KF showed better corrosion resistance and lower pitongsiontendency 13]. However,in
that studyF containing compoundare theonly additivesfor PEO electrolytes Presentlythereis
little information in literature concerningfluoride based electrolytefer preparation oPEO coating
on Mg alloy.

Therefore, i is worth to try to use a bath witrabe electrolyte consisted of KF and tartaric acid
to preparePEO coating onMg alloys and then to characterize the nature and corrosion performance
of the coatings. lwas reportedhat PEO coatings produced in phosphate based electrolgte
thicker than that insilicate basednes [3, M4-15]. So, phosphatevas chos@ as anadditive for this
study. Moreoverthe different powersupply mode during PEO process will affect thibaracterof
sparkdischarges occurred on the sampl®, 17], and the microstriigre, growth rate, corrosion
performanceof oxide coatingmay be improved bpi-polar power supplynode [L8]. Thus the power
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supplymode should be considered as an important techisgafor preparing compact PEO coating
in this study.

This paperaims topreparethe bi-layeredPEO coatingvith better compactness Mg alloys
For that purpos@ new bath of acidic KF system was employed wtbculiartechnicalparametes
such aslectrolyte constituteand power supplymode.Then themorphologyand conpositionof the
coatings prepared byarious processing parameters wesamined by surface analysis techniques,
such as SEMXPS and XRD. Porosity of PEO coatings was calculated by image analysis and
electrochemicamethods Potentiodynamic polarizatiomd electrochemical impedanspectroscopy
(EIS) were used to study the corrosion behavior of the compact PEO coating in 3.5% NaCl solution for
shortterm and longerm.

2. EXPERIMENTAL PROCEDURES

2.1 Preparation of PEO coatisg

Rectangular samples (30mi 6 0 mmI[ 15 mm) o f magnesii@bv, danl | oy
0.50'0.90%, Mn 0.1v0.27% and Mgbalance) were used as the working electrodes. Prior to PEO
treatment, the samples were successively grounded with a series of SiC abrasivéupajoei 000
grid), then cleaned in detergent and distilled water

The plasma electrolytic oxidation (PEO) processes were carried oatidic KF based
electrolytes with and withoutihydric phosphateBesides, mongolar pulse voltage and-pblar pulse
voltage wereused;thar waveforms were shown in Fig.1. By the mgmalar pulse voltage, PEO
coatingspreparedn acidic KFelectrolyte without and with additives, respectively were nameé#-as
M and FM-A. While the PEQcoatingprepared in acidic KF electrolyte wigtdditivesby usingthe bt
polar pulse voltage, was known B$-A. Themain pulseparameters, suchs pulseduration, voltage
amplitude and duty cycle during both positive and negative bias can be adjusted independently. In
experiments, the electrical parameters evéred as follows: frequency 500Hz, the positive pulse
2.0ms thenegative pulse 1.2ms, and duty cyb@ %+): 30 %-). It shoud be noticed that by the -bi
polar pulse voltagethestarting time of negative pulse voltage was later than that of theveogitise
voltage. This moment an integratedanodized dielectridilm was formed on the surface of Mg
substrate.

During PEO process, the AZ91D magnesium samples andrdphite electrodevereused as
the anode anthe counter electrodeespectively The voltage was 400~500V in the positive pulse
cycleand 50~100V in the negative pulse cydlee constanturrent density 2 A/dfwas maintained
by controllingthe voltageThe temperature of the electrolyte vaptbelow 5SO0N by a water cooling
system. AfterPEO treatment, the coated samples were rinsed thoroughly in water and dried in warm
air. Detailed description of the electrolytes and process parameters used for deposition of PEO coating:
weregiven inTable 1.
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Figure 1. Typical diagrams of the opitit voltage signals of theulseDC powersupply @ moncpolar
pulsemode;(b) bi-polarpulse mode

Table 1 Experimental conditiofor preparation of PEO coatings on magnesium alloy AZ91D

Electrolyte Treatment | Current Frequency Terminal voltage and pH
composition time densty Power supply model

F-M 15g/IKF2g/ 60min 2A/cm 500Hz ~500V(+) 6.2
tartaricacid monao-polar pulse

F-M-A 15g/IKF+2g/l 60min 2A/cmi® | 500Hz ~470V(+) 5.8
tartaricacid+ monao-polar pulse
3~59/IKH,PO,

F-B-A 15gIKF+2g/l 60min 2A/cm® | 500Hz ~420V(+); ~60V(-) 5.8
tartaricacid+ bipolar pulse
3~59/IKH,PO,

2.2 The microstructure and composition of PEO coatings

The phaseconstituentof the PEO ceramic coatings wesbaracterizedy X-ray diffraction
(XRD, PHILI P S, PW1700) using a CuKU radi atldgpand und
crosssectional imageof the coating were observedising a scanning electron microscope (SEM,
PHILIPS, XL-30FEG).In order to prevent surface chargieffects, theoxide films were sputtered
with a thin gold film XPS (ESCALAB 250VG CompanyModel) was applied to determine the
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chemical states adlements irthe PEO coatingThe binding energyas calibrated with the C1s core
level peak at 2856.eV.

2.3 Porosity measurement

Direct and indirect methods wecembinedto representhe porosity of PEO coatings on the
AZ91D magnesiumFirstly, Image analysis method was carried out to quantify the porosity level [19
20]. SEM images were analyzed usintgage 1.62 softwarfom NIH. Paes and cracki thecoating
were isolated implementingeveral filtering protocolsThe porosity level wasthe sum of the pores
relativearea, Ap andthe cracksumulatedarea, Ay. As the tiny pore or crack in inner barrier layer of
PEO coating was tosmallto be describé by the image analysis, the porosity leaefuiredby this
method tended to reflect the porosity of the outer portion of &&fing

Theelectrochemical method is an effective means to determine thomagimg porosity. Liu et
al. [21] proposed an empirical equation to estimate the condystirasity ) of the coating. This
equation is a complemented equation of poras#asuremerguggested by Matthews andworkers
[22]; thedetermination of the total coatimpgrosty (F) is possible according to E):

R

F = prisubstal 5 gy (P00 2
R

p(coating substrafe

Where F is the total coating porosity,, the polarization resistance of the substr&gthe
polarization resistace of the coating/magnesium systeBE_, is the difference of corrosion
potentials between theoating and the substrate, antl, the anodic Tafel slope of the substrate.

Usually thecorrosive mediaorroced substratdy passinghrough the opening pore of PE®Dating,
especially, thenicro-pores or cracks in the barrieyer;therefore, hroughcoatingporosity can partly
judge the quality of the barrier layer of PEO coating.

2.4 Electrochemicatests

Electrochemich properties of thecoatings formed on magnesium alloy AZ91D were
investigated using a Princeton Applied Research (PAR) EG&G potentiostat/galvanostat model 273 and
EG&G 5210 lockin amplifier with computer interface./A conventional three electrodes
electrahemical cellwas employed, the coated and uncoatejnesium alloy AZ91D samplegas
usedas working electrode, a platinum plate as auxiliary electrode and a saturated calomel electrode
(SCE) as reference. The measurements were carried out in 3.5% Na@bnsat ambient
temperatures, and the solution was aerated with purified nitrogen gas in order to eliminate the
interference of dissolved oxygefihe exposed sample surface area was 1.54 on measuring the
porosity of PEQcoating,before the polarizéion, the sample was immersed3r6% NaCl solutiorfor
10 hours.
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Potentiodynamic polarization tests werarried outat a scan rate of 0.2mV/s froM.25V
versus open circuit potential (OCP) to a certain positive potential at which the clear pittirgiocorro
was observed on treamplesThe impedance measuremensre carried out at open circyibtential
(OCP) a 5 mV sinewave perturbation signal and a frequency range from 0.01 HA tull@z were
used. The polarizationand impedance data weretifig by the analysis software CorrView2 and
ZView?2

3. RESULTS AND DISCUSSIONS

3.1 Morpholog observatiorof PEO coatings

Surface and crossectional morphologies of PEO coatingseparedin acidic KF based
electrolyteswithout andwith dihydric phosphatewith different processing parameters were illustrated
in Fig. 2. From Fig.2(a) and (b), it can be seen that the morphology-bf €oatingwas similar to that
of F-M-A coating.Both of themhad many micro pores and some micro cracks on the surfaces. Great
deds of ceramic particke randomly scatted in the coating due t@lasmasparkssintering effect
during PEO process. However, close examination of the two coatings revealedthatcbatingwas
muchdensemwith smallerceramicparticles thar=-M coating.As addition of dihydric phosphate into
the KF solution the terminal oxidation voltagapplied on the anode surface have decreased (Table
1), whichcan reducehe size of plasma sparks produced on the saitt@eefore the sintered ceramic
particles formed in the AM-A coating will becomehinnef23]. For the morphology of IB-A coating
obtained in the KF electrolyte containing dihydric phosphatie bi-polar pulse electrical
mod€Fig.2(c)), its surfacepresentechn integrated compaappearancevithout any single scattered
ceramicparticles only alittepor es wi t h t he s i z dstributed lgppmogdneoasiy 1 €
in the coating It is becausehat bi-polar pulse model can increase the michannelnumbers
produced by thepark dischargand impove therateof plasmadischarge irthe oxide film and hence
the hotchemical synthesigeactioncoming from theplasmasparkproduced into theoatingwill be
aggravatd correspondinglyl6, 24. Thus by thestrongersparkdischarge effect, the originaingle
scatter ceramiparticles producedn the coatingmay be re-melted, fully sintered andsolidified to be
anintegral structureThis process makdbe PEO coating much more compact.

From the crossectional morphologies of the three PEO coatings gnaNby AZ91D shown
in Fig. 2, it can be seen that\F coating (Fig.2 (d)) exhibited single loos@orous structure, and there
were lot of obvious cracks arig pores distributed in it. Furthermore, many cracks and pores were
also observed near the irfge between the substrate and the coating, which may weaken the adhesive
strength of ceramic coating to the substiate reduced theorrosionresistance of PEO coatintn
case of FIM-A coating produced in the KF based solution with dihydric phosplrage?((e)) there
were some macro pores distributed on the outer layer of PEO coating. Howeverininetttwarrier
layer of PEO coating, only small micro pore and crack was observed, moreover, the whole layer was
obviously thicker tharthat of F-M coatirng. Obviously, the KF based electrolyte with phosphate
additive had a higher reactivity with Mg substrate and provided a relative higher growth rate for the
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coatingratherthan theblank KF electrolyte [L0].As shown in Fig.2 (f), B-A coating was firmly
adhered tahe Mg alloy AZ91D substrate. Theneere only a few tiny pores and tiny cracks distributed

in the outer layer otoating. Furthermore, there existed a compmmtier] ay e r of abou
without any clear pores at the interface between the gpatia the substrat&he crosssectional

image of PEO coatings were analyzed wittage 1.62 software, thabtainedporosity lewel was as
follows: 45.8% for F-M, 27.9% for --M-A and 4.86 for F-B-A, respectivelyThis result indicated that

with addition ofdihydric phosphatéento acidicKF system andy the bipolarpulse voltage, the outer
layer of PEO coating prepared on Ndjoy was gradually densified aneventuallyshowed low

porosity.

Figure 2. Morphologies of PEQoatingg onMg alloy AZ91D respectively M coating(a), --M-A
coating (b) and F-B-A coating (c) are their surfacemorphologies; d), (€) and €) are their
correspondingrosssectionmorphologies
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3.2 Phase analysisf PEO coatinggroduced in acidic KF system

Fig.3 illustrated the XRD spectra of PEO coatingsepared by varied technical parametérs
showed thathe electrolyte compositioand pulseelectrical mode hadan influence orthe phase
constituteof PEO coatingsAs shown in thd=ig.3, three PEQroatings wereall composed of MgQ
MgF, and KMgF3;, however,the PEO coating prepardcbm acidic KF electrolyteby monepulse
voltagewas consistedporedominantly of MgO, while the PEO coatifmedin acidic KF electrolyte
with dihydric phosphat@nd bybi-polar pulse voltagewas consted with Mgk, and KMgF3;, which
might be ascribed to theathodeeffect of the negative biasingnder the bpolar pulse mode [25]
which then in turn ateictmore H with positive charge bZoulomb's forcento defects and therewith
gradually dissolved unstableMgO in the coating Furthermore, additive of,PQ:* in KF based
electrolytemay easily combine with Mgand OHto form stable phosphateagnesiunon Mg alloy
[14-15] and hencéhe formaton of unstableMgO phasen the PEO coatingnight be restricted. It was
reported 11-12]that Mgk, was more stable than MgO because of the lower solubility of,Mythe
corrosivesolution Consequentlyamong the three PEO coatings, th8+4A coatingcontaining higher
fraction ofMgF, and KMgF; shouldpossessigher chemical stability
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Figure 3. XRD spectra of (aF-M coating; () F-M-A coating; (¢ F-B-A coating.
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3.2 Chemicatomposition®f PEO coatingproduced in KFelectrolyte

The stability and quality of the innéarrierlayer of the PEO coating may directly affect its
corrosion resistance, which is related with its chengoafposition 6], therefore the compositiors of
the inner barrier layeof three PEO coatgs were studied by XPS analysis, for this purpose the
coatings were mechanically thinnegd tocertain depth so that to let a thickness of arouédn of the

inner portion of the coating was left.

Mg2p (@) Mg2p (b)
MF, MgHPO,
3 Mg3(PO4)2 F)
8 I
2 =
£ £

j ' J ! ! ! 44 46 48 50 52 54 56 58

Intensity(a.u)
Intensity(a.u)

r r r T T T T T T T
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Binding Energy(eV) Binding Energy(eV)

Figure 4. Mg2p specta of F-B-A (a), F-M-A (b) and FM (c) and P2specta of F-B-A (d)

Fig.4 @ ~ (b) showed theVig2p XPSspectraof the inner portions of the-B-A coating and
the FM-A coatingafter Ar+ sputtering for 120slt is clear that from the spectra there existed four
compounds, besides MgO (50.15eV) [ahd MgF, (50.95eV) [26], the peakMg2p at 52.65~6.72eV
may be well corresponding ¥Mg; (PO4) and the peak at 51.86~51.89 to MgHPO, [28, 29. While
the XPS spectra for Mg2p taken from théMFcoating prepared in et&olyte without additives was
shown inFig.4(c). Deconvolution analysis of the XPS spectra showed that the binding energy at
50.15eV corresponded to Md@7], while that at 50.95eV tdigF, [26]. Obviously, the new stable
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Mgs (PO4) andMgHPO, compounds wre formed in the inner barrier layer of th&FA and FM-A
coatingafter addingdihydric phosphaténto the base electrolyte. For confirming this conclusion, also,
Fig. 4(d) demonstrate the deconvolution of the spectra B2p in the F-B-A coating cleaty, two
compounds may bdifferentiated the highest peak132.4 eV and 13.7 eV representrespectivelythe
P-O bondingenergies oPQ,* and HPQ” [30]. Making comparativeexamination of Mg2p spectra of
the three PECoating, it was found thathe pe&ks areaof the compound#igF,, Mgs (PO4) and
MgHPOQO, for F-B-A coatingwas all larger than the corresponding ones for theMFA and FM
coating. While the area of peak representing MgO é@84A coating was the smallest among the three
coatings.Duan et al[10] have reportedhat fluoride and phosphateas effective agent irenhaning

the corrosiorresistance ofhe innerbarrierlayer of PEO films Therefore, a higher fraction dgF,
Mgs (PO4) and MgHPO4compounds existed in the inner barrier layethefF-B-A coating may be
responsible to its highatability and better protectiveness.

3.4 Potentiodynamic polarization

The potentiodynamic polarization plots of the magnesium alloy AZ91D with three PEO
coatings measured in 3.5% Nalutionafter 10 himmersion respectivelywere shown in Fig.5. For
comparison, this figure also shows the curve for the bare magnesilayn The relevant
electrochemical parameteiS &, icor, Ry andb, ) of each sample were calculated and liste@iahle 2
It clearly showed thathe corrosion resistance of the Mg alloy was greatly improved by the PEO
processln comparison with the corrosion potential of Mg alldye corrosion potential of the-B-A
coating was shifted positively 220mV, while ordyittle shift e.g. ca. 90mV and 30 mV, respectively
for the coatings fM-A and FM, which again should battributedto the higher fraction of stable
MgF, and KMgF; phases formed in-B-A coating. The polarization curve of thalloy with FM
coatingshowved an active dissolution behavior, which vgasilar with that of thébare alloy However,
the polarizationcurve of thealloy with FM-A and FB-A coatingsexhibited passivdéehavior the
passive region of thalloy with F-B-A coatingeven reached to c&00 mV. Moreover, it can be clearly
seen that corrosion current densitytisé alloywith F-B-A coatingwas 1.29®E-9 A/cm?, two and
three ordes of magnituddower than tloseof F-M-A and FM coating, respetively. These results
indicated thaf-B-A coating possessehe best corrosion resistance in 3.5% NaCl soluimiong the
threecoating/alloy systems.

As the maincorrosionform of magnesium alloy is pitting corrosion in NaCl solution, the
corrosion resistance of coatings may be referred to th&ibfpeffect on the transfer of Clwhich
then should belirecly relaied with the microstructure of coatingl1, 31]. As shown in Fig.2F-M
coating hd only a single porous layewith high porosity45.6 %. CorrosiveCl™ ions could easily
migraie alongthe openingoore ofthe coatingandarrivedrapidly at the interfacef the coatingmatrix
to induce corrosion of theubstratelloy. Thereby almost nocharacteof passivatiorwasobserved in
polarizationcurve €ig.5). Asto the FM-A coating, althoughhe outer layer o€oatingwaslooseand
porous adense inner barrier layer composed MigF,, MgHPQ,, Mgz (PO4) and a little MgQexisted
in adjacent to the substrate, which couldaszn effective protectivéayer, limiting the transfer rate of
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CI' to the substrate. Consequentli~M-A coating exhibited a better passisehaviorand a lower
corrosion rate rather thanN# coating In the contrast, the-B-A ceramic film consisted ofa much
compactouter layer, especiallyand a nearly pore fre@ner barrier layer (Fig.2), hencethe F-B-A
coatingwill suppress greatlyhe chlorideinduced corrosion on thsubstratematerial Besides, the
inner barriedayer with higherproportionof stableMgF,, MgHPO, and Mgs (PO4) could be helpful
maintain longer pgod of passiveébehaviorof the coating.Therefore excellent corrosion resistanoé
the F-B-A coatingmayimply the important rolglayed by both othe phosphate addition in KF based
electrolyte and the application of bipojaulse mode duringreparaion of PEO coating oMg alloy
AZ91D.

1 1--2--bare
084 2—o— S-KF
{ 3—s— S-KF-A
104 4—o—D-KF-A

E(V)

R | LA B LD B, LI L DL, B | R | LR |
1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 0.01 0.1
i(A/cm2)

Figure 5. Potentodynamic polarization curves ddg alloy AZ91D with and without PEO coatings in
3.5% NaCl solution fdrO h immersion

Table 2. Parameters of potentiodynamic polarizatmmrves of PECcoating on Mg alloy AZ91D
immersed ir8.5% NacCl solutiorior 10 h.

Immersion Samples  Egon(V) icor(Alcm?)  ba(mV) Rp( ccm?) F
time

10h Bare -1.5967 2.2696E4 | 27.883 1.1494E2
F-M -1.5%670 1.5493E6 | 60.890 2.5180E4 0.039
F-M-A -1.5063 3.0734E7 | 72.223 1.1063E5 5.944 105
F-B-A -1.3715 1.29®E9 | 102.54 3.1123H 3.094 1012
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35 EIS characteristics

In order b understandbetter the corrosion performance, EIS measurementB{AFceramic
coatingmagnesium alloy was conducted3.5%wt NaClsolutionfor a longterm

Fig.6 representsthe evolution of impedancdiagramsfor F-B-A coatingin the 3.5%NacCl
solutionwith immersion timeTaking into account these typical EIS plots, special morplyadddr-B-
A coating, as well athe relevant results reference$31-33], threeequivalent circuits foMg alloy
electrode with~-B-A coating were proposed in Fig(a) ~ (c).
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Figure 6. Nyquist and Bode diagrams fdfg alloy with F-B-A coatingin 3.5% NaCl solution for
differentimmersion time

During the initial stage aimmersion(0~132h) theouter layer and the innéarrier layer of B
F-A coating both were lowporosity, andcorrosioncells at the mental/coating interface would be
uniformly distributedso, the equivalent circuitnodelof Fig. 7(a)will be fitted

Rt
— Rs —Rfilm] Rt — Rs F1{Rfilm
| | CPEt
CPEfilm CPEt .
| |
CPEfilm

CPEfilm

Figure 7. Equivalent circuis used for impedarec data fitting ofMg alloy with F-B-A coating
immersed in 3.5% NaCl solution

However, withincreasingimmersion time, defects or micqmwore becan to initiate in PEO
coating therewith,electrochental reaction at the interface mental/coating would otmcally ,thus
the equivalent circuit model of Fig. 7(b) was used to describe changes of impedidgmamsn that
period In addition, whenthe pitting corrosionoccurredon the surface of PE©@oating asshown in
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Fig.7(c), an inductoL and a R,were aded to the electrical equivalent circombdel, paralleivith the
equivalentcircuit (Rt,CPEt), representing tHermation, adsorptiorand desorption of the corrosion
products on the surface of electrfizis31-32]. By the equivalent circuitshese EIS cwes were best
fitted as solid lines passing through the testiata(Fig.6). The corresponding values of the equivalent
elements werdisted in Table 3From Fig.6 andrable 3, it can be seen that the impedance plots and
the fitting resultsillustrated clearly the deterioration processestbé FB-A coatingsin longterm
Immersion tests.

Table 3 Fitting results of EIS plots d#lg alloy with F-B-A coatingbased on the equivalent circuit

Immersion The FB-A coating on AZ91D magrstum

time () Rim(q.cmf) | CPEim(F/cnf) | my(0-1) | Ri(q.cnf) | CPE(F/ cnf) | ny(0-1)
Oh 3.6929e5 6.0850€8 0.879 2.9172e6 2.8345e7 0.852
3h 1.3428e5 2.3046e7 0.796 1.4623e6 5.0869¢e7 0.816
9h 80328 1.0520e6 0.695 2.7599e6 5.8971e7 0.788
24h 57180 2.8652€6 0.609 6.13086 5.8682e7 0.809
36h 32563 6.3555e7 0.701 6.0378e5 5.4353e7 0.804
60h 17868 7.0538e7 0.728 6.1103e5 7.0485e7 0.721
84h 12083 4.6059¢e7 0.875 2.1405e5 1.1615e7 0.676
108h 9835 1.1056€6 0.682 1.1595e5 6.7872€8 1.003
132h 5570 1.1339€6 0.704 84809 2.0543e7 0.981
168h 724.9 4.8303e6 0.905 9890 1.984e4 0.773
192h 579.6 1.1339€6 0.704 11289 2.0543e7 0.981
216h 3800 9.1855e6 0.909 5570 1.263e5 1.074
240h 4626 8.424E5 0.647 3808/858 3.989E6 0.959
264h 4611 1.652E5 0.691 3319/887 1.866E6 0.981

In the initial period 0~24h of immersion Bode phase angle diagrams presented in Fig.6(b)

show that two time constants were cleadligtinguisied inthe high to medium frequencies domain, i.e.
from10* Hz to10™Hz. It should reflect the performae of the dense outer layer (Ip&rt) ancthe inner
barrierlayer (LF part), respectively31]. The phase anglenaximumfor the HF part decreadevith
immersion timewhereasthe phase anglfor the LF frequencypart graduallyincreasedThe fitting
result(in Table 3 showedthat the Rfilmvalue, which presentdtie resistance of the dense outer layer,
decreased from 3.6929%g¢fm2 to 5718@ /cm2 during the initial period 0~24h. However the Rt
value, which preseat the resistance of the barrier layer e tmental/coatingnterface decreased
firstly and then increaseafter 3h immersionfrom 1.4623ef .cnt to 6.1308e§ .cnt.

The major event occurred in this period was the waldofide ion infiltrating into the film,
which graduallyfilled the pores of theoating. Howeverdue to the compact nature of the barrier
layer, aggressivelectrolytecould notpermeate the coatings easily asvater moleculs[34, 35],
whilst thefollowing reactions coul@ccurin the barrier layer:
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Mg+2HZO=Mg (OH) >t+H> (2)

The formationof oxidationproductscould lower thdaonic dissoltion rate ofthe metal, which
resulted ina significantincrease of Rduring the period of 3~24 However, the accumulation of
corrosionproductswill give riseto stess in the barridayer. A volume expansiowf the barrierlayer
may be expected due to transfation of unstable compound MgO intidlg (OH),[36].Therefore,
micro-cracks inside the barrier layer may be induced ,which aatieleratethe migration rate of
aggressivenedium through the barrier lay&rhus, as shown inable3, the resistance of theoating
(Ry) begin to declingradually after 2.

Fig.8(a) andFig.9(a) show the surface armtosssectioral morphology of PEO coating after
immersed in NaCkolutionfor 24 h, it can be seen that theB=A coating kept intact and the outer
layer of PEOcoatingwas still compact, especiallthe inner barrierlayer kept welladhesiveto the
substrate. Irotherwords, no obvious corrosion damagecurredin F-B-A coating or substrate within
this period.

During 36~84 h immersion, tr@aximumphase angle coespondingo the two constants in
the Bode plot (Fig.6(d)), shifted to a lemfrequency, and thdiameterof the correspondingapacitive
loop in the Nyquistplot (Fig.6(c)) decreased slowlyAs shown in Table.3, R, and R, decreased
gradually. In general, watenoleculeand corrosivespecies would be picked up by pores and cracks of
the coating, thereby, the formation of conductive paths in the coating oeghease its dielectric
characteristicsRqim), moreover, theaggressivaon penetrating through cracks ahdlesup to the
interface may induce directly corrosion of the metal surface,s80HRd decreassubsequentlyFrom
Fig.8 (b) andFig.10 (b), it can be seen that the amount of mipares andnicro-cracks in the fB-A
coatingafter 84 h immersion seemed higher than those of PEO coating immersedhoB@4 no
signs for pores or flaws, which passed through the coatwege found especially,no corrosion
product at the coatingibstrate interfacehould bedetected.It implied that in this stage, although
being filled gradually withelectric media, neverthelessthe FB-A coating was still in a good
condition

After immersed in 3.5%NaCl for0B~192 hFig.6(f) showed that théwo mainphaseangles
disappeaed graduallyand only one maximal phasangle existedat frequency 103 H4n the Bode
plot. However in Nyquistplots,besides a depress capacitance loop imrtigehigh frequendes, a new
loop appeareth LF part after immersion for 168h, which wagenerally B7~38 owed to the mass
transportation in soligphase, i.eto the diffusionof ions through the oxide scale on metalface. The
fitting datashowed thatTable 3) here the resistare of thecoating,Rsim, declinedsignificantlyfrom
9835 . ¢ o 579.8] . é.nNevertheless the barrierlayer still maintained a high resistance,
11 2 8 Yghisimplies that the barrier layarayremain intact.

Fig.8(c) shows clearlya pore on the suréa@ of PEOcoating However, EDS results at the
bottom of that pore (Fig.9 &)) did not reveal obviously peak of O, which related to the corrosion
producs MgO or Mg (OH),), moreover, the peatepresenng CI was also not detectedhe facts
suggested thahe pore formed on the surface oBFA coating might not pass througip to the
substrate. Therosssectioral morphology (FiglQ(c)) also showed that some corrosion products were
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formedbeneath the inner barrier layer of PE@ating however, théarrier layeritself kept intact and
did not damaged due itoternalstress produced by this corrosimoducts

Obviously,with the penetration of corrosive media, the unstable Mig®-B-A coatingmight
graduallydissolveand theKMgF; phasealso transforminto MgF, by reaction with accumulated™H
ion into defects of the coating, eventually, the outer layer-84& coating might badlyoe damaged,
andas a result, many defects (lpgres, deepracks,) mightlevelopon the surface. Thus, considering
the highconductivity of the electrolyte inside big pores, the resistance of the pasardecame too
small to bedetectedoy impedanceneasurement (Fid(f)). However, the inner dense layer adhered so
tightly to thesubstratealthough Mg substrate beneath tarier layer mighbe deterioratd gradually
by the permeated aggressive igthe formed corrosion products would mainly be intruded into micro
defects nearby the barrier layer, inducing the so céiede block (Fig. 10(c)), which would retard
greatly the mass transportation process in the coating. This process was represdintite leygth
diffusion in LF par of thecapacitiveloop in Nyquist plot (Fig.6(c))Therefore, during thiperiod
(108~192 h), as aecondprotective layer, the inner barriayer of FB-A coatingcould still prevent
the substrate from Qbn attack.

After 216 h immersionthe capacitive loop in Nyquigtiot sharplyshrinked (Fig.6 (g)). At the
same timeR in table 5 representinghe resistancef inner layer, decreasesharply to 557Gy /cn?.

As shown inFig.8 (), alarger and deep pit appeared on the surface of PEO coating, anahB)Sis

(Fig.9 (b)) revealed a high peak of O which might mainly be the result of the foraedsion
producs (MgO andMg (OH),); also,a distinct peak of Cl frontorrosivemedia was detected. The
facts should be related with that the pitticmyrosionproducts might partially comieom the substrate
beneath the bottom of porerom the Fig. 10(d)it showed that the coating was locallydantensively
damaged witltorrosionproducts penetrating depth into the substrate, as well as piling up on top of the
outer surface of the samplk.indicated that after 216 lenoughcorrosiveelectrolytesmight pass
through the coatingp to thesubstate; subsequentlythe corrosion products (magnesium hydroxide)
formed and accumulate@xtensivelyat theinterfaceso thatto exert stresss to damagethe PEO
coating.

In the next period of 240~264 h immersion, a depressed capacitance loognwitfuctive
loop distinctly appeared in the Nyquigtlot (Fig.6(g))The inductive loop usually demonstrated the
formation andadsorptiorof corrosionproducs on active sites of thmetalsurface[39]. Theequivalent
circuit in Fig.8(c) was employed to fit the im@ette spectra after pitting corrosiohccording to
Table 3, Rm, representing the resistance of pores in the coating, showed an incteadsmcy, while
Rt continuouslydecreased. e fact was that, with the pit growing into the substrate, the final
corrosion products (MgO andvig(OH),) were piled up angluggedinto pores and cracks of the
coating40,41], which might enhance the corrosiaesistanceof the coating to a certain extant
However, the highconcentrationof chlorine ion accumulated at the terface region and then
accelerated the pitting corrosion of the substedley. The surfacemorphologyof F-B-A coating
(Fig.8 )) showed that the entire surface was rapidly covered with corrpssdnicts,which mainly
consisted of Mg, O and Cl accongdi to EDSanalysis (Fig(c)). BesidesFig.10(e) showed that the
whole PEOcoatingwas destroyedheavily by the massive corrosion products from Mg substrate and
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these corrosiorproductshave spread over the top surface of P&fating i.e. the FB-A coating
completelyloseits protectiveness.

Figure 8. SEM of the surface of the AZ91D alloy withB=~A coating wherimmersed in 3.5% NacCl
solutionfor different time. (a)24h;(b)84h;(c)168h;(d)216h; (e) 264h



