Final Draft
of the original manuscript:

Ma, X.; Blawert, C.; Hoeche, D.; Kainer, K.U.; Zheludkevich, M.L.:

A model describing the growth of a PEO coating on
AM50 Mg alloy under constant voltage mode
In: Electrochimica Acta (2017) Elsevier
DOI: 10.1016/j.electacta.2017.08.147

A model describing the growth of a PEO coating on AM50 Mg alloy under constant
voltage mode
Xun Ma1 *, Carsten Blawert1, Daniel Höche1, Karl U. Kainer1, Mikhail L. Zheludkevich1,2
1

Helmholtz-Zentrum Geesthacht Zentrum für Material-und Küstenforschung GmbH, Institute
of Materials Research, Max-Planck-Str. 1, 21502 Geesthacht, Germany
2

University of Kiel, Faculty of Engineering, Kaiserstrasse 2, 24143 Kiel, Germany

Abstract:
Plasma electrolytic oxidation (PEO) process is employed to coat AM50 magnesium alloy in
an alkaline phosphate solution applying constant voltage. Effects of treatment time on the
morphology, composition and thickness of the resulting coatings are investigated by XRD and
SEM respectively. Based on the analysis of the experimental results, a mathematical model is
developed to simulate PEO coating growth including porosity and coating thickness. It is
assumed that the current density of electrical discharges generated at the bottom of the pores
remains constant and the coating growth is determined by Faraday’s law. This model
describes a 2D transient finite element approach including necessary physical system
parameters in mathematically coupled conditions. It demonstrates how the coating thickness
is affected by current density, phase composition and porosity. The model reproduces the PEO
process reasonably well and simulation results are in good agreement with experimental
results, especially for predicted coating thicknesses. Although the model has a drawback in
describing the oxygen release and hydroxyl ion concentration due to an empirical kinetic
description, it may still be a useful tool in explaining and predicting PEO coating growth on
magnesium alloy under constant DC voltage.
Key words: PEO; coating growth; magnesium; kinetics; simulation;
1. Introduction
Plasma electrolytic oxidation (PEO) is a surface modification method developed from
conventional anodic oxidation. It is a complex process combining concurrent partial processes
of dissolution, anodic oxide film formation and dielectric breakdown. The dominance of the
partial processes depends on the nature of both the metal and electrolyte, as well as on the
current regime employed [1]. PEO is also known as microarc oxidation, anodic spark
electrolysis and microplasma oxidation because of the different understandings of researchers
to the mechanism of this process [2]. Due to its ability to considerably enhance surface
properties and its environmentally friendly technique by using non-toxic electrolytes [3-4], it
is a widely applicable technology for coating and finishing of light metals such as Mg, Al, Ti
and their alloys. Wide applications are expected in many fields including aerospace,
automobile, biomedical and electronic parts [5-6]. Therefore, PEO has attracted a lot of
attention and has been intensively studied since it was discovered. However, the underlying
mechanisms of plasma generation and coating formation are still not fully understood.
Abundant literature was devoted to understanding the complex phenomenon involved in PEO
processing of metals. Many studies provide qualitative models describing the mechanism of
coating growth and discharge evolution [7-14] including phenomenological and empirical
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approaches. Microdischarge evolution in the pores of oxide layers and the kinetics of ceramic
coating formation during PEO processes have been discussed based on experimental
observations [7-11]. Empirical models help to estimate dependencies between the process
parameters (voltage, current density, electrolyte etc.) and the microstructural features, for
example, coating thickness and roughness [12-14]. However, empirical models provide an
insufficient level of generality and another issue related to phenomenological models lies in a
lack of means to formalize the behaviors observed in specific experimental studies [15]. The
descriptive phenomenology of PEO process has not changed much since 1991 [8] to recent
publications, but up to now only a few papers provide mathematical models for describing the
PEO process. Caire et al. [16] developed a model to simulate the PEO of magnesium and
aluminum in direct current galvanostatic mode by use of an equivalent resistive network. In
this model, they assumed that dielectric breakdown is due to the increase in the electric field
at the barrier layer situated at the bottom of pores. The model reproduced the experimental
results reasonably well at the beginning of anodization, but it is not yet able to provide a fair
quantitative prediction of all the PEO effects. Mamaev et al. [12] performed a mathematical
modeling of formation of nanostructural inorganic coatings based on a physical-chemical
theory of a microplasma process for the case where high-energy flows are localized in
nanolayers of the metal-electrolyte interface. A basic equation for the collective microplasma
process was derived:
𝑚(𝑥, 𝑦) = −0.5𝑧𝐹𝐷0.5 (𝐶0 − 𝐶𝑠 )𝑒𝑟𝑓𝑐 [

𝑥𝑙𝑖𝑐𝑙

𝜏
2√𝐷𝑡 𝑥𝑙𝑖𝑐=0 𝑁
]

(1)

The equation showed an intercorrelation between the number of microplasma discharges N,
microplasma process time t, mass of the resulting coating material m, concentration of ions Cs
involved in the reaction taking place in the electrolytic solution, quantity of electricity
provided in a pulsed microplasma discharge 𝑧𝐹𝜏 , and coating thickness growth rate
𝑥

𝑙𝑖𝑐𝑙
𝑒𝑟𝑓𝑐 [2√𝐷𝑡
]

𝑥𝑙𝑖𝑐=0

. Unfortunately, there are no experiments available that can confirm the

correctness of this model.
Therefore, the main objective of the present work is to simulate the PEO process under
potentiostatic mode for AM50 magnesium alloy using a combination of a phenomenological
approach and a numerical model. The PEO process is described by a simplified equivalent
electric circuits [2]. A typical problem in this research is the mechanism of fast proceeding
microplasma processes and the kinetics of ceramic coating formation. By combining the
equivalent circuit of PEO process with the modified point defect model of Pyun et al. [17], the
processes of the micro plasma discharges and the coating growth are described in detail in
section 4. In parallel, PEO coatings are produced experimentally with different treatment
times under potentiostatic mode aiming at model input data generation and model validation.
By comparing the simulation output with the experimental results, the growth model of PEO
coating on AM50 will be verified.
2. Experimental procedures
2.1. Material and PEO treatment
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As measured with an Arc Spark OES (Spark analyzer M9, Spectro Ametek, Germany), the
used AM50 magnesium alloy contains 4.74 wt. % Al, 0.383 wt. % Mn, 0.065 wt. % Zn,
0.063 wt. % Si, 0.002 wt. % Fe, 0.002 wt. % Cu and Mg balance. Specimens with dimensions
of 15 mm × 15 mm × 4 mm were cut from an AM50 ingot. Prior to PEO processing, the
substrates were ground successively by 320, 500, 800, 1200 grit emery sheets and cleaned
with ethanol. The AM50 substrate and a stainless steel electrode with dimensions of 50 mm ×
50 mm × 4 mm serving as the anode and cathode respectively were located face to face and
connected to a DC power supply. The electrolyte was prepared by adding KOH (1 gL-1) and
Na3PO4 (10 gL-1) to deionized water, and the volume of the electrolyte used in the experiment
was 2 L. The pH value of the electrolyte was 13 and its conductivity was 1.5 S/m. The
electrode distance between anode and cathode was adjusted to 80 mm with an accuracy of ± 1
mm. The PEO process was carried out under a constant voltage of 350 V with different
treatment times of 10 s, 30 s, 1 min, 2 min, 4 min, 6 min, 8 min and 10 min respectively. The
initial current density was 2.4 A/cm2. During the treatment, a magnetic stirrer was used and a
cooling system maintained the electrolyte temperature at 10 ± 1 °C under standard
atmospheric pressure. A data acquisition system was used to record the current response.
2.2. Coating characterization
Scanning electron microscopy (TESCAN Vega3 SB) assisted by an energy dispersive
spectrometer (EDS) was used to examine the coating surface and cross-sectional
morphologies as well as to determine the elemental composition of the coatings. The phase
composition of the PEO coatings was determined by X-ray diffraction measurement (XRD)
with Cu-Kα radiation using a Bruker D8 advanced in GI parallel beam mode with 3°incident
angle. Quantitative analysis of the crystal phases of the PEO coatings via Rietveld analySIS
was conducted using the software MAUD. By image analysis software analySIS pro 5.0,
coating thickness was measured from the cross-sectional SEM micrographs and surface
porosity was analyzed from top view surface morphologies. For each treatment condition, the
average coating thickness and surface porosity were estimated from ten different locations of
the respective coating selected randomly for statistical reasons.
3. Experimental results
The current density evolution upon the treatment time during the potentiostatic PEO
processing is shown in Fig.1. During the process, voltage is raised fast and maintained
constant at 350 V, and the instantaneous variation of current density is recorded every 1
second. As the treatment starts, the voltage increases in 1 s to 280 V which is a little bit higher
than the breakdown voltage (250 V) of the oxide film on AM50 alloy according to the
experiments. Therefore, the first second of the treatment is believed to be conventional anodic
oxidation. Then the voltage increases to 350 V in 1 s and is maintained constant until the end,
so the PEO process actually begins from 1 s. The current density drops down rapidly from 1.6
A/cm2 to 0.05 A/cm2 in the following 20 s. Afterwards, the decrease rate of current density is
very low and at the end of the process the current density is less than 0.01 A/cm2. The
transient current density j(t) decay could be fitted in order to find the relationship between
current density and treatment time:
𝑗 = 2.997 −
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2.99 × 𝑡1.1
0.8 + 𝑡1.1

(2)

The fitted curve is in good agreement with experimental values as shown in Fig.1 and can be
used as modelling input data.
XRD patterns of the untreated substrate alloy AM50 and the various PEO coatings formed
with different treatment times are shown in Fig.2. The Mg peaks of the substrate are visible
for all coatings. For a treatment time less than 1 min, the diffraction intensities of Mg peaks
decrease due to the coverage by the thin PEO film. The amorphous phase can be seen clearly
at the early processing times (10-60 s). After 30 s, peaks of MgO appear firstly, and then after
60 s, peaks of Mg3(PO4)2 show up clearly. With increasing treatment time, the diffraction
intensities of the two phases increase while the peak intensity of the substrate decreases due to
increasing coating thickness. A quantitative phase analysis of the PEO coated samples is
performed by Rietveld analysis as shown in Table 1. The relative content of Mg3(PO4)2
increases while the contents of Mg and MgO decrease as the reaction time increases, which
could be attributed to the increasing thickness of the coating. The increasing ratio of
Mg3(PO4)2/MgO with longer treatment time indicates that the main composition of the outer
layer is Mg3(PO4) 2, and the relative small contents of MgO at longer treatment times indicates
that MgO is formed mainly in a short period of treatment time close to the substrate interface.
Based on XRD patterns and quantitative phase analysis of the coatings, it could be deduced
that the crystalline composition of the PEO coatings are Mg3(PO4)2 and a small amount of
MgO, and MgO is mainly formed in the early stage.
Fig.3 (a-h) show the surface morphologies of PEO coatings produced on AM50 after
different treatment times. Typical PEO coatings with micro pores and micro cracks were
observed for all the coated samples. After 10 s treatment time, a porous film with relatively
uniformly distributed micro pores is observed. Then the number of the micro pores decreases
apparently but the average size of the micro pores increases over treatment time. Moreover,
with longer time, most of the big pores are blocked internally due to the essential of PEO
process that the defected and thin surface in the film always give birth to micro-discharges
[18]. In image analysis software, the pores are identified as a different phase from the coatings
due to their different greyscale, and the area and diameter of each hole are calculated. The
diameter distribution of pores on the coating surfaces produced at the different times are
shown in Fig.4. Obviously, the absolute number of the pores decreases with the increasing
treatment time from 258 at 10 s to 20 at 600 s, and the distribution range of pore diameter is
also becoming wider with time, which means that big pores are produced with longer time.
But the number of the big pores are quite small, and most of the pores are in the range of 1 to
5 μm. On the other hand, the diameter of the largest number of pores at each coating surface
increases slightly from 1.5 μm at 10 s to approx. 4 μm at 600 s.
Fig.5 displays the cross-sectional morphologies of the PEO coatings after different treatment
times. All the coatings comprise a dense inner barrier layer, a pore band and a relatively
compact outer layer. The inner layers adjacent to the substrates are very thin and the thickness
of the inner layers seems to remain almost the same for each different treatment time.
Between the two layers a pore band is visible as a clear separation line. The outer layers
contain irregular pores and discharge channels, and their distribution is inhomogeneous. The
interfaces of both barrier layer and porous layer display wavy-jagged appearance. Such
4

behavior may result from the dissolution of the intermetallics [19] from the substrate at the
alpha-Mg grain boundaries which usually consists of Mg17Al12 for AM50 alloy [20]. The PEO
coating treated for 10 s, is considerably more uniform and has a total thickness of about 5 μm.
With increasing treatment time, the thickness of the outer layer increases while the thickness
of the barrier layer shows no significant variation. The changes of the average thickness of the
whole coatings and barrier layers with PEO processing time measured from the cross-sections
is shown in Fig.6. The total coating thickness, composed of a barrier layer, a pore band and a
outer porous layer, increases with PEO processing time, especially in the initial stage up to 60
s when the fastest growth is observed. The coating growth rate decreases gradually over the
whole PEO processing time, which is consistent with the decay of current density. On the
other hand, it can be seen that after 10 s, the barrier layer has already been formed and its
thickness reaches approximate 2 μm. At the same time, the total coating thickness is about 5
μm indicating that the barrier layer forms in a relatively short period of time and then the
thickness of the barrier layer seems to be kept constant during the remaining PEO process.
The amorphous phase shown clearly in the coatings formed in less than 1 min may be the
main phase composition that makes up the barrier layer.
For each treatment time, the elemental composition (at. %) of PEO coating was determined
by EDS at 20 KV exposing surface with an area of 1.5 mm2 (Fig.7). The coatings, or at least
the outer layer of the coatings are mainly composed by Mg, O, P and a small amount of Na,
Al and K. Mg and Al are derived from the alloy. P, Na, and K are captured from the
electrolyte. O comes from both the electrolyte and oxygen in the air. Even though the content
of O is a bit fluctuating, the contents of the other elements are almost the same for the
different treatment times, especially for Mg. The ratio of Mg: O: P is approx. 1: 2: 0.6,
suggesting the possible formation of amorphous phases in the PEO coatings. Meanwhile,
there are references [21-22] proving the existence of amorphous phases in the PEO coating
fabricated within the phosphate containing electrolyte. Cross-sectional EDS linescan of the
PEO coating after 10 min treatment is shown in Fig.8. The evolution of the main elements
Mg, O, P across the thickness of the coating from the metal/coating interface to the
coating/resin interface are displayed. In the range from 0 to 2 μm, which corresponds to the
barrier layer, the content of Mg decreases gradually whereas the contents of O and P increase
step by step with increasing thickness. The amounts of Mg and O elements are much higher
than that of P in the barrier layer. Then in the region of 2 to 14 μm, which corresponds to the
outer layer, the content of each element is stable. Combined with the XRD results, it is
indicated that MgO is easy to form during the barrier layer compared with Mg3(PO4)2. The
similar conclusion is also reached in Ref. [11]. Therefore, according to the experimental
results, we may come to a conclusion ultimately that the coating growth during PEO process
under constant potential mode includes the growth of the barrier layer from conventional
anodic oxidation in the first second and the growth of the outer porous layer from PEO until
the end, and the crystalline composition of the barrier layer and outer layer is mainly MgO
and Mg3(PO4)2 respectively.
4. Modelling and simulation
In this paper, we try not to propose models to further understanding of PEO process, but to
provide a methodology to predict the coating growth for industrial application based on the
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current understandings and assumptions of PEO mechanism proposed in the literature. The
schematic representation of the experimental set-up can be found in our previous work [23].
In this study, the simulation model is simplified to a 2D model, as shown in Fig.9.(a). The 2D
model considers only the X-Y plane, which is sufficient for describing the behavior of species
and providing current distribution. Even though PEO process is complex, the growth of PEO
films mainly follows electric field-assistant mechanism [24]. During PEO process, three
different types of plasma discharges have been proposed: metal/oxide interface discharge type
(B) and oxide/electrolyte interface discharge types within the coating upper layer (A) and at
the coating top layer (C) [25]. B type discharge is responsible for the ejection of molten alloys
from the coating/substrate interface into the coating surface, while type A and C discharges
are believed to excite the species from both substrate and electrolyte to react with conditions
of high temperature and pressure which modify the coating morphology. When the electrolyte
is sufficient, the growth of PEO coatings results only from molten Mg which is oxidized when
flowing out through B type discharge [9]. On the other hand, in the study of discharges from
Dunleavy et al [26], it suggested that all PEO discharges develop according to the same
physical mechanisms and the characteristics and duration of discharges show no significant
influence of the coating thickness. Therefore, it is possible to assume one type of discharge in
the model and the current generating the discharges does not contribute to the coating
thickness. According to Ref. [27], it is reasonable to consider a schematic of current
distribution through the metal/oxide/electrolyte system during PEO treatment, as shown in
Fig. 9b. Complementary, the basic assumptions for the modelling are as follows:
1. The energy loss from heat absorption by the environment is negligible.
2. The potential drops in the anode and the cathode were assumed to be negligible due to
the good electrical conductive properties of magnesium alloy and stainless steel.
3. Only crystalline phases of MgO and Mg3(PO4)2 are considered as the composition of
the PEO coating.
4. Only B type discharge is considered in the modelling. The plasma discharges are
assumed to be generated at the bottom of the pores and the length of the discharge
channel is identical with the coating thickness.
5. There are two parallel processes that consume the total current I: the current Ic passing
through the PEO coating and the current Ip generating oxygen and plasma.
6. Ip passes through the discharge channels only and does not contribute to the coating
growth.
According to the simplified equivalent circuit of PEO process for simple geometric shape
proposed by Rakoch et al. [2], the electrochemical system under consideration is reduced to a
simple model situation as shown in Fig.9.(c). At any instant of time t, according to the
assumption, the whole current I at the anode can be described by:
𝐼 = 𝐼𝑐 + 𝐼𝑝
(3)
The anode surface area can also be divided into two terms:
𝑆 = 𝑆𝑐 + 𝑆𝑝
(4)
where Sc is the total surface area of defect free coating and Sp is the total surface area covered
by discharge channels.
To calculate the products formed during PEO process in this model, it is necessary to know
the reactions taking place around the substrate, as well as their kinetics. In the present study,
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the main reactions occurring on Mg alloy surface in a phosphate-containing electrolyte during
the PEO process are generally as follows:
 at the alloy/coating interface
Mg → Mg2+ + 2e(5)
 in the discharge channel
4OH- → O2↑ + 2H2O + 4e(6)
 at the coating/electrolyte interface
3Mg2+ + 2PO43- → Mg3(PO4)2
(7)
2+
Mg + 2OH → MgO +H2O
(8)
Eqs. (5) and (6) represent the electrochemical reactions during PEO process. Eq. (5) describes
the dissolution of magnesium alloy and Eq. (6) describes the oxygen release under the effect
of electric field. Ic represents the current of magnesium dissolution, which corresponds to the
electrode kinetics of Eq. (5), and Ip is the current responsible for oxygen evolution and driving
discharges, which describes the electrode kinetics of Eq. (6). Eqs. (7) and (8) are considered
as chemical reactions which contribute to the growth of PEO coating on AM50 surfaces. The
process of PEO coating formation can be simplified as a two-step process. The first step is
formation of Mg2+ by dissolution of the substrate and then the outward migration of Mg2+ and
inward migration of PO43− and OH− at the electrode/electrolyte interface under the effect of
high potential, and the second step is film formation taking place at the electrode/electrolyte
interface when the concentrations of those ions reach a critical value [24]. Therefore, this
model setup is based on those two steps. Firstly it intends to describe the electrochemical
reactions taking place under an electrical field at the interfaces of the anode and electrolyte by
secondary current distribution and transport of diluted species according to Eqs. (5) - (6). The
second step tries to simulate the formation of coating phases and coating growths by surface
reaction according to Eqs. (7) - (8).
The total current density j measured experimentally and shown in Fig.1 is expressed by Eq.
(2). According to Eq. (3) it has two contributions which need to be modeled. Due to the
discharge behavior during the PEO processing, large amount of current contributes to
production of numerous discharges, so the current applied to coating formation is low. The
reported efficiency of coating formation on Mg alloy is in the range of 30 % to 40 % [28].
Therefore, it is assumed that the current density jc passing the oxidized surface equals to 35%
of total current density j.
A model developed by Pyun and Hong [17] can be applied to describe the evolution of
current density jo with coating thickness at each second during PEO processing. It proposes
that the movement of a metal cation vacancy through a passive oxide film under the presence
of an electric field makes the dominant contribution to the film growth kinetics. They
developed a modified point defect model which involves formation, diffusion and transport of
metal and oxygen vacancies to describe the growth kinetics of passive film prepared under
potentiostatic conditions. Derived from this model, a theoretical equation which introduces a
relationship between the current density jc contributing to the substrate dissolution and the
film thickness L is expressed by the equation below:
𝐴[𝑒𝑥𝑝(𝑣𝐾𝐿) − 𝐵 ∙ 𝑒𝑥𝑝(−𝑣𝐾𝐿)]
(9)
𝑗𝑐 =
exp(𝑣𝐾𝐿) − 1
7

Here A, B and 𝐾 are constants for a certain experiment and are determined by the polynomial
least-squares procedure with 35% of the current density evolution examined experimentally in
Fig.1.
To explain the current decrease in discharges, it is assumed that the current density jp in a
discharge channel stays constant, but the density of microplasma discharges decreases
pronouncedly with time during a PEO treatment at a constant voltage [2].
𝑗 ∙ 𝑆 = 𝑗𝑐 ∙ 𝑆𝑐 +𝑗𝑝 ∙ 𝑆𝑝

(10)

PEO coatings are known to be porous. The porosity of a PEO coating is assumed to result
from the discharge channels. However, Sp is an on-changing variable because of the
decreasing number of discharge channels with time, so the porosity can be described by the
surface coverage of discharge channels at each moment instead of the bulk porosity.
According to Eq. (11), the coverage ratio can be calculated at any instant of time t by:
𝑆𝑝
𝑗 − 𝑗𝑐
𝑃 = × 100% =
× 100%
(11)
𝑆
𝑗𝑝 − 𝑗𝑐
For each species i in the electrolyte, the general material balance takes into account diffusion,
migration, and convection and can be described by Eq. (12):
𝛿𝑐𝑖
(12)
+ ∇(−𝐷𝑖 ∇c𝑖 − 𝑧𝑖 𝜇𝑖 𝐹𝑐𝑖 ∇𝜑𝑖 ) + 𝐮∇𝑐𝑖 = 𝑅𝑖
𝛿𝑡
where ci is the concentration, Di is the diffusion coefficient, zi is the charge number of the
ionic species, φi denotes the electric potential, Ri is the chemical reaction rate, and u is the
fluid flow vector. According to the Einstein relation, 𝜇𝑖 is related to the diffusivity:
𝐷𝑖
𝜇𝑖 =
(13)
𝑅𝑔𝑎𝑠 𝑇
where Rgas is the universal gas constant, T is ambient temperature, F is Faraday constant. The
values for diffusion coefficients [29-31], initial concentrations Co and charge numbers of the
species involved in the electrolyte for simulation are shown in Table 2.
The concentration of the electrolyte at the anode boundary is equal to the bulk concentration
because of the assumption of a supporting electrolyte with negligible concentration gradients:
𝑐𝑖 = 𝑐𝑏,𝑖
(14)
According to Faraday’s law, the reaction rate of the electrode surface for each species in Eqs.
(5) – (6) is calculated by:
𝑣𝑖 ∙ 𝑗𝑐
𝑅𝑖,𝑚 =
(15)
𝐹 ∙ 𝑛𝑚
here vi is the stoichiometric coefficient and nm is the number of electrons exchanged in the
formation reaction.
In the electrolyte, the model considers self-dissociation of water according to the reaction:
H2O ⇄ H+ + OH−
(16)
According to [29], the pH value of the electrolyte is calculated according to the concentration
of H+ (mol/m3):
𝑝𝐻 = − log(10−3 ∙ 𝑐𝐻 + )
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(17)

The electric current in an electrolyte is equivalent to the transport of ionic species, so the
current density jel can be described by Faraday’s law:
𝑗𝑒𝑙 = 𝐹 ∑ 𝑧𝑖 𝑁𝑖

(18)

For the net ionic charge transport, the assumption for this model is electroneutrality and a
supporting electrolyte with negligible concentration gradients, so the convection term and
diffusion term can be neglected and migration is dominating:
(19)
𝑁𝑖 = −𝑧𝑖 𝜇𝑖 𝐹𝑐𝑖 ∇𝜑𝑖
The conservation of electric charge is obtained through the divergence of the current density:
(20)
∇∙j=0
For all the insulation walls, there is no current flow. The boundary condition can be expressed
as:
(21)
−𝐧 ∙ 𝐣 = 0
For the surface reaction, we assume that all the magnesium ions participate in the formation
of PEO coating. Here only a one-dimensional growth of PEO coating in the perpendicular
direction of the surface is considered. The PEO coating includes the growth of barrier layer in
the first second and the growth of the outer layer from then to the end. The main phase of the
barrier layer is MgO, so in the first second, the reaction rate and the growth rate of MgO are
as follows:
𝑅𝑀𝑔𝑂 = 𝑅𝑀𝑔2+

(22)

𝑅𝑀𝑔𝑂 ∙ 𝑀𝑀𝑔𝑂
(23)
𝜌𝑀𝑔𝑂
where MMgO is the molar mass and ρMgO is the density of MgO phase in the coating.
From 1 s to 600 s, the reaction rate of the main phase Mg3(PO4)2 is calculated by:
𝑅𝑀𝑔2+
(24)
𝑅𝑀𝑔3(𝑃𝑂4)2 =
3
Accordingly, the growth rate 𝑣𝑀𝑔𝑃 for the outer layer is determined by the Mg3(PO4)2 phase
and the porosity:
𝑅𝑀𝑔3(𝑃𝑂4)2 ∙ 𝑀𝑀𝑔3(𝑃𝑂4)2
𝑣𝑀𝑔𝑃 =
(25)
(1 − 𝑃) ∙ 𝜌𝑀𝑔3(𝑃𝑂4)2
where MMg3(PO4)2 is the molar mass and ρMg3(PO4)2 is the density of Mg3(PO4)2 phase in the
coating.
The pH value of the electrolyte is in the passive region of AM50 magnesium alloy, so a
natural passive film would be formed when the magnesium electrode is immersed in the
electrolyte. In this manner, it is assumed that the substrate has a thin magnesium oxide layer
L0, and the total coating thickness L can be calculated by:
𝑣𝑀𝑔𝑂 =

1

𝑡

𝐿 = 𝐿0 + ∫0 𝑣𝑀𝑔𝑂 d𝑡 + ∫1 𝑣𝑀𝑔𝑃 d𝑡

(26)

The efficiency of coating formation Eff is evaluated from the coating formation charge and the
total anodic charge:
𝑡

𝐸𝑓𝑓 =

∫0 𝑗𝑐 ∙ 𝑆𝑐 d𝑡
𝑡

∫0 𝑗 ∙ 𝑆 d𝑡
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(27)

Table 3 summarizes the most important parameters being used for the computation.
Combining all the parameters in Table 2 and Table 3, with the respective boundary conditions,
Eq. (20) is solved numerically via finite element method for time-dependent study in 10 min
with a time stepping of 1 s using the commercial software COMSOL Multiphysics (version
4.4).
5. Simulation results and discussion
Fig.10 shows the evolution of total current density and current density directly contributing
to the coating growth and their corresponding fitting curves calculated in the modelling for a
period of 10 min. At potentiostatic condition, the total current density on the anode decreases
rapidly within several seconds after the voltage is applied. It is already reduced to 10% of its
initial value in 10 s, which is caused by the PEO coating formation and its relatively high
ohmic film resistance. Afterwards, the current density decreases slowly over the remaining
PEO treatment time. The current density contributing to coating formation, based on the
model of Pyun and Hong [17], has a similar decay transient compared to the total anode
current density, but its value keeps lower than that of the total anode current density. The
difference between total anode current density and coating formation current density
contributes to plasma discharges according to the assumption above.
In Fig.11, the experimental and simulation results of coverage ratio of discharge channels on
the PEO coating surface as a function of time are shown. The simulation results are calculated
according to Eq. (11). The experimental results show a decreasing pore coverage ratio over
the treatment time. The highest pore coverage ratio is about 5% when the treatment time is 10
s, while the minimum value is 0.44% at 600 s. However, these results can not represent the
porosity of the coating since it is only surface-connected. The porosity calculated based on
coating density was determined to be less than 5% [32] demonstrating that porosity is only a
small fraction in PEO coating. Still, the results of coverage ratio of discharge channels can
reflect the trend of discharges over time during PEO process. The simulation results show that
the coverage ratio is obviously high at the early stage of the PEO process, corresponding to
the sparks flashing all over the specimen surface [33]. As expected, the coverage ratio then
drops down with PEO treatment time, indicating that the number of discharges gets less. In
[34], a decreasing number of sparks over time can also be observed experimentally by a video
camera. Compared with the experimental results of pore coverage ratio, the simulation results
of coverage ratio of discharge channels are smaller than the experimental results. Because in
the experiment type A and C discharges are becoming dominating when the coatings are
getting thicker. Therefore, the big pores on the surfaces of thicker coatings mainly result from
type A and C discharges. However, only B type discharge is considered in the modelling. On
the other hand, the imprecise assumption of constant current density in the discharge channels
in the modelling and the deviation in measuring the pores from experimental images in the
software can also lead to the difference between simulation results and experimental results of
pores.
Changes of the concentration of each species including Mg2+, PO43−, OH− and O2 at the
interface during the treatment time are presented in Fig.12. Here Mg2+ concentration is only
for calculation purpose, which represents the amount of Mg2+ after electrochemical reaction
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of Eq. (5) rather than the final amount of concentration in the electrolyte. Mg2+ concentration
increases due to the sustaining dissolution of magnesium substrate. The decrease of PO43−
concentration is a result of the formation of Mg3(PO4)2 phase in the coating. OH- is consumed
by both oxygen release and the formation of MgO in the coating. It is clear that the changes of
PO43− and OH− in the electrolyte are inconspicuous, so the electrolyte can be reutilized which
demonstrates the economic efficiency and the environmentally friendly properties of the PEO
processing. However, a higher amount of oxygen is formed during PEO process as can be
seen by experimental observations [8, 34]. The amount of OH− can be determined by pH
values measurement in the electrolyte. The calculated pH value in 10 min of PEO processing
decreases by 0.007 only, but the value measured experimentally in the electrolyte decreases
from 12.98 to 12.93 in 10 min. The inaccurate simulation results of OH− and O2 arise from the
incomplete mechanisms of oxygen liberation and electrolyte acidification which are much
more complicated and do not apply to Faraday’s law. According to Ref. [35], Eq. (4) is valid
only for pure electrochemical process which is not accompanied by a plasma discharge, and
for the processes with discharge, anomalous oxygen liberation is caused exclusively by the
discharge which initiates non-electrochemical processes. Therefore, the calculation for OH−
and O2 concentrations are much less than those measured in the experiments.
Fig.13 shows the changes of average coating thickness vs. time calculated from modelling
and experiments, assuming that all the Mg2+ ions contribute to the formation of PEO coating
phases. In general, the coating thickness is determined by the charges passed through the
coating, the phases formation and the porosity of the coating. It is found that the coating
formation speed decreases over the whole treatment time mainly due to the decrease of
current density under potentiostatic condition. Contrarily, the porosity plays a minor role in
affecting the coating growth rate. It is also revealed that the coating thickness increases
rapidly within the very first seconds because of the high current density during the same
period of time as seen in Fig.9, and then increases gradually corresponding to the low residual
current density at longer treatment times. Finally, the values of the PEO coating thickness
calculated by simulation are in good agreement with the experimental data considering the
error bars.
Evolution of anodic charge, coating formation charge (a) and coating formation efficiency
(b) during PEO treatment for 10 min is depicted in Fig.14. The anodic and coating formation
charges increase quickly during the first 30 s and then slow down to the end. The difference
between these two kinds of charges results from the charge consumed in discharge channels to
create plasmas. The efficiency of coating formation is evaluated from the coating formation
charge and the total anodic charge at each time. From 0 s to 10 min, the efficiency of PEO
coating formation on AM50 alloy is in the range of 23% to 42%. At the beginning the
efficiency is low and then increases gradually with time. This is related to the discharge
behavior. In the beginning of the PEO processing, numerous discharges are produced and
most energy is consumed by them so the coating formation efficiency is low. Then with
increasing time, PEO coating thickens and fewer discharges were generated, so large amount
of current contributes to coating formation and leads to increase of coating formation
efficiency. In Ref. [36], the values of coating formation efficiency are also in accordance with
the presented calculation result.
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6. Conclusion
In summary, we have studied experimentally the time dependent evolution of composition,
morphology, and thickness of PEO coatings obtained on the surface of AM50 alloy under
constant DC voltage mode, and based on those data, a model has been developed to simulate
the PEO process. Comparing the simulation results with the experimental results, the
following conclusions can be drawn:
1. Anodic current density j is divided into coating formation current density and discharge
current density. The current density contributing to coating formation jc is described by the
modified point defect model and the discharge current density jp is assumed to be constant.
2. The average coating thickness is a function of coating formation current density, phase
composition and coating porosity. Among them, coating formation current density is the most
important factor when the phase composition is known to be MgO and Mg3(PO4)2. The
simulation result of the average coating thickness evolution over time is in good agreement
with experimental values, which confirms the validity of applying Faraday’ law and the
modified point defect model in describing the coating growth kinetics for PEO process in
spite of the presence of discharges.
3. The simulated pore coverage ratio on the surface of the PEO coating can be correlated and
estimated by the number and area of pores on the coating surface. Even though the simulated
results are lower than the experimental data, the same evolution tendency may indicate the
correctness of the model concept.
4. The current efficiency calculated from modelling ranges from 23% to 42% during a PEO
processing time of 10 min. It is changing over time, and with longer time, the current
efficiency may increase because less current is consumed by discharges.
5. The outcome of the modeling is finally quite close to what we see in the experiment.
However, the main limitation of this model is that the different types of discharges, their
locations and energies are ignored. More efforts are still needed to work on the kinetics for
non-electrochemical reaction induced by discharges in PEO process for accurate prediction of
the results of pore coverage ratio, oxygen release and pH values of the electrolyte close to the
experimental result.
Summarizing, the simulations reproduce this simple potentiostatic PEO process on AM50
reasonably well and provide useful information on calculating coating thickness. It is useful
for predicting coating thickness for industrial application even when the geometry of the
sample or of the cell is complicated.
Acknowledgements
The authors are grateful for funding of the award of fellowship from China Scholarship
Council to Xun Ma and the technical assistance of Mr. Ulrich Burmester, Mr. Volker
Heitmann and Dr. Hujun Cao during the course of this work.
Reference
12

[1]
[2]
[3]

[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]

[13]
[14]
[15]

[16]
[17]

L. O. Snizhko, A. L. Yerokhin, A. Pilkington, N. L. Gurevina, D. O. Misnyankin, A.
Leyland, Anodic processes in plasma electrolytic oxidation of aluminium in alkaline
solutions. Electrochim. Acta, 49 (2004), pp. 2085-2095.
A. G. Rakoch, V. V. Khokhlov, V. A. Bautin, N. A. Lebedeva, Y. V. Magurova, I. V.
Bardin, Model concepts on the mechanism of microarc oxidation of metal materials
and the control over this process. Prot. met., 42 (2006), pp. 158-169.
E. V. Parfenov, A. Yerokhin, R. R. Nevyantseva, M. V. Gorbatkov, C. J. Liang, A.
Matthews, Towards smart electrolytic plasma technologies: An overview of
methodological approaches to process modelling. Surf. Coat. Technol., 269 (2015),
pp. 2-22.
L. R. Krishna, G. Sundararajan, Aqueous corrosion behavior of micro arc oxidation
(MAO)-coated magnesium alloys: a critical review. JOM, 66 (2014), pp. 1045-1060.
S. Montisci, Surface technologies show the way for magnesium, Mater. World, 24
(2016) pp. 27-29.
G. B. Darband, M. Aliofkhazraei, P. Hamghalam, N. Valizade, Plasma electrolytic
oxidation of magnesium and its alloys: Mechanism, properties and applications. J.
Magnes. Alloys, 5 (2017), pp.74-132.
Y. Cheng, Z. Peng, X. Wu, J. Cao, P. Skeldon, G. E. Thompson, A comparison of
plasma electrolytic oxidation of Ti-6Al-4V and Zircaloy-2 alloys in a silicatehexametaphosphate electrolyte. Electrochim. Acta, 165 (2015), pp. 301-313.
V. V. Bakovets, O. V. Polyakov, I. P. Dolgovesova. Plasma electrolytic anode
treatment of metals. Nauka, Novosibirsk, 168 (1991).
R. O. Hussein, X. Nie, D. O. Northwood, An investigation of ceramic coating growth
mechanisms in plasma electrolytic oxidation (PEO) processing. Electrochim.
Acta, 112 (2013), pp. 111-119.
L. R. Krishna, K. R. C. Somaraju, G. Sundararajan, The tribological performance of
ultra-hard ceramic composite coatings obtained through microarc oxidation. Surf.
Coat. Technol., 163 (2003), pp. 484-490.
Z. Qiu, R. Wang, Y. Zhang, Y. Qu, X. Wu, Study of Coating Growth Behavior During
the Plasma Electrolytic Oxidation of Magnesium Alloy ZK60. J. Mater. Eng. Perform.,
24 (2015), pp. 1483-1491.
A. I. Mamaev, V. A. Mamaeva, E. Y. Beletskaya, A. K. Chubenko, T. A.
Konstantinova, A Theory of a Collective Microplasma Process for Formation of
Nanostructural Inorganic Nonmetallic Coatings through Localization of High-Energy
Flows in the Nanolayers of the Metalelectrolyte Interface. Mathematical Modeling.
Part 1. Russ. Phys. J., 56 (2013), pp. 959-969.
J. M. Albella, I. Montero, J. M. Martínez‐Duart, Electron injection and avalanche
during the anodic oxidation of tantalum. J. Electrochem. Soc., 131 (1984). 11011104.
S. Ikonopisov, Theory of electrical breakdown during formation of barrier anodic
films. Electrochim. Acta, 22 (1977), pp. 1077-1082.
E. V. Parfenov, A. Yerokhin, R. R. Nevyantseva, M. V. Gorbatkov, C. J. Liang, A.
Matthews, Towards smart electrolytic plasma technologies: An overview of
methodological approaches to process modelling. Surf. Coat. Technol., 269 (2015),
pp. 2-22.
J. P. Caire, F. Dalard, W. S. Minko, Modeling the plasma electrolytic oxidation of
aluminium and magnesium alloys. ECS Trans., 2(2007), pp. 1-21.
S. I. Pyun, M. H. Hong, A model describing the growth kinetics of passivating oxide
film prepared under potentiostatic conditions. Electrochim. Acta, 37 (1992), pp. 327332.
13

[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]

[34]
[35]

H. Duan, C. Yan, F. Wang, Effect of electrolyte additives on performance of plasma
electrolytic oxidation films formed on magnesium alloy AZ91D. Electrochim. Acta, 52
(2007), pp. 3785-3793.
R. O. Hussein, P. Zhang, X. Nie, Y. Xia, D. O. Northwood, The effect of current mode
and discharge type on the corrosion resistance of plasma electrolytic oxidation (PEO)
coated magnesium alloy AJ62. Surf. Coat. Technol., 206 (2011), 1990-1997.
A. Kielbus, T. Rzychon, R. Cibis, Microstructure of AM50 die casting magnesium
alloy. J. Achiev. Mater. Manuf. Eng., 18 (2006), pp. 135-138.
Y. Mori, A. Koshi, J. Liao, H. Asoh, S. Ono, Characteristics and corrosion resistance
of plasma electrolytic oxidation coatings on AZ31B Mg alloy formed in phosphate–
silicate mixture electrolytes. Corros. Sci., 88 (2014), pp. 254-262.
X. Lu, C. Blawert, M. L. Zheludkevich, K. U. Kainer, Insights into plasma electrolytic
oxidation treatment with particle addition. Corros. Sci., 101 (2015), pp. 201-207.
X. Ma, C. Blawert, D. Höche, M. L. Zheludkevich, K. U. Kainer, Investigation of
electrode distance impact on PEO coating formation assisted by simulation. Appl.
Surf. Sci., 388 (2016), pp. 304-312.
H. Duan, C. Yan, F. Wang, Growth process of plasma electrolytic oxidation films
formed on magnesium alloy AZ91D in silicate solution. Electrochim. Acta, 52 (2007),
pp. 5002-5009.
R. O. Hussein, X. Nie, D. O. Northwood, A. Yerokhin, A. Matthews, Spectroscopic
study of electrolytic plasma and discharging behaviour during the plasma electrolytic
oxidation (PEO) process. J. Phys. D: Appl. Phys., 43 (2010), pp. 105203.
C. S. Dunleavy, J. A. Curran, T. W. Clyne, Self-similar scaling of discharge events
through PEO coatings on aluminium. Surf. Coat. Technol., 206 (2011), pp. 1051-1061.
A. L. Yerokhin, V. V. Lyubimov, R. V. Ashitkov, Phase formation in ceramic coatings
during plasma electrolytic oxidation of aluminium alloys. Ceram. Int., 24 (1998), pp.
1-6.
H. Guo, M. An, S. Xu, H. Huo, Formation of oxygen bubbles and its influence on
current efficiency in micro-arc oxidation process of AZ91D magnesium alloy. Thin
Solid Films, 485 (2005), pp. 53-58.
D. Höche, Simulation of Corrosion Product Deposit Layer Growth on Bare
Magnesium Galvanically Coupled to Aluminum. J. Electrochem. Soc., 162 (2015), pp.
1-11.
M. D. Krom, R. A. Berner, The diffusion coefficients of sulfate, ammonium, and
phosphate ions in anoxic marine sediments. Limnol. Oceanogr., 25 (1980), pp. 327337.
A. M. Friedman, J. W. Kennedy, The Self-diffusion Coefficients of Potassium, Cesium,
Iodide and Chloride Ions in Aqueous Solutions1. J. Am. Chem. Soc., 77 (1955), pp.
4499-4501.
J. A. Curran, T. W. Clyne, The thermal conductivity of plasma electrolytic oxide
coatings on aluminium and magnesium. Surf. Coat. Technol., 199 (2005), pp. 177-183.
F. Jaspard-Mecuson, T. Czerwiec, G. Henrion, T. Belmonte, L. Dujardin, A. Viola, J.
Beauvir, Tailored aluminium oxide layers by bipolar current adjustment in the Plasma
Electrolytic Oxidation (PEO) process. Surf. Coat. Technol., 201 (2007), pp. 86778682.
L. O. Snizhko, A. L. Yerokhin, A. Pilkington, N. L. Gurevina, D. O. Misnyankin, A.
Leyland, A. Matthews, Anodic processes in plasma electrolytic oxidation of aluminium
in alkaline solutions. Electrochim. Acta, 49 (2004), pp. 2085-2095.
L. O. Snizhko, A. L. Yerokhin, N. L. Gurevina, V. A. Patalakha, A. Matthews,
Excessive oxygen evolution during plasma electrolytic oxidation of aluminium. Thin
Solid Films, 516 (2007), pp. 460-464.
14

[36]

R. Arrabal, E. Matykina, T. Hashimoto, P. Skeldon, G. E. Thompson, Characterization
of AC PEO coatings on magnesium alloys. Surf. Coat. Technol., 203 (2009), pp. 22072220.

15

Table 1 Quantitative analysis for the crystal phases of PEO coated samples on AM50
alloy by XRD
PEO time (s)
30
60
120
240
360
480
600

Mg3(PO4)2
(wt.%)
25.5
47.1
71.5
74.6
78.6
82.7
86.7

MgO (wt.%)

Mg (wt.%)

18.4
13.3
9.4
8.6
6.9
5.7
4.8

56.1
39.6
19.1
16.8
14.5
11.6
8.5

16

Ratio
Mg3(PO4)2 /MgO
1.39
3.54
7.61
8.67
11.39
14.51
18.06

Table 2. Diffusion coefficients (D), initial concentrations (Co) and charge numbers (z) of the
species involved in the electrolyte for simulation
Species
Mg2+
PO43OHH+
Na+
K+
O2

D (e-9 m2/s)
0.71
0.37
5.3
9.3
1.3
2.1
2.4

C0 (mol/m3)
0
183
29.2
1e-10
61
17.8
0.233
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z
2
-3
-1
1
1
1
0

Reference
29
30
29
29
29
31
29

Table 3. Physical input parameters used in the numerical simulation
Physical parameter
T
U
𝜎𝑒𝑙
jp
A
B
K
MMg3(PO4)2
𝜌 Mg3(PO4)2
MMgO
𝜌 MgO
L0

Value
283.15
350
1.4

Unit
K
V
S/m

3.0
1.6e-2
122
7.5e4
262.9
2.2
40.3
3.58
1e-7

A/cm2
A/cm2
1/m
g/mol
g/cm3
g/mol
g/cm3
m
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Fig.1 Voltage and current density decay transient measured during 10 min PEO processing of
an AM50 specimen at an anodic applied potential of 350V. The solid squares and open circles
are experimental data for voltage and current density respectively, and the red solid line is the
exponential fitting curve for current density.

19

Fig.2 XRD diffraction patterns (GI at 3°) obtained from AM50 alloy and coated samples with
different PEO treating times.
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Fig.3 SEM morphologies showing free surfaces of PEO coatings produced on AM50 with
different treatment times.

21

Fig.4 Diameter distribution of the pores on PEO coating surfaces produced on AM50 with
different treatment times.
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Fig.5 SEM morphologies of the polished cross-sections of PEO coatings on AM50 for
different treatment times.
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Fig.6 Evolution of average thicknesses of total PEO coating and barrier layer with treatment
time in 10 min with the error bars showing standard deviations.
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Fig.7 Element composition on the surfaces of PEO coatings detected by EDS with an area of
1.5 mm2 for different treating times.

25

Fig.8 EDS linescans of PEO coating after 10 min processing and elements distribution of the
coating cross section.
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Fig.9 (a) Model geometry used for computations; (b) Schematic diagram of current
distribution during PEO treatment: Rc is the resistance for PEO coating; Rp is the resistance
for discharge channel; I is anodic current; Ic is the current of magnesium dissolution; Ip is the
current responsible for oxygen evolution and driving discharges; (c) Equivalent circuit of
PEO process: Rel is the resistance of electrolyte.
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Fig.10 The evolution of total anode current density and the average current density
contributing to the coating growth vs time calculated from the modelling in 10 min.
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Fig.11 Simulation and experimental results of pore coverage ratio on PEO coating surface as a
function of time.
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Fig.12 Simulation result of changes of concentration of each species in electrolyte over time.

30

Fig.13 Changes of average coating thickness with time calculated from modelling and
experimental figures respectively in 10 min.
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Fig.14 Time dependence of anodic charge and coating formation charge (a) and coating
formation efficiency (b) during PEO treatment in 10min.
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