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Abstract:

Combination of KOH with each of N&iO;, NasPO, and NaAlQ, formed three different
coating solutions to produce plasma electrolyticlation (PEO) coatings on the surface of
AM50 magnesium alloy. The surface morphology, cresstion, chemical composition,
corrosion resistance and structure of each of dairgs was characterized by scanning
electron microscopy (SEM), X-ray diffraction (XR¥nd electrochemical impedance
spectroscopy (EIS). The results showed that difteamions, i.e., Si§, PQ® and AlGy,
influence the coating characteristics such as t@sk, chemical composition and coating
structure. The results showed that thicknesseleo&t-, P- and Al-coatings are 8, 4 and 1
pum, respectively. Moreover beside MgO existingtmcure of all three coatings, specific
phases namely M§iO,, Mgz(POy), and MgALO, were formed in the structure of the Si-
P-, Al-coating, respectively. It was revealed thaage of Sig instead of PG or AlO,

led to formation of a coating layer with better rosion protection properties. The better
performance of the Si-coating compared to P- ocddtings is considered to be due to the
fact that the thickness, the number of open ponestlae resistance of the barrier layer are
formed under such an optimum conditions which tesuh higher corrosion resistance.
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1. Introduction

Plasma electrolytic oxidation (PEQO) is a novel gsewhich produces a stable oxide layer
on the surface of a number of metals, such as alumij titanium and magnesium. The

layers thus generated offer a unique combinationexdellent wear and corrosion

resistance. Such an improvement of the corrosioth &ear resistance is especially
beneficial for magnesium which is highly suscegtiltd failures resulting from either

corrosion or wear - or both. In order to develofed&tfve coatings based on the PEO
process, an understanding of the mechanisms of plusess and of the parameters

affecting the PEO coatings is essential.
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So far, a number of studies has been performedessidg different aspects of the PEO
process and the role of effective parameters in ¢bating process. Thus, some
publications deal with fundamentals of the formatimechanism of a coating layer in
order to explain possible physical and chemicattreas occurring during the plasma
formation [1-6]. Other authors examine the influerad the electrolyte [7-9], the current
density [10-12] and the process time [13-15] on fthel characteristics of the coatings.
Several studies have also been performed to imptbgecorrosion resistance of the
coatings. In this context, various electrolytes avemployed in order to obtain high
performance coatings [7,8,16,17]. A literature syrguggests that a suitable solution for
the PEO process usually consists of two or morepomants, i.e., a hydroxide and a salt.
Each component introduces different cations andoreniinto the solution which

consequently influences the resultant coating [18].

In the present study, the role of silicate, phosplaad aluminate salts was investigated on
the formation of coatings by PEO process. The caoatlun of these salts with one or more
additives is typically used to prepare a PEO cgatim magnesium alloys [7-9,19-21]. The
salts were chosen in such way that only one typeatibns, i.e., Ng was introduced into
the coating solution. This should allow to inveatgthe effect of one type of anions on the
resulting characteristics of the coatings, i.e., thitkness, composition, structure and

consequently on the corrosion resistance.

2. Experimental Procedure

AM50 magnesium alloy (4.4-5.5wt% Al, 0.26-0.6wt% Mmax 0.22wt% Zn, max 0.1wt%
Si, reminder Mg) specimens with dimensions of 4l mm were used as substrates for
the coating process. After machining, the specinvesi®e ground with various grades of
silicon carbide paper from 800 to 2500 grade. ldeorto get a stable current transfer
through the sample to the electrolyte, a threadéel With a diameter of 2.5 mm was made
on one edge of each sample. Then, the sample wewextto a metallic jig which carried
the current from the current source. The employedigp supply had a capability to
produce AC and DC currents in normal and pulset$oup to 1000V and 3A. The
samples were treated under a pulseddlgctricalsource with a pulse ratio ©fiax : tmin =

4 ms : 1 msawith a frequency of 50 Hz for a total duration®minutes under a current

density of 36.2 mA/cth A duration of 5 minutes was chosen because aldngatment in



Al containing solution would give rise to intensigad localised sparking on the surface
causing damage to the coating.

Three different electrolytes were prepared with tbikowing compositions: N&iO; +
KOH, called “Si-solution”, NgPO, + KOH, called “P-solution” and NaAl9+ KOH,
called “Al-solution”. The concentration of each tok components was 10 g/l in distilled
water. It should also be noted that throughoutrttamuscript the coatings obtained from

these solutions are termed as Si-, P- and Al-cgataspectively.

The passivation behaviour of the substrate in thgous coating solutions was also
examined. To this end, the bare substrate wasipethwith a scan rate of 12 mV/min
from -150 to 3500 mV with respect to the open dirpotential (OCP) in each of the three
coating solutions. Prior to polarization, the stdist was immersed in the respective
solution for 30 min to reach a stable potentialahother test aimed at understanding the
properties of the passive layer formed under thecedf SiQ*, PQ® and AlQy anions, the
bare substrates had been immersed in each of ltreokaions, i.e., Ng5iO;, Na;PO, and
NaAlO, solutions with conductivities of 18.6, 11.7 an8& &s/cm, respectively, for about
525 hours. Then the samples were removed from thatien, rinsed in water and

subjected to electrochemical impedance spectrosoi®y.

To evaluate the corrosion resistance of the PE@ngsboth polarization and EIS tests
were employed using fresh samples for each of ttests. Prior to the measurements, the
samples were immersed in the test solution for 8tutas to reach a stable OCP. All EIS
and polarization tests were performed in 3.5 wt-#CNsolution with a pH of 6.5. The
corrosion cell consisted of a Ag/AgCIl (3mol/l KOlgference electrode, a Pt counter
electrode and the coated specimen as the workaugretle. The EIS equipment was set up
in the frequency range between 0.1 antiH® with amplitude of #10 mV. The impedance

data were analyzed using Zvidwoftware.

To identify the open pores, the coated samples wemgersed in a solution containing 60
g/l CH3COOH + 5 g/l CuSQ 5H,0 + 15 g/l ZnCJ. 7TH,O for 30 seconds [22]. As a result
of this immersion process, copper is depositecheratloy and decorates the open pores. A
measurement of the open and total number of poassperformed using the Image Tdol

software.



Scanning electron microscopy (Cambridge Stereo286@n was employed to observe the
surface morphology of the coatings. The thickndgh® coatings was measured using an
eddy-current coating thickness measurement gaugeit@gt 2100, Electrophysik,
Germany) and by cross-sectional images of the mgsmiand the substrate. To prepare the
cross sections for SEM observation, the samples weound with various grades of
silicon carbide papers from 800 to 2500 grade. &msntly, polishing, etching and gold
sputtering were employed. Further, X-ray diffrantipXRD) was performed using a

Siemens diffractometer D 5000 operating with Gu&diation.

3. Results

3-1. Microscopy

The surface morphologies and the cross sectiotieedhree types of coatings obtained are
shown in Figs. 1 - 3. The surface of the Si-coatmfig. 1a shows a porous structure with
hole diameters ranging from 1 to 5 um. The crostige of the coating illustrated in Fig.
1b reveals that the coating is about (8+QuA) thick and it is reasonably uniform in

thickness.

Fig. 2a shows the surface morphology of the P-ngalt can be seen that the coating has
very tiny pores with diameters below 1 pm. In castrto the Si-coating, the cross section
of the P-coating in Fig. 2b reveals a more pordusctire. It appears that the pores were
isolated and not connected to each other. Thoughap layer of the P-coating is more
porous than that of the Si-coating, it seems thaitet is a compact layer between the alloy
surface and the porous layer. The overall coataegs to be uniform and the thickness of
the P-coating is about (4+£0.4) um, i.e., it is tl@nthan the Si-coating.

Unlike the two other coatings, the structure of thlecoating exhibits a remarkably

different type of surface morphology. Fig. 3a rdgemnon-uniform and porous nature of
the coating. It can be seen that the coating tris&rsignificantly differs from place to

place. The uneven and thin cross section of thengparhich can be seen in Fig. 3b further
supports this observation. It should also be pdimgt that, in addition to the poor nature
of the coating, it is about (1+£0.2) um thick whighmuch thinner than the two other
coatings.



Pores are typical defects that strongly influerneegroperties of the PEO coatings. Hence,
the fraction of the oxide layer covered by the paaead the pore density were measured.
The data of the open pores and the total numbpors are summarized in Table 1. The
results show that 0.5%, 0.7% and 1.6% of the Sigr@ Al-coating surfaces, respectively,
were covered by open pores. To get more preciseniation, the density of the open
pores was determined showing that the Si-, P- ahdoatings contain 13, 17 and 33
pores/mm, respectively. It can be seen that while the nusmbé&open pores of the Si- and

P-coatings are comparable, the Al-coating showsiehrhigher pore density.

3-2. X-ray diffraction

The phases of the PEO coatings were determinedRiy Xnd the corresponding patterns
are illustrated in Fig. 4. The JCPS files were ugadcomparison to index the XRD
patterns. It can be seen that Mg peaks which aginated from the substrate are present
in all X-ray patterns. Such an observation was atsole by others who examined PEO
coatings and attributed the presence of magneseakspto the penetration of the X-rays
through the PEO coating into the substrate [23¢ patterns reveal the existence of MgO
in all the coatings. Apart from MgO existing in albatings, the specific phases, namely
Mg,SiO4, Mgsz(POy)2 and MgALO,, were detected in Si-, P-, and Al-coatings respeist

3-3. Passivation study

The passivation behaviour of the substrate in diffecoating solutions was studied by the
electrochemical polarization technique. The polran curves presented in Fig. 5 show
that the alloy in Si-, P- and Al-solutions behanesiich way that respective passive current
densities of 3.5x1f) 7.3x10* and 1.1x1§ A/cm? arise. The data show that silicate ions
have the capability to produce a more stable paskiyer on the metal surface than
phosphates or aluminates. As the pH of the soludisn plays a key role in the passive
film formation of magnesium alloys [24], the pH wat of the solutions were measured
showing an almost similar value of around 13 + (d)¥5all three solutions. Therefore, the
difference in passive current density and hencedifference in the properties of the
passive layers should be attributed to differemidkof the anions. Interestingly, in our
previous studies it was shown that the resistioityPEO coatings also depends on the

resistance of the passive layer forming on the tsatesin a given solution [18]. The



present study indicates that the solution produangnore stable passive layer also

produces a more corrosion resistant coating.

Further examination of the nature of the passiyerlavas performed by immersing the
bare metal in N&iO;, NagPO,, NaAlO, solutions. Subsequently, the resistance of the
passive layer formed was measured by EIS technitheresults shown in Fig. 6 indicate
that the layer which was formed in }0; solution had a higher impedance value than
that of the NgPO, solution and that of the latter is still higheaththat formed in the
NaAlO; solution.

3-4. Electrochemical corrosion studies

The corrosion resistance of the PEO coatings waduated by both potentiodynamic
polarization and EIS methods. Morphology of therasion attack and polarization plots of
the coated specimens are shown in Figs. 7 anégBectvely. As can be seen in the Fig. 8,
the cathodic polarization curves of the coatingsileika diffusion limited current density,
iL.. The [ values of the coated alloy decrease in the orderoAting > P-coating > Si-
coating. Notably, the reduction qf is responsible for the variation in corrosion i,
E.om @and corrosion current densityg, of the alloy since these values follow the same
trend as that of.i Both iorand corrosion rate values of the coatings are showiable 2.
The data clearly show that the Si-coating exhi@itauch lower corrosion rate than the P-
and the Al-coatings. However, it is also seen timtretarded dissolution of magnesium
occurred during the anodic polarization.

The electrochemical corrosion behaviour of the eatt'd AM50 alloy and the coatings in

3.5% NaCl are shown in figs 9-12. It is seen thw Nyquist and Bode plots of the

coatings show a good agreement with the polarizatsults. The impedance data of the
Bode plots show that the highest polarization tasise, R, of the PEO coatings belongs

to the Si-coating with 2.3x200cn? while the P- and Al-coatings have a polarization
resistance of 3.1x®@nd 1.4x18Qcn?, respectively.

4. Discussion
As mentioned before, morphology, thickness, chemacenposition and structure are

considered to be the major parameters influencig final performance of the PEO



coating. The behaviour of these parameters withe@sto the three different anions is
discussed in the following sections;

4-1. Surface morphology

Figs. 1-3 clearly reveal that the pores in theagfmorphology of the Si-coating are larger
than those of the P- and the Al-coating. The ddiférsurface morphology of the various
coatings may be related to the dissimilar chareties of the micro-sparks, such as size
and number of sparks occurring during the PEO @m®dé was reported that the surface of
the coating gets coarser and rougher as the prgmeseeds and the oxide layer gets
thicker [7,25-28]. Essentially in a thicker laydrtbe coating, higher energy is required for
the current to pass through the coating. Under ¢bigdition, the current is localized at
weak points of the layer formed to find its waydigh the coating. This is the reason why
the number of sparks decreases but their sizeaseseas the layer gets thicker. In fact, an
increase in diameter of the discharge channelsisvety how the process compensates the
reduction in number of the channels [26]. Hence, slze and the number of sparks are
affected by the thickness of the layer. It was a¢gmrted that the number of sparks during
the PEO process in phosphate electrolytes is higfeem that of silicate electrolytes,
resulting in a higher number of pores after coobhtghe discharge channels [7].

As mentioned in the previous section, the bendfifi@ct of SiQ* anions in comparison

to that of the phosphate and aluminate anionsiriigke fact that the former enhance the
growth rate of the PEO coating. It is seen tha&igiven time, the thickness of the Si-
coating reaches to higher value than those of B-Adftoatings. This consequently gives
rise to the bigger sparks occurring on the surfiibés may explain the formation of larger

holes on the surface of the Si-coating in comparteahose of P- and Al-coatings.

4-2. Cross section

The SEM images show that the cross sections dhtiee types of coatings differ from one

another. For instance, it is seen that unlike theo&ting, the cross section of the P-coating
shows a more porous structure. According to Cuetaal. [23], the porosity forms because
of oxygen evolution during the PEO process. Asliteetime of the discharges is very

short, approximately 10us, the evolved oxygen sderbg trapped in the molten material.

In spite of the initial expectation that the podeteriorate the corrosion resistance of the



coating these defects can also provide the prapatiton for a stable growth of the oxide

layer while it is forming.

It should be kept in mind that the layers have d¢haracteristics of a dielectric material.
Therefore, the coating process would be stoppea defect free layer formed on the
surface [23]. The presence of open pores providpsoper route for the electrolyte to
penetrate through the thickness of the coating.celefine scale discharges could occur
across a relatively thin barrier near the subsirdgface, and as a result, the inner defects
could be recovered and a compact layer would fomthe surface. Sundararajan et al.
suggest that the discharge channels have a fifetei.k., that the discharge channels are

continuously formed and closed throughout the oggprocess [26].

Therefore, as the solution can penetrate easiertid discharge channels through the
larger openings compared to the narrow ones, thesheith larger diameters could be

more beneficial for the formation of the coatinguisirmay explain why the Si-coating has a
coarse surface morphology with big holes but isssrsection shows less evidence of
porosity or defects. It could also explain what s to the surface morphology and cross
section of the P-film; As Figs. 2a and 2b showdpenings on the surface of the P-coating
(unlike the Si-coating) are so fine and small tha coating solution can not easily

penetrate to the discharge channels. Thereforee dwies and defects may form in the

cross section of the coating. In the case of theo@lting the cross section of the coating
seems to be too thin to show apparent defectgyuajththe surface morphology proposes a

fine porous structure.

The measurement of the open pores also shows aggomistency with the cross section
results. It can be seen that the Si-coating witlogen pore density of 13 pores/fand a
surface coverage of 0.5% had the lowest amourtieobpen pores. The open pore data of
the P-coating with ~17 pores/mrand ~0.7% coverage of the surface show higheresalu
than Si-coating. The highest amount of open poras ebserved for the Al-coating where
the density of pores was 33 pores/mamd the percentage of the surface coverage was
1.6%. The results are also in good agreement Wwelcorrosion resistance data, whegg i

of the Si- , P- and Al-coatings is about 3.2%309.5x10°* and 8.7x10° mA/cm2,
respectively. The data indicate that a lower nundfeopen pores or likewise a higher

coverage of the surface leads to a higher corragisistance of the coatings.



4-3. Thickness

The cross sections of the coatings show that tlo&rtess of the Si-, P- and Al-coating is
about 8, 4 and 1um, respectively. Since all the¢imgs were prepared within a period of 5
minutes, the growth rate of the Si-, P- and Al-ocwatturns out to be 1.6, 0.8 and 0.2
pm/min, respectively. This gives a supportive enadeof the beneficial influence of the
silicate anions on the growth rate of the PEO ogatompared to that of phosphate or
aluminate anions. Different literature also pointed to the beneficial effect of silicate on
the growth rate of PEO coatings. [26,29,30].

An earlier investigation of PEO coatings showed tha structure of a PEO coating is
composed of an inner barrier layer and an outeoystayer [18]. While the porous layer
forms as a result of the plasma interaction betwkemmetal and the electrolyte, the barrier
layer at the bottom of open pores forms due tor#aetion of the electrolyte and the
substrate. Hence, the electrochemical properti¢iseobarrier layer substantially depend on
the interaction between the metal surface and thetrelyte species. Duan et al. also
showed that the anions have a direct influencehenttickness and morphology of the
PEO coating [8].

The formation of the barrier layer is a consequesfche reaction between metal ions, in
this case Mg/, and anions existing in the solution. Therefoceqrfation of a coating layer
requires the anodic dissolution to provide metalsidor subsequent reactions with the
anions leading to layer formation. The “rate of dicadissolution” and the “rate of film
formation” are two opposing factors which reversgffuence the final thickness of the
PEO coating. Essentially the coating starts to gasvthe rate of the film formation gets
higher than the dissolution rate of the substrale [

From the “anodic dissolution” point of view, theugdy of the passive layer on the metal
surface, Fig. 5, showed that $fOions form a more stable passive layer on the metal
surface in the initial step of the PEO process cmegh to that of the phosphate or
aluminate ions. The passivation study by EIS itlatstd in Fig. 6 also indicates that the
layer resulted from the N&iO; solution had a higher impedance value than thesdting
from the NaPQO, and NaAlQ solutions, respectively. The formation of a motabke
passive layer in Si-solution obviously can previemther dissolution of the substrate and

subsequently less anodic dissolution.



Another evidence of the formation of a more stabele layer in the Si-solution could be

the final voltage of the PEO process. Several astlsbowed that the increase of the
voltage during the PEO process is due to the eesist of the oxide layer against the
passing current [3,7]. This aspect can be examinyetheasuring the final voltage of the

PEO process. The final voltages of the Si-, P- Akdoatings were 376, 367 and 244 V,

respectively. The higher final voltage of the Sating indicates that the Si-layer is more
stable than the two others. The thickness of tmeesponding coatings also shows a direct
relation to the final voltages of the PEO proceaskich is in good agreement with the

literature [31,32].

Further, the effect of conductivity on the film fioation process was examined. Guo et al.
reported that the rate of film formation increaselten anions with higher conductivity
were introduced to the coating solution [33]. Thmmductivity of 109/l of the N&IiO;,
NagPO, and NaAlQ solutions measured in this work were about 18.6/ ahd 8.8 mS/cm,
respectively. It shows that the Si-solution had kighest and the Al-solution has the
lowest conductivity. Therefore, the high rate dififormation of the Si-coating may be
attributed to a higher conductivity of the solutidihe same argument should be valid for
the low growth rate of the coating in the Al-sotuti Therefore, a low anodic dissolution
and a high rate of film formation can explain whg tSi-coating gets thicker than the two

other coatings.

4-4. Chemical composition
The chemical composition of the PEO coating is agnthre parameters which influence
the corrosion resistance of the final coating 4936]. So a phase analysis of the coatings

can provide valuable information regarding the periance of the coatings.

The XRD results showed that the anions are invoimgte formation process and produce
different phases in the coatings. Apart from MgOiokhis commonly detected in the
coatings, depending on the electrolyte type, sjeg@hases form during the coating
process. The results of the present study showShatP- and Al-solutions respectively
introduce MgSiO,;, Mgs(POy), and MgALO, phases into the coating structure. The

formation of these phases could be based on tlewioly reactions:
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2Mg** + SiOs* +20H = M@,SiOs + H,0 (1) 7I3
3Mg** + 2PQ* = Mgs(POy)2 (2) [38]
Mg** + 2Al0, = MgALO, (3) [13].

Liang et al. compared the corrosion resistancewaf toatings. The first was mainly
composed of MgO and M§iO,, and the second one of MgO. Although the reshitsved
that both coatings provided effective corrosiont@ction, the coating containing VO,
showed a better corrosion resistance [7]. A comspariof the corrosion resistance of the
coatings which are composed of MgO and Mghlalso showed that a higher amount of
MgAIl.O, increased the corrosion resistance of the PEQngpf21]. Other studies have
additionally reported the beneficial effect of dealphases such as MRJO, [34,36]
Mgs(POy)2 [8] and MgALO, [13,35] to improve the corrosion resistance of Rté@tings.
Therefore, one of the major roles of the anionsnse® be an influence on the chemical
composition of the coatings leading to differentrosion performance of the coatings.

To determine the fraction of the phases, the cgatwere characterized by considering the
intensity of the main peaks of each phase in th® XRtterns. The ratio of the intensities
was used to calculate the relative variation ofghases existing in the coating. Thus, the

ratios of Iy / 1ygs Tug,so, 1o s mgypoy), ! 1mgo @M Tygao, / Tugo Were determined. The

results show that the ratio bfigo/lmg is 0.192, 0.25 and 0.037 for Si-, P- and Al-coating
respectively. It can be seen that the Al-coating tha lowest ratio which could be because
of the low thickness of the coating. On the othemdy although the P-coating had a lower
thickness compared to the Si-coating, it had adrigatio oflugo/Img Which might indicate
that a higher fraction of the P-coating consisteMgO compared to that of the Si-coating.

The calculations yielty, g0, / 1 ygo= 1.03, 1 yq.po,), / 1mgo = 0-21 andl s o, / 1ygo= 1.87

for the Si-, P-, Al-coating, respectively. It isese although Mg5iO, and MgO were
forming almost in equal fraction in the Si-coating,the case of the P-coating a lower
amount of Mg(PQy), was present in the coating structure comparetiabdf MgO. This
confirms that a higher fraction of the P-coatingsvemmposed of MgO. Considering the
ratios of the Al-coating may lead to the conclustbat the fraction of MgA, in this

coating is higher than that of MgO.

11



4-5. EI S study

4-5-1. Si-coating

The electrochemical properties of the coatings ves@mined using electrical equivalent
circuits representing various elements of the ogati The equivalent circuits employed for
curve fitting of the Si-, P- and Al-coatings arestrated in Fig. 13. It should be noted that
different combinations of elements (such as resis@pacitor, and Warburg diffusion) in

different sequences (i.e. parallel, series) weexkhd. Among the different combinations,
the indicated equivalent circuits gave the besin{jit results with the lowest error. The

proposed equivalent circuit for the Si-coating ¢stisg of two time constants suggests
two different resistances in the coating, nameby ¢bating layer and a passive layeg, R

R: and R represent the resistance of the solution, theirgpaind the passive layer,

respectively. CPEand CPE represent the capacitances of the coating angaksive

layer, respectively.

The experimental and fitted results are illustratedrig. 10. Moreover the corresponding
data are listed in the Table 3. As Fig. 1a convéys,coating surface is very porous and
consists of big holes. Therefore, &tains a low value. On the other hand, the csestion

of this coating in Fig. 1b shows a relatively unifolayer on top of the metal surface.
According to the obtained data the magnitude c&fRl R are 3.2x1Hand 5.6x10Qcn?,

respectively. A low Rand a much higherRralue point to the fact that the porous layer of
the coating was not able to provide high resistamgainst the corrosion and the total
resistance of the coating was mainly derived framgassive layer which was laid directly
onto the metal surface, acting as a barrier agamestcorrosive electrolyte to reach the

substrate.

4-5-2. P-coating

Fig. 13-b shows the equivalent circuit giving thesbfit for the impedance data of the P-
coating. It is clear that the equivalent circuis e additional Warburg elemaampared
to that of the Si-coating. The presence of the Wiarkelement which is an evidence for a
diffusion controlled process in the P-coating cam dxplained as following; At the
corrosion potential, the rate of dissolution of Eltpy is very low in the Si-coating due to
a more protective layer. Because the corrosion(cateurring at the interface) is very low,
a faster diffusion is not required to sustain tler@sion rate, and so it is not diffusion

controlled. On the other hand, the corrosion rdtdhe Mg alloy is much higher in the P-

12



coating condition. Therefore, long range diffusismequired to sustain the corrosion rate.
In other words, it can be said that the differebheaveen Rand R is much higher in the
Si-coating than in the P-coating which could bedose of the higher number of open

pores in the P-coating.

4-5-3. Al-coating

The fitting results for the Al-coating presentedrig. 12 show a depressed Nyquist curve
in the high and medium range of frequencies. Tharedsed semicircle of the Nyquist
curve can be attributed to a quite rough and unestgface morphology of the coating
[39,40]. In the low frequency range, however, theve attains negative values forming a
curve known as an inductive loop. This loop canaleibuted to relaxation reactions
(decomposition of metal to ions leading to the fation of corrosion products) and then to
the adsorption of electro-active species of thetedgyte. These processes lead to localized
corrosion followed by the formation of pits on thaface [41,42].

The low thickness and the high number of open puorése Al-coating make the layer so

weak and porous that the electrolyte passes thrthalthickness within a short time and
easily reaches the substrate. As the diffusion @ Hholecules through the layer is easier
than that of salts such as NaCl, the interactiawéen HO and the metal surface might be

the first reaction taking place according to equai(4) and (5) [41]:

Mg + 2H,O = Mg(OH)»+H 4)
MgO + H,O = Mg(OH) (5)

As a result, corrosion products such as*Mand Mg(OH) form on the metal surface.
These intermediate products have the ability tcodxlshe electro-active species of the
electrolyte which in the case of using a NaCl edgte could be Clor H' [43-45]. The
presence of such aggressive species leads toZdedatorrosion of the substrate which is

usually detected as pits.

The equivalent circuit shown in Fig. 13c generatesirve which fits to the experimental
data with the lowest error. The circuit consiststwb time constants together with an
inductor (L) and a resistor (R which are parallel with one of the time constant

components. The inductor in the equivalent circajpresents the negative loop of the
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Nyquist curve. It should be pointed out that intemf the fact that the Al-coating exhibits
a much higher corrosion rate than the P-coatirgNiyquist plot does not show a Warburg
behaviour. This is primarily due to the fact tha so-called porous and compact layers do

not offer any resistance to the flow of ions anddeeof the current.

5- Conclusions

1- The results showed that the surface morphologies cross sections of the coatings
were affected by the anions. The Si-coating hadugilr and porous surface morphology
but less pores in the cross section. The P-coatha fine surface morphology including
tiny pores. The cross section of the coating atsdained some pores. The Al-coating had
a non-uniform and porous structure, and its crasgian was uneven and thin. The
different thicknesses of the Si-, P- and Al-coatingich were about 8, 4 and 1 um,
respectively, show that different anions can havénfluence on the formation rate of the
layer.

2- The presence of Si® anions in the Si-solution produced a more stabsipe layer on
the AM50 magnesium alloy compared to that of,P@ the P-solution. Moreover the
latter one produced a more stable passive layempaoed to that of AlQ in the Al-
solution.

3- The results showed that the anions directlyrdountied to the coating formation process.
Apart from MgO which is a common phase in the cugsj specific phases, i.e. MJO,,
Mgs(PQy), and MgAbLQO,, resulted from the Si-, P- and Al-solutions, respely.

4- Based on the curve fitting results, the strueguof the Si-, P- and Al-coating can be
represented by two time constants, Warburg andciindu elements, respectively. These
results indicated that the corrosion process oPdoeating was controlled by diffusion but
that of the Al-coating led to the local corrosiordaits.

5- The presence of Si® anions in the coating solution seems to be monefi@al for the
corrosion resistance of the PEO coating than thaP@> or AIO,. It seems that
parameters such as thickness, composition andt@teuof the coating in the Si-solution
form in such an optimal way that the coating shawsgher corrosion resistance than the

P- and the Al-coating.

14



6- Acknowledgements
The authors gratefully acknowledge the technicalpsuts extended by Mr. U. Burmester
and V. Heitmann. One of the authors (A.G.) expresse sincere thanks for the financial

support received by Helmholtz-DAAD Fellowship pragr.

7- References
[1] N. Sato, Electrochim. Acta, 16 (1971) 1683-1692
[2] N.F. Mott, R.J.W. Tobin, Electrochim. Acta, 4 (19¢B-107.

[3] L.O. Snizhko, A.L. Yerokhin, A. Pilkington, N.LGurevina, D.O. Misnyankin, A.
Leyland, A. MatthewsElectrochim. Acta, 49 (2004) 2085-2095.

[4] M.R. Ok, E.Y. Kang, J.H. Kim, Y.S. Ji, C.W. Le¥.J. Oh, K.T. Hong, Mater. Sci.
Forum, 539-543 (2007) 1258-1263.

[5] M. D. Klapkiv, Mater. Sci., 35 (1999) 279-282.

[6] A.G. Rakoch, V.V. Khokhlov, V.A. Bautin, N.A. Lebeda, Y.V. Magurova, |.V.
Bardin, Prot. Met., 42 (2006) 158-169.

[7] J. Liang, L. Hu, J. Hao, Appl. Surf. Sci., 26807) 4490-4496.

[8] H. Duan, C. Yan, F. Wang, Electrochim. Acta,(8R07) 3785-3793.

[9] H.Y. Hsiao, H.C. Tsung, W.T. Tsai, Surf. Coaechnol., 199 (2005) 127-134.
[10] Z. Shi, G. Song, A. Atrens, Corros. Sci., 28@6) 1939-1959.

[11] C.B. Wei, X.B. Tian, S.Q. Yang, X.B. Wang, RX Fu, P.K. Chu, Surf. Coat.
Technol., 201 (2007) 5021-5024.

[12] S.Y. Chang, Y.L. Kim, B.H. Song, J.H. Lee, SoligtetPheno., 124-126 (2007) 767-
770.

[13] Y. Ma, X. Nie, D.O. Northwood, H. Hu, Thin SdlFilms, 494 (2006) 296-301.

[14] C. Blawert, V. Heitmann, W. Dietzel, H.M. Nyforchyn, M.D. Klapkiv, Surf. Coat.
Technol., 200 (2005) 68-72.

[15] Y. Ma, H. Hu, D. Northwood, X. Nie, J. Matd?roce. Technol., 182 (2007) 58-64.
[16] Q. Cai, L.Wang, B. Wei, Q. Liu, Surf. Coat.cFaol., 200 (2006) 3727-3733.
[17] Y. Ma, X. Nie, D.O. Northwood, H. Hu, Thin SdIFilms, 469-470 (2004) 472-477.

[18] A.Ghasemi, V.S.Raja, C.Blawert, W.Dietzel, Kkainer, Surf. Coat. Technol., 202
(2008) 3513-3518.

[19] L. Chai, X. Yu, Z. Yang, Y. Wang, M. Okido, @os. Sci., (2008), doi: 10.1016/ j.cor
sci. 2008.08.038.

[20] S. Verdier, M. Boinet, S. Maximovitch, F. Dada Corros. Sci., 47 (2004) 1429.

[21] J. Liang, B. Guo, J. Tian, H. Liu, J. Zhou, W, T. Xu, Surf. Coat. Technol., 199
(2005) 121-126

15



[22] W. Dietzel, M. Klapkiv, H. Nykyforchyn, V. Paowailo, C. Blawert, Mater. Sci., 40
(2004) No. 5.

[23] J.A. Curran, T.W. Clyne, Acta Mater., 54 (200®85-1993.
[24] Magnesium and magnesium alloys, ASM speciaétyd book (1999) 194.

[25] W.C. Gu, G.H. Lv, H. Chen, G.L. Chen, W.R. Be®.Z. Yang, Mater. Sci. Eng., A
447 (2007) 158-162.

[26] G. Sundararajan, L.R. Krishna, Surf. Coat.Hres., 167 (2003) 269-27.
[27] Y.M. Wang, T.Q. Lei, B.L. Jiang, L.X. Guo, Apfsurf. Sci., 233 (2004) 258.

[28] B.H. Long, H.H. Wu, B.Y. Long, J.B. Wang, N.&ang, X.Y. Lu, Z.S. Jin, Y.Z. Bai,
J. Phys. D: Appl. Phys., 38 (2005) 3491-3496.

[29] A.A. Voevodin, A.L. Yerokhin, V.V. Lyubimov, M.S. Bnley, J.S. Zabinski, Surf.
Coat. Technol., 86-87 (1996) 516-521.

[30]JA.L. Yerokhin,T, A. Shatrov, V. Samsonov, P. ShashikavRilkington, A. Leyland,
A. Matthews, Surf. Coat. Technol., 199 (2005) 150-1

[31] V.I. Birss, S.J. Xia, R. Yue, R.G. RateickEJectrochem. Soc., 151 (2004) B1-B10.

[32] S.J. Xia, R. Yue, R.G. Rateick, V.l. Birss,Electrochem. Soc., 151 (2004) B179-
B187.

[33] H.F. Guo, M.Z. AnAppl. Surf. Sci., 246 (2005) 229-238.

[34] H. Luo, Q. Cai, B. Wei, B. Yu, D. Li, J. He, Z. Lid, Alloys Compd., 464 (2008)
537-543.

[35] O. Khaselev, D. Weiss, J. Yahaloma, J. Electrocl®&wmo., 146 (5) (1999) 1757-1761.
[36] H. Fukuda,Y. Matsumoto, Corros. Sci., 46 (20R235-2142.
[37] H. Duan, C. Yan, F. Wang, Electrochim. Acta,(2007) 5002-5009.

[38] G.H. Lv, H. Chen, W.C. Gu, L. Li, EW. Niu, X. Zhang, S.Z. Yang, J. Mater.
Process. Technol., 208 ( 2008 ) 9-13

[39] S.C. Chung, J.R. Cheng, S.D. Chiou, H.C. SBirros. Sci., 42 (2000) 1249-1268.
[40]R.cottis, S.turgoose, Electrochemical Impedaarueé Noise, NACE (1999) 45.
[41] H. Duan, K. Du, C. Yan, F. Wandelectrochim. Acta, 51 ( 2006) 2898-2908.

[42] L. Kouisni, M. Azzi, F. Dalard, S. Maximovit¢isur. Coat. Technol., 192 (2005) 239-
246.

[43] S.S. Rehim, H.H. Hassan, M.A. Amin, Corrosi. 6 (2004) 5-25.
[44] L. Garrigues, N. Pebere, F. Dabosi, Electrothicta, 41 (1996) 1209-1215.

[45]H. J. W. Lenderink, M. V. D. Linden, J. H. W.eDNit, Electrochim. Acta, 38 (1993)
1989-1992.

16



List of figures:

Fig. 1: (a) Surface morphology and (b) cross saabioSi-coating.
Fig. 2: (a) Surface morphology and (b) cross saatioP-coating.
Fig. 3: (a) Surface morphology and (b) cross saabicAl-coating.
Fig. 4: XRD patterns to determine the chemical cositpon of the PEO coatings.

Fig. 5: Polarization curves of AM50 alloy by psO;+KOH, NaPO,+KOH and
NaAlO,+KOH solutions with scan rate of 12 mV/min

Fig. 6: Impedance curves of samples immersed ilmwsisalt solutions; (a) NaAkZurve
in large scale.

Fig. 7: Morphology of the corrosion attack of a),N&;+KOH, b) NaPO,+KOH and c)
NaAlO,+KOH coatings.

Fig. 8: Typical polarization plots of three typdscoatings in 3.5wt% NaCl solution; the
limiting current density decreases in the orderM™ > Si.

Fig. 9: Experimental results of impedance datateruncoated AM50.

Fig. 10: Experimental and fitted results of impedadata for the Si-coating.

Fig. 11: Experimental and fitted results of impedadata for the P-coating.

Fig. 12: Experimental and fitted results of impedadata for the Al-coating.

Fig. 13: Equivalent circuits for fitting the experental data of a) Si-, b) P- and c) Al-
coating.

List of tables:
Table 1: Measurement of the open pores of PEOrugsti

Table 2: Polarization data for evaluating the csion resistance of the PEO coatings.
Table 3: Data of the equivalent circuits of theieas coatings.

17



Barrier layer

Fig. 1: (a) Surface morphology and (b) cross saabioa Si-coating
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Coating

Fig. 2: (a) Surface morphology and (b) cross saabioa P-coating.
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Coating

Fig. 3: (a) Surface morphology and (b) cross seatifcan Al-coating.
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Fig. 7: Morphology of the corrosion attack of a),N&;+KOH, b) NaPO,+KOH and c)
NaAlO,+KOH coatings.
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Fig. 13: Equivalent circuits for fitting the experental data of a) Si-, b) P- and c) Al-

coating.

Table 1:- Measurement of the open pores of PEQngsat

ti . . . .
Open porecoa ngs Si-coating P-coating Al-coating
% Area covered by 0.5 0.7 1.6
open pores ' ' '
Open pores density 13 17 33
(pores/mrm)
% Area covered by 33 15 3.6
pores ' ' '
pores density 4410 31340 74450
(pores/mrm)
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Table 2: Polarization data for evaluating the csion resistance of the PEO coatings

Coatings . . . ,
Parameters Si-coating P-coating Al-coating
icorr 06 04 03
3.2x10 9.5x10 8.7x10
(mA/cm?)
corrosion rate 8.4x10% 1.3x10% 1.16
(mm/year)
Table 3: Data of the equivalent circuits of theioas coatings
Chi- Weighted
coating | CPE1-PCPE1-T R |CPE2-R CPE2-T R |W1-PW1-T| W1-R| R, L |squareq Sum of
q Squares
Si-coating| 0.89| 5.19x17 3.21x10 | 0.42 | 2.70x10|5.64x16 | - - - - - [9.9x1d] 1.6x10"
P-coating | 0.81| 6.5x10| 6.4x1d | 0.44 | 2.2x10 | 3.1x10 | 0.95( 13.9(2.1x10| - - [1.1x107 1.7x10"
Al-coating| 0.2 | 1.7x10 | 2.1x1G | 0.71 | 5.4x10 | 2.3x1G | - - - | 3543 1037 |1.2x16| 1.9x10"
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