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1.INTRODUCTION

In the recent years, the magnesium and their alloys has been widely used because of-their easy
formation ability, good micrdnvardness and deformation abilify;2]. Unfortunately a fatal shortcoming,
that is the high possibility to be corrajevhich greatly obstruct their applicatidi3$. Specially in some
extreme environment, the magnesium alloys were very easy to be corroded and then become invalid.

Plasma electrolytic oxidation(PEO) as a new surface treatment technology, has gaineg so man
attentions from the outside world since this century. However, as a new technology, it can only produce
ceramic coatings on aluminum, magnesium, titanium and their alloys. On the other hand, it is a quite
simple technology, that is, the coatings candoméd in the electrolyte with high voltages on these valve
metals [49]. The detailed PEO treatment process can be illustrated as following: At first, there emerges
some small bubbles on the surface of the specimen. After a short while, some sporasdiagpeaks
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with the bubbles. As the treatment time continues, some small bubbles becomes big and many big ail
pockets bubbles up. Almost on the same time, so many sparks gathered into the same area and beconr
arc. And with the treatment process becomemnge, the big bubbles and arcs continuously appears on
the surface of the samples. The whole process were happened under the high temperature. In the en
the ceramic coatings were fabricated on the surface of the specimens. And owing to the cerags¢ coatin
the coatings can provide superior protection to the specimens and prevent the specimen from corrosior
Hence, PEO has been widely used to fabricate ceramic coatings on the magnesium alloys which is o
high sensitivity to be corroded [41B].

Recently,there appears so many investigations of magnesium alloys. However, most of the
investigations are very superficial. In this paper, the PEO coatings were thoroughly investigated by AFM.
On the other hand, the electrochemical methods were used to invetstegaterosion behavior of the
coatings.

2EXPERI MENT DETAI L

2. AEO preparation

Specimens of AZ31 Mg alloy with size of 20 20 mmx 3 mm were cut from casting material.
Its composition is showed in Table 1. Before treatment, all the specimensneenanically polished
with metallographic abrasive paper up to 1000# and cleaned, then dried. The treatment electrolyte
consisted of 10 g/l of N®Qs and 10 g/l of NgSiOz and 8 g/l GHgOs with 8 g/l additive kZrFe. In the
treatment process, the specimen and barrel were selected as anode and cathode, respectively. The Pl
specimens were prepared under different treatment time. The exact parameters are showed in Table 2.

Table 1 Composition of the substrate allaythis study.

Element Al Zn Mn Si Ca Cu Fe Ni Mg
wt% 2535 0.614 0.21.0 0.08 0.04 0.01 0.003 0.001 Bal.

Tab2Rarameters used in this study.
Treat ment Vol tacFrequen Duty

10 420 400 4 %

20 420 400 4 %

30 420 400 4 %

40 420 400 4 %

2.2. Characterization of coatings

The surface and crosection morphology of the PEO coatings were observed using scanning
electron microscopy (SEM, JSBB60LA). To further analyze the structure of coatings, atomic force
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microscoe (AFM, Nanoman V$in air with a silicon tip of 10 nm radius in contact mode was employed

to study the surface profile of coatings. The coating thickness and roughness of the samples were
evaluated by SEM inspection amsdirface prélometer respectively.X-ray diffraction (XRD) was

carried out with Digaku D/mag500 equipped with Cu Hradiation to detect the composition of the
coatings. The measured range was betwelraRies of 20 and &° with the Xray generator settings

were 45 kV and 40 mA, respeatly. The scanning rate wds/min with a step length of 0.02To

further detect the composition of the coatings, the coating surfacestedexl for 1 min by argeion-
beamand then analyzed by-Ky photoelectron spectroscopy (XPS, ESCALAB 250, Therr® V

Scientific). TheC 1s signal was set at 284.6 EM].

2. Borrosion evaluation

The electrochemical experiment was performed in 3.5 wt.% NaCl solution using CorrTest AC
potentiostat/frequency response analyzer system to evaluate the corrosiorceesistasnPEO coatings.

A corrosion cell with threelectrodecell systema weightsaving platinum electrodeuxiliary electrode,
asaturated calomel electro(f®CE) reference electrode and the specimens selected as working electrode
were used in this stly.

Prior to open circuit potentials (OCPs) experiment, an approximately 30 min wait time needs to
be prepared for the specimens. Electrochemical impedance spectroscopy (EIS) studies were carried ot
at OCP with a perturbation amplitude signal of 10 m¥himi a frequency range of 105 Hz to-1(Hz.
Besides, the PEO coated specimens were immersed in the salt electrolyte with 140 h for corrosion testing

3 RESULTS AND DISCUSSION

3.1. Thickness and roughness
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Figure 1. The thickness variation of PE€atings in this study.
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The thickness and roughness of PEO coatings formed on AZ31 Mg alloy in the electrolyte are
showed in Fig.1. Clearly, it can be seen that the thickness and roughness increased with the incremer
of the treatment time (See Fig.Besides, the coating thickness was increased linearly with tbiorea
time approximately. Through the line fitting of the thickness vs. time, with the result shown in formula:

Thickness (2nT)meéming. 5 + 0. 4(1)

The growth rate of the PEO coating was (E4@min. The coating formed in the electrolyte at
the voltage of 420 V presented the thickest thickness with the treatment time of 40 min. In the initial of
the PEO process, the coating accumulates at the magreside/electrolyte interfaces, which led to
the migration of @JOH', similar to the titanium [15]. With the treatment time prolonged, the coating
becomes thicker. Finally, the PEO reaction becomes stable and the coating grows relatively slow. At the
sameway, the roughness of the coating with the longest treatment time was of the highest value. On the
other hand, with the treatment time increased, the pore sizes becomes larger, and the surface roughne
increased.

3.2. Microstructure

Surface images dhe PEO coatings formed in tkeZrFs-containing electrolytare showed in
Fig.2. The coatings are fulled of pores because the treatment was happedned under the temperature
104 K likely [16].

J

Figure 2. Surfaceimages of PEO coatings with the treatment time: (a) 10 min, (b) 20 min, (c) 30 min,
(d) 40 min, respectively.



Int. J. Electrochem. Sci., Vol. 15, 2020 585(

When the treatment time is 10 min, there only exists some small pores on its surface (Fig.2a).
But, with the treatment time increased, the poexedsed on numbers and increased on size. Specially,
when the treatment time increased to 40 min, some large pores emerge (Fig.2d).

Figure 3. AFM surface topographgf PEO coatings with the treatment time: (a) 10 min, (b) 20 min, (c)
30 min, (d) 40 min, respectively.

To observe the thregimensional morphology of the coating, Fig.3 shows the 3D image of the
coatings observed by the AFM. Generally, the height of the surface morphology that reflected by the
AFM indicated the surface roughness of the coating on sometelttmeans that if the value is large,
the corresponding coating is of big roughness either. From the figure, it is showed that the value on the
left top of the coating increased as the time lasted. Besides, to confirm the AFM results, it can be found
that the surface roughness of the coating measured by the surface profilometre increased with the
increasing treatment time (See Fig.1). The pattern is consistent with the AFM measured results. The
coating with the longest treatment time showed the higheahreurface roughned®g ~1.934¢ M
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Figure 4. Crosssectionaimorphology of PEO coatings with the treatment timel1Qajmin, (b) 20 min,
(c) 30 min, (d) 40 min, respectively. (e) shows the enlarged image of the coating with the longest
treatment time, which clearly showed the dodblgered structure of the coating.

The wsraeadss on i mages of Pe&EKDZ refeocart ti anigrsi nfgo r erleedc
showed in Fig.4. After compari son, it can be
time was of the thickest thicknesslyanwdd.h The
treat ment, t2i0me 3df ah@®s gPldeninkel ykness of the co.
i ncrement of the treatment ti me whitchi dBaacgs r e
On the other hand, it is cleadarigtehowedpahsat
| ayer and the outer porous | ayer (See Fig. 4e)
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3.3. Composition analysis

3.3.1 XRD analysis
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F i g 6.X-ay diffraction patterns d?PEO coatings with the treatment time of 10, 20, 30 and 40 min

The XRD patterns of the coatings fabricated
that the coating formed in such el eZa®d | Mg Ri Qv
And, the coomcemrtasefd vi ©Oh mntheti mer ehilse nigond mZEad o
suggested t hidteslvbbbei addrpovatkKd into the PEO r e
't should be noticed thasti ssemd rpeneksy dorgrhes gt
PEO cosatporgousr anwdi $ heaxXy to penetrate into th

3.3.2 XPS analysis
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F i g 6.XRS spectra of PEO coatings with the treatment time of 40 min. (a) the survey spectrum, the
specific spectraf (b) O1s, (c) Zr3d.

Fig. 6 showed the XPS survey spectrum of PEC
it is indicated that the el ement of the coatin

The photoelectron peaksFiod. 6d samd dc ,Zrr3as ma c
and c¢c). The O1ls peak at 531.5 eV, can be decon
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3.4. Corrosion analysis
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Fi g W.IOERtime curves of uncoated and PEO coated specimens formed in the electrolyte with 10,
20, 30 and 40 min
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3.4. 2. EI'S measur ement
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Fi g &.(agNyquist and (b), (c) Bode plots of uncoated &tfOcoatedAZ31 Mg alloy substrate in
3.5 wt% NaCl solutionConsequenines correspond to fit using equivalent circuits of.¢and
symbols correspond to experimental values.

Apparently, the PEO coating with 40 min time was of the maximum capacitive loop. This directly
showed that the coating obtained in the electrolyte after 40 min treatment showed the best corrosior
resistance. The Nyquist plot (See Fig.8a) showed that #medér of the the capacitive loop of the
coatings increased with the increasing treatment tHge8b shows that the impedance of the uncoated
AZ31 Mg alloy ranged form o 10%° g ¢ frappgoximately. This results is comparable to the previous
study [21] However, the impedance of PEO coatings was abovzat lower frequencies (See Fig.8b).

This demonstrates that the PEO coatings with longer treatment time conspicuously enhanced the
corrosion resistance of the AZ31 Mg alloy. To fit the EIS results timve constants are required. The
Bode phase angel plot in Fig.8c intuitively illustrates the results and consistent well with the feature of
the Nyquist plots in Fig.8a. In the low frequency range, it can be seen that the phase angles of bare allo:
is less than 0°(See Fig.8c). Such phenomena indicates that the pitting corrosion occurs.

The equivalent circuit mod@resentedn Fig.9 was usedo analyze the EIS resulta.constant
phase elemenCPE) [22] which is represented by syml@wasusedwhich wasused tansteada rigid
capacitive element. The capacity elemeritustrated as following:

Zg= (i) 2)

In the®formula,j is an imaginary unit {* =-1) and w is angular frequencyw=24 ). The
coefficientY, or n (- 1¢ n¢ 1) is the parameter @PE
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F i g 0. Equivalent circuits of the EIS plots for (@)coatedcand (b)PEO coatedZ31 Mg alloy in 3.5
wt% NaCl solution

In the equivalent circuitdHC), Rsis the electrolyte resistandg, is the charge transfer resistance
of pitting corrosion with the inductanteR, andRy is the resistance of the outer porous and inner barrier
layer, respectively (See Fig.9b). It should be pointed that as the uncoated AZ31 Mg alloy has no dense
layer, the best fit EC is Fig.9a (See Fig.9a). In the figure, the fitted capacitance loojp-iregigency
capacitance loop is defined k4 andR:, which described the loose outer layer in the uncoated AZ31
Mg alloy (See Fig.9a). The onset of pitting corrosion reflected b@is described byR. andL in the
low-frequency inductive loop.

T a b 3. EEquivalent circuit data of (a) uncoated &PEO coatingswith the treatment time: (b) 10, (c)
20, (d) 30 and (e) 40 min, respectively.

Samp R( ¢ Qi( ds'c m) n Ri( &c ) L( ds'c M) R(dc )
(a) 12. 5! 1.15D0% 0.19 0. 39 255 0.24
Samp R( Qp( ds’c m) Np R(&kcr) Q(ds'cm) m Ro( ¢ c M)
(b) 10. 6¢ 2.18170 092 8.8 2.77B0 081 42.09

(c) 8.26 2 .1340 0.49 13.6 3.1B50 083 73.5
(d) 6. 34 4 . 1589 083 18. 2 6.210 074 104. 7
(e) 7.68 3.1319 081 24. 3 2. 270 069 197.1

According to the equivalent circuits above (See Fig2% curves were best fittednd the
corresponding equivalent circuit parameters were listed in Tabgenerally, the resistance value
intuitively reflect the corrosion resistance of the coatings. That is, the higher the resistance value is, the
better the corrosion resistance is. In the tables ¢learly showedhat thePEO coatingswas oflow
capacitance GPE and CPER,) andrelatively high resistanceR, and Ry). These evidences strongly
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indicated that the coatingare able tqrotect theMg alloy substrate, especially for tiEQO coatings
with the highest treatment time, which was ofiighestR, andR, value than that of the other coatings.
Besides, it is showed that the resistance value, i.eRpthed R, value of PEO coatings, increased with
the treatment time laste@hich means that the corrosion resistance of the coatings iadredth the
treatment time increased from 10 min to 40 min.

3.4.3. Corrosion morphology

Fi g 4 OTe appearance of specimens alfbeilg timesalt solution immersion test in 3.5 wt% NacCl
solution for140 h: PEO coatingswith treatment time of (a) 10, (b) 20, (c) 30, (d) 40 min @)d
AZ31B Mg alloy.

Fig.10 shows the images of uncoated and PEO coatings after 140 h immersion in 3.5 wt% NaCl
solution. It is showed that the Mg substrate was almost completelyecbby the black corrosion
products (See Fig.10e). Nevertheless, the morphology of the PEO coatings are much better. The
corrosion area of PEO coatings with the treatment time of 10, 20, 30, 40 min and Mg substrate are abou
27%, 18%, 8%, 3% and 98% respreely. The observation of the corroded specimens is in good
agreement with the electrochemical analysis results.

4 CONCLUSION

(1) The PEO coatings were fabricated in siligal@sphate based electrolyte with the addition of
K2ZrFe. PEO coatings formedhithe electrolyte were mainly composed of MgO, MgE O, and
MgSiOs.



