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Abstract

Plasma electrolytic oxidation (PEO) coatings were developed on AZ31 magnesium alloy using alkaline silicate with KOH as a base electrolyte

system, and with the addition of sodium aluminate, sodium tetra borate, potassium titanium fluoride, tri sodium ortho phosphate and urea as

additives. The phase composition and surface morphology of these multi-phase coatings were analyzed by X-ray diffraction (XRD) and scanning

electron microscopy (SEM). The corrosion behavior of the coated samples was evaluated by potentiodynamic polarization tests and

electrochemical impedance spectroscopy (EIS) in 3.5 wt.% NaCl solution. The results showed that the anions namely, SiO3
2�, AlO2

�,

B4O7
2�, F� and PO4

3�, effectively participated in the coating formation influencing its chemical composition and surface morphology and

thereby corrosion resistance. The mechanism of corrosion process of each coating was explained in detail with the help of Electrochemical

Impedance Spectroscopy (EIS) analysis and equivalent circuit modeling. It was observed that the sample treated by PEO in the electrolyte solution

containing sodium tetra borate as an additive showed higher corrosion resistance which could be attributed to its morphological characteristics.
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1. Introduction

Plasma electrolytic oxidation (PEO) is an emerging

environment friendly technology for the production of

corrosion and wear resistant coatings on light metals such as

aluminium, magnesium, titanium and zirconium [1–4]. This

method is based on the anodic polarization of a metal in an

aqueous solution of an electrolyte at voltages that cause the

occurrence of plasma micro discharges at the electrode surface.

This leads to the dissolution of metal ions, which in turn react

with anions from the electrolyte, thereby forming respective

metal oxides. The high temperature and pressure in breakdown

channels create conducive conditions for the formation of these

oxide structures [5]. Further, the inclusion of additives in the

electrolyte leads to the formation of layers that consist of both
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oxides of the substrate as well as electrolyte specific phases

which improve various properties of the coating such as

corrosion resistance and wear resistance [6–10].

Magnesium and its alloys have been the focus of recent

research for structural and biomedical implant applications

owing to their high strength to weight ratio [11,12]. However,

these alloys have low corrosion resistance due to their high

chemical reactivity and lack of protective passive oxide film

[13]. Surface modification processes such as PEO which

enhance the corrosion resistance are being extensively studied

in present day investigations. The corrosion resistance of

coatings developed by PEO mainly depends on their

composition and morphology [14,15]. In general, PEO coatings

on Mg were found to be mainly composed of magnesium oxide

along with other electrolyte-borne phases such as Mg2SiO4,

Mg3(PO4)2 or MgAl2O4, etc. [16–18]. These phases can be

produced in the coating in two ways, either by using the

respective compounds themselves as base electrolytes or by

adding them as additives to any other base electrolyte. The main

advantage of addition of small amounts of these compounds to
d.
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the base electrolyte is the ability to produce multiple phases in

the coating in a single step. Each of these phases has a particular

property with respect to coating growth kinetics, adherence and

chemical stability. By studying the corrosion mechanisms of

such multi-phase coatings, the effect of various additives on the

corrosion characteristics may be determined. Consequently, the

optimum number and amount of additives to achieve the

desired coating properties can be tailored.

The present research is focused on studying the role of

various additives in modifying the phase structure, surface

morphology and corrosion mechanism of PEO treated AZ31

magnesium alloy. The corrosion mechanism of each multi-

phase coating is described by analyzing their electrochemical

impedance data and modeling respective equivalent circuits.

2. Experimental

2.1. Preparation of sample

Rectangular coupons of AZ31 magnesium alloy of dimen-

sions 25 mm � 15 mm � 2.5 mm were used as substrate

material. Surface of all the samples were ground from 800

to 1200 grit SiC paper to ensure uniform surface roughness and

subsequently cleaned ultrasonically with acetone and rinsed

with distilled water to avoid any surface contamination prior to

the PEO coating process. In order to ensure proper electrical

contact, a threaded hole of 2 mm diameter was made on the

edge of the sample and a thin aluminium rod which has external

threading was screwed to the sample.

2.2. Preparation of electrolyte

The base electrolytic solution was prepared by adding 10 g/

L of Na2SiO3�9H2O and 4 g/L of KOH to 1 L of distilled water.

Additives, namely, sodium aluminate, sodium tetra borate,

potassium titanium fluoride, tri sodium ortho phosphate and

urea, each 2 g/L, were added to base electrolyte solution and six

different compositions of electrolyte were prepared. Table 1

lists these six electrolyte systems including the base electrolyte

system, and the corresponding identification codes of the

samples treated in these electrolytes. It may be noted that

throughout the manuscript the coatings obtained by PEO in

these electrolyte systems are identified by their respective

codes.
Table 1

Sample codes and their respective electrolyte compositions of PEO treated

AZ31 Mg alloy in different electrolyte systems.

Sample code Composition of electrolyte

si-coat 10 g/L Na2SiO3�9H2O + 4 g/L KOH

a-coat 10 g/L Na2SiO3�9H2O + 4 g/L KOH + 2 g/L NaAlO2

b-coat 10 g/L Na2SiO3�9H2O + 4 g/L KOH + 2 g/L Na2B4O7.10H2O

k-coat 10 g/L Na2SiO3�9H2O + 4 g/L KOH + 2 g/L K2TiF6

p-coat 10 g/L Na2SiO3�9H2O + 4 g/L KOH + 2 g/L Na3PO4.12H2O

u-coat 10 g/L Na2SiO3�9H2O + 4 g/L KOH + 2 g/L CH4N2O
2.3. Fabrication of coating

The AZ31 Mg alloy samples prepared for PEO treatment

were connected to the positive terminal of the power source,

whereas the negative terminal was connected to the stainless

steel bath containing electrolyte solution. During the PEO

process, the electrolyte solution was stirred constantly using a

magnetic stirrer to ensure proper dissipation of heat from the

electrolyte. An indigenously designed pulsed DC power supply

was employed for PEO treatment, which was capable of

delivering voltage up to 650 V and current up to 15 A, with

variable frequency and duty cycles. All the samples under study

were treated in different electrolyte systems separately as listed

in Table 1. Based on experimental trials, the parameters were

fixed under constant current mode as current density of 60 mA/

cm2, frequency of 50 Hz, duty cycle of 50% and treatment time

of 10 min.

2.4. Characterization of coating

Scanning electron microscope (S3000H, Hitachi, Japan) was

employed to study the surface morphology and coating

thickness of the PEO coated samples. The digitally stored

images thus obtained were further processed using ImageJ

image processing and analysis software for the quantification of

pore characteristics (average area of pores and percentage area

of porosity) and measurement of coating thickness. These

measurements were carried out on surface and cross sectional

SEM images of PEO treated samples taken at 4 different

locations and their average values were calculated.

The phases formed in the PEO coatings were analyzed by

using the X-ray diffractometer (UltimaIII, Rigaku, Japan) with

Cu Ka radiation (l = 0.154056 nm) at 40 kV and 30 mA with a

scan speed of 18/min and a step size of 0.058 over the 2u range

of 208 to 808.
To evaluate the corrosion resistance of PEO coatings,

potentiodynamic polarization tests and electrochemical

impedance spectroscopy (EIS) were performed for the

substrate and PEO treated samples using ACM Gill AC

potentiostat  (ACM Instruments, Cumbria, UK) with ACM’s

software package, which enabled the scan to be generated

automatically  under computer control. All polarization and

EIS tests were carried out in 3.5 wt.% NaCl solution with a

pH of 6.5. The corrosion cell consisted of a saturated calomel

electrode (SCE) and a platinum foil, as reference and counter

electrodes, respectively. Untreated and PEO treated Mg

samples were used as working electrodes, exposing 0.5 cm2

of area to the solution during electrochemical measurements.

After an initial delay of 30 min, the polarization scan was

conducted with a sweep rate of 100 mV/min and a start

potential of �2000 mV up to a reversing potential of

2500 mV. EIS measurements were made from a start

frequency of 105 Hz up to 0.01 Hz with AC signal amplitude

of 10 mV RMS. After the measurements were obtained, the

impedance data was analyzed by curve fitting and equivalent

circuit modeling using ZView1 software.



Fig. 1. XRD patterns of (a) si-coat, (b) a-coat, (c) b-coat, (d) k-coat, (e) p-coat

and (f) u-coat.
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3. Results and discussion

3.1. Phase analysis

XRD patterns of PEO coatings are shown in Fig. 1. In

addition to the peaks corresponding to the substrate, all the

patterns reveal the existence of MgO phase which is commonly

found in PEO treated Mg alloys. Apart from MgO phase, these

samples also contain Mg2SiO4 phase which corresponds to the

reaction between the SiO3
2� ions from Na2SiO3.9H2O present

in the electrolyte system and Mg2+ ions from the substrate. The

XRD results also show that the anions from the electrolyte

additives effectively participate in the reaction and form

respective electrolyte specific phases, such as MgAl2O4 in a-

coat, MgF2 in k-coat and Mg3(PO4)2 in p-coat. The sharpness of

all the diffraction peaks suggests that the fabricated coatings are
Fig. 2. SEM micrographs showing surface morphologies of (a) si-c
crystalline in nature. The formation of different phases can be

explained from the following reactions [10,19]:

Mg2þ þ 2OH� ! MgðOHÞ2 ! MgO þ H2O ðat � 332 �CÞ
(1)

2Mg2þ þ SiO3
2� þ 2OH� ! Mg2SiO4þ H2O (2)

Mg2þ þ 2AlO2
� ! Mg2Al2O4 (3)

Mg2þ þ 2F� ! MgF2 (4)

3Mg2þ þ 2PO4
3� ! Mg3ðPO4Þ2 (5)

3.2. Morphology and cross section of coatings

Figs. 2 and 3 show the morphological and cross sectional

features respectively, of all the PEO coatings obtained from

electrolyte solutions containing different additives. It can be

observed that the morphology of each coating is different from

the other and all the coatings exhibit different levels of porosity.

Since the shape of any pore is not perfectly circular, calculation

of area of pore rather than the diameter of pore was considered

to be appropriate. Therefore, in this study, the average size of

pores and percentage area of porosity were considered in the

analysis of pores. The numerical values of average pore size,

percentage area of porosity and thickness of the coating

measured by ImageJ software are summarized in Table 2.

Although the obtained values may not be precise, they are

useful in understanding the differences in the porosity

characteristics among the coatings.

It can be noted by observing the surface morphologies of all

the coatings (Fig. 2) and corresponding analysis of pores (Table

2) that there is a considerable difference in the levels of porosity

among different samples coated in various electrolyte systems.

Larger average pore size and higher percentage area of porosity
oat, (b) a-coat, (c) b-coat, (d) k-coat, (e) p-coat and (f) u-coat.



Fig. 3. SEM micrographs showing cross-sections of (a0) si-coat, (b0) a-coat, (c0) b-coat, (d0) k-coat, (e0) p-coat and (f0) u-coat.
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was observed for si-coat, in contrast to b-coat which had the

lowest values. The large variation in average size of pore and

corresponding percentage area of porosity demonstrates that

the addition of additives to the base electrolyte has significant

influence on pore morphology. Further, it is evident from Table

2 that the coating thickness is largely influenced by anions in

the electrolyte system. As compared to the thickness of si-coat

obtained from base electrolyte solution, k-coat and a-coat show

significant increase in the coating thickness. This can be

attributed to F� and AlO2
� ions in the respective electrolytes

which foster the growth rate of PEO coatings [20,21]. In case of

the remaining coatings, there is no significant variation in the

values of coating thickness implying that the anions such as

B4O7
2� and PO4

3� do not have much influence on the coating

thickness.

3.3. Potentiodynamic polarization study

The potentiodynamic polarization curves obtained for

different PEO coatings in 3.5 wt.% NaCl solution is shown

in Fig. 4. Corrosion potential (Ecorr), corrosion current density

(icorr), and anodic/cathodic Tafel constant (ba and bc) were

derived from these data by Tafel extrapolation method and are
Table 2

Data of pore analysis and coating thickness of PEO treated AZ31 Mg alloy in

different electrolyte systems.

Coating Average size

of pore/mm2

Percentage area

of porosity/%

Thickness of the

coating/mm

si-coat 22.94 4.8 20

a-coat 10.85 2.8 42

b-coat 5.64 1.1 24

k-coat 7.4 2.3 50

p-coat 9.6 3.6 22

u-coat 7.97 2.6 16
summarized in Table 3. The polarization resistance (Rp) was

calculated using Stern–Geary equation [22]:

R p ¼
ba � bc

2:303icorrðba þ bcÞ
(6)

The substrate, when exposed to corrosive NaCl medium,

quickly forms a loose and porous Mg(OH)2 layer. Increase in

anodic potential leads to acceleration of Cl� ions from the NaCl

solution through this porous layer of Mg(OH)2 and promotes

dissolution of substrate. On the other hand, in case of PEO

treated samples, the multi-phase oxide structure serves as a

barrier to the transportation of corrosive ions and prevents their

direct contact with the substrate. Therefore, in contrast with

bare magnesium alloy AZ31, the samples treated in base

silicate solution as well as with additives had more positive

corrosion potential, greater negative corrosion current density
Fig. 4. Potentiodynamic polarization curves of substrate and PEO treated AZ31

Mg alloy in different electrolyte systems.



Table 3

Potentiodynamic polarization data of substrate and PEO treated AZ31 Mg alloy

in different electrolyte systems.

Sample ba/mV bc/mV Ecorr/mV icorr/mA cm�2) Rp/V cm2

si-coat 709.23 263.64 �1521.6 3.21 � 10�3 2.61 � 101

a-coat 674.48 210.42 �769.7 1.22 � 10�3 5.46 � 101

b-coat 360.60 541.18 �377.8 1.01 � 10�4 9.27 � 102

k-coat 622.30 270.82 �562.6 4.64 � 10�4 1.78 � 102

p-coat 528.99 371.99 �486.1 1.03 � 10�3 9.20 � 101

u-coat 322.81 679.01 �412.4 5.41 � 10�4 1.77 � 102

Substrate 307.26 464.46 �1377.2 3.95 � 10�1 3.95 � 10�4

Fig. 5. Nyquist and Bode plots of (a) si-coat, (b) a-co
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and higher polarization resistance. Among all the coatings

obtained in different electrolyte systems, highest polarization

resistance (927.61 V cm2) was obtained for b-coat and lowest

(26.13 V cm2) was observed for si-coat (base silicate electro-

lyte system) which can be attributed to their morphological

characteristics.

3.4. EIS study

The PEO films obtained in electrolyte solutions containing

different additives showed different EIS behaviors. The

difference was mainly observed in low frequency (LF) range
at, (c) b-coat, (d) k-coat, (e) p-coat and (f) u-coat.



Fig. 5. (Continued ).
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of EIS plots. This is probably because the high frequency

(HF) range of impedance diagrams reflects the outer layer

properties, while the LF range characterizes the inner layer

properties [23]. The Nyquist and Bode plots of experimental

and fitted curves of samples treated by PEO in six different

electrolyte systems are shown in Fig. 5. The equivalent

circuits which best fit the experimental data are shown in the

inset of respective Nyquist plots. In all the equivalent

circuits, Rs, Rpo and Rb correspond to solution resistance

offered by corrosive electrolyte, pore resistance and inner

barrier layer resistance respectively. CPEpo and CPEb

represent constant phase elements corresponding to pore
and inner barrier layer. CPE is defined as ZCPE = [C( jv)n]�1,

where �1 � n � 1. The value of n is associated with the non-

uniform distribution of current as a result of both the degree

of roughness of the surface as well as the degree of the

oxide’s heterogeneity. Ws and Wo are the finite length

Warburg – shot circuit and open circuit terminus respectively

whereas L represents the inductance. The impedance results

were interpreted using the ZView1 software and the

equivalent circuits are shown in the inset of Fig. 5(a–f).

The fitting quality was evaluated by the chi-squared (x2)

values, which were of the order of 10�4 indicating that the

data adjusted well to the proposed equivalent circuit.
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3.4.1. si-coat

Fig. 5a shows the Nyquist and Bode plots of experimental

and fitting curves of the si-coat. In the HF range, the current is a

constant 308 out-of-phase with the potential excitation. The

impedance response has then deviated from this relation and at

low frequencies it forms an inductive loop below the real axis.

Therefore the equivalent circuit contains the elements L and Rb

which best fit the experimental data. Analysis of the equivalent

circuit shows that the corrosion process was dominated by

diffusion control during high frequency perturbations, which is

a characteristic of Warburg impedance (Ws). This means that

the reactants from the corrosive electrolytes tend to diffuse into

the pores of the PEO film. Because of the large pore size in si-

coat, as observed from Fig. 2a and Table 2, the diffusion of

electrolyte species into the pores will be easier at higher

frequencies thereby resulting in adsorption at the inner barrier

layer. Due to this adsorption, the Nyquist curve shows an

inductive behavior in the LF range. As shown in Table 4,

significantly larger values of Rb compared to that of Rpo

suggests that the corrosion protection is provided predomi-

nantly by the inner barrier layer. Also, relatively higher value of

CPEpo (6.1 � 10�5) reflects the higher double layer capacitance

resulting from the high porosity of the coating which is also in

good agreement with the pore analysis data (Fig. 2 and Table 2).

3.4.2. a-coat

The Nyquist and Bode plots of experimental and fitting

curves for the a-coat is presented in Fig. 5b. Similar to si-coat,

Nyquist curve of a-coat also shows diffusion kinetics in the HF

range and inductive behavior in LF range. Therefore, the

analysis of the equivalent circuit and corresponding mechanism

of corrosion process is similar to that of si-coat. However, as

compared to si-coat, the values of Rpo and Rb are higher and

CPEpo (2.9 � 10�6) is lower in case of a-coat (Table 4). This

suggests that a-coat has higher corrosion resistance and lower

surface porosity as compared to si-coat.

3.4.3. b-coat

The Nyquist and Bode plots for the b-coat shown in Fig. 5c

demonstrate two time constants which represent the resistance

offered by outer porous layer and inner barrier layer,

respectively. The high frequency semi-circle demonstrates

the outer layer properties whereas the low frequency semi circle

demonstrates the inner barrier layer properties. This suggests

that the process of corrosion at the outer porous and inner

barrier layer is either by diffusion control or charge transfer

mechanism. In comparison with the other coatings, b-coat

exhibited higher values of both Rpo and Rb (Table 4) which

indicates that the coating has high corrosion resistance. This

can be attributed to the comparatively low value of CPEpo

(1.7 � 10�8) which in turn indicates that the coating has less

porosity. This also conforms to the results obtained by SEM and

subsequent pore analysis (Fig. 2 and Table 2).

3.4.4. k-coat

Fig. 5d shows the Nyquist and Bode plots of experimental

and fitting curves of the k-coat. The corresponding equivalent
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circuit shown in the inset of Nyquist plot demonstrates two time

constants representing the characteristics of outer porous layer

and inner barrier layer. The data of equivalent circuit

parameters Rpo and Rb, listed in Table 4, show that the coating

is highly corrosion resistant. However, the resistance values are

lesser compared to that of b-coat which can be attributed to the

existence of larger sized pores (Fig. 2) as compared to that of b-

coat. This can also be confirmed by the higher value of CPEpo

(3.9 � 10�8) as compared to b-coat.

3.4.5. p-coat

Fig. 5e shows the Nyquist and bode plots of p-coat and the

equivalent circuit which best fits the experimental curve. From

the equivalent circuit, it is clear that in the LF range, the

corrosion process is mostly diffusion controlled as evidenced

by the presence of finite length Warburg element-open circuit

terminus (Wo) in series with Rpo. At low frequencies, in the

Nyquist curve, Z00 continued to increase similar to the behavior

of a capacitor and terminated in an open circuit and hence Wo is

used instead of Ws. This condition arises because at low

frequencies the reactants have to diffuse farther, increasing the

Warburg impedance. On the other hand, in the high frequency

region, Nyquist plot shows a depressed semi circle which can be

modeled with parallel double layer capacitance (CPEpo) and

charge transfer resistance (Rpo) with a series solution resistance

(Rs). This represents the charge transfer kinetics of the

corrosion process at high frequencies. Therefore, together

with the Warburg impedance, this circuit models a cell where

polarization is due to the combination of kinetic and diffusion

processes.

3.4.6. u-coat

The experimental data curves of Nyquist, Bode and the

corresponding equivalent circuit for u-coat is shown in Fig. 5f.

The model used to fit the experimental curves consists of two

time constants in series with solution resistance (Rs). Similar to

b-coat, the high frequency semi circle represents the porous

layer behavior and lower frequency semi circle represents the

barrier layer properties. Therefore, the mechanism of corrosion

can also be explained similar to that of b-coat. However, the Rpo

and Rb values are lesser than that of both b-coat and k-coat

which could be because of the relatively larger pore size as seen

from Fig. 2 and Table 2.

In summary, analysis of equivalent circuits of all the

above coatings demonstrates a two layered structure of the

films as characterized by the presence of two time constants.

However, the series and parallel combinations of these time

constants are varied. This is because an equivalent circuit is

based on a possible physical model which represents the

physicochemical process that occurs in the system under

investigation. Depending on factors such as film character-

istics and whether the charge transfer process is affected by

diffusion limitations, the features of EIS spectra and their

corresponding equivalent circuits may vary. It can be noted

in the present work that each coating exhibits a different

phase composition and surface morphology due to the effect

of different additives added to the base silicate electrolyte
system. This in turn affects the corrosion mechanism of these

coatings which is reflected in their respective EIS curves.

Thus, different types of equivalent circuits have been

modeled to best fit these curves.

From the present study, it can also be observed that there

exists a good correlation between the capacitance of each

coating and the porosity of its surface. In case of porous

electrodes, as the porosity increases, the surface area becomes

larger in a given volume, resulting in high capacitance. The

same effect is demonstrated in Table 4, which shows that si-coat

has a comparatively higher value of CPEpo (6.1 � 10�5),

indicating a greater double layer capacitance due to its high

porosity. Similarly, lower value of CPEpo (1.7 � 10�8) in case

of b-coat reflects its lesser porosity.

Accordingly, from the results of both potentiodynamic

polarization tests and EIS study, it is clear that b-coat showed

the highest corrosion resistance among all samples. This

behavior can be explained by examining the morphology of

these samples. As seen from Table 2, although b-coat has a

lesser coating thickness (20 mm) compared to other samples,

its smaller average pore size (5.6 mm2) and lower percentage

area of porosity (1.1%) are favorable for improving the

corrosion resistance. On the other hand, k-coat, which has

highest coating thickness of 50 mm, showed lower polariza-

tion resistance than b-coat which can be attributed to its

higher average size of pore (7.4 mm2) and percentage area of

porosity (2.3%). It is also clear that the si-coat, which has

highest values of average pore size and percentage area of

porosity showed least corrosion resistance among all the

samples. Thus, the pore morphology appears to have a

greater effect on the corrosion resistance of PEO treated

samples rather than the coating thickness per se.

4. Conclusions

The addition of different additives to the base electrolyte

system leads to marked changes in the surface structure,

phase composition and electrochemical characteristics of

PEO coatings. Using sodium tetra borate as additive to the

base electrolyte system was shown to significantly improve

the corrosion resistance of the coating by developing a

relatively less porous morphology. This coating showed

nearly 2 � 106 times higher corrosion resistance than

substrate and nearly 35 times higher corrosion resistance

compared to the coating formed in base electrolyte system.

Further, the role of additives in modifying the corrosion

mechanism of coatings developed in different electrolyte

systems has been clearly demonstrated by the use of EIS

analysis in the present study.
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