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Abstract

The PEO process is aseful surface technology to improweear performance and corrosion
resistance on light metasuch as Mg, Al and Ti and thealloys. It has been studied feeveral
decades but up to now, its mechanism is stil not fuly understood. Many models and
assumptions are proposedthe literaturetrying to explain the phenomena happening during
the PE process ando explain ts mechanism. However, most of them are restricted to
phenomenological and empirical approachHesorder to improve the understanding of PEO
process and get better process design for industrial applicatiornyaitis studying mmerical

approaches of the PEO process.

This thesis provides a modeling and simulation approach to study the PEO process on Mg alloy
AMS50 under constant voltage mode. The mechanism of the PEO process includes the growth
of the coating and the evolution thfe discharges, which have been discussed based on the
current understanding and assumptions of the PEO prakessnerical model has been built

to describe the PEO process usiR@pite Element Method in COMSOILExperiments are
performed to provide dataput for the modeling and simulation, and atsovaldate the
correctness and usefulness of the modellrg@m comparisonthe simulation result of coating
thickness is in good agreement with the experimental result. The simulation result of the pores
gererated by the discharges shaaamilar tendency with the experimental redult the values

are not consistent with each othdén. the meantime, the simulation can also reveal the changes
of the ions in the electrolyte with timeThe application of thenodel was verified by studies
investigating thenflue nces of different voltage, acomplex substrate geometry ahdelectrode
distance on the formation of PEO coatingsfter modifying the model according to the
experimental conditions, the approach of the model can predict the coating thickness close to
the experimental results and explain the effects ohthi procesparameters on the coating
growth reasonably.The sbstrate geometry and the electrode distance are proved to be
important factors which can affect the PEO coating growth by changing the current distribution
and concentration of ions in the electrolyte near the surface of the sub$tratefore, the
metlodology provided by the numerical model has béemonstratedo be a useful todbr
predicting the coating thickness and explaining the effects of different parameters on Mg alloy

under constant voltage mode.



Zusammenfassung

Die plasmaelektrolytische@xidation (PEO) ist eine Oberfiachentechnologie zur Verbesserung
der VerschleiRfestigkeit und Korrosionsbestandigkeit von Leichtmetallen wie Mg, Al und Ti
und deren Lgierungen. Der Prozess wird seiehreren Jahrzehnten untersucht, aber bis jetzt
ist sen Mechanismus noch nicht volistandig verstanden. In der Literatur werden viele Modelle
und Annahran vorgeschlagen, die versuchdie Phanomeneavahrend des PE®rozessesnd

seinen Mechanismus zu erklaren. Die meisten sind jedoch auf ph&nomenologische und
empirische Ansatze beschrankt. Um das Verstandnis desHR&zesses zu verbessern und ein
optimiertes Prozessdesign fur industrielle Anwendungen zu erhalten, solten numerische

Ansatze untersucht werden, die den Prozess einfach beschreiben.

Die vorlegendeArbeit stelt eine Methodik zur Modelierung und Simulation zur Verfligung,

um den PEGProzess fir die Mg-Legerung AM50 im Konstantspannungsmodus zu
untersuchen. Der Mechanismus des PEOzesses umfasst das Wachstum der Beschichtung
und die Entwicklung deEntladungen, die basierend auf dem aktuellen Verstandnis und einiger
Annahmen beziglich des PH@Yozesses diskutiert eiden. Ein numerisches Modell wurde
dazu erstelt, das den PHEozess unter Verwendung der FitilementeMethode in
COMSOL beschreibtExperimente wden durchgefuhrt, um Daten fur die Modelierung und
Simulation zu generieren und um die Richtigkeit und Nutzichkeit der Modelierung zu
uberprifen. Der Vergleich zeigt, dass die Simulationsergebnisse bereits nahe bei den
experimentellen Eebnissen liegen. Das Simulationsergebahes Schichtdicke stimmt gut mit

dem Versuchsergebnis Uberein. Das Simulationsergebnis der durch die Entladungen erzeugten
Poren zeigt eine ahniche Tendenz mit dem Versuchsergebb&r die Werte stimmen nicht
uberein. Zusatzlich kann die Simulation auch die zeitlichen Ver&nderungen der lonen im
Elektrolyten aufzeigen. Die Anwendbarkeit des Modells wurde durch Untersuchuhgen
Einflisse unterschiedlicher Spannung, einer komplexeBubstratgeometrie und des
Elektrodenabstandes auf digchichtbildung verifiziert. Nach verbesserter Anpassung des
Models an die experimentellen Bedingungen kdasModel die Schichtdicke nahe an den
experimentellen Ergebnissen vorhersagen und die Ausvwgen der Hauptprozessparameter

auf das Schichtwachstum verninftig vorhersagen Die Substratgeometrie und der
Elektrodenabstand erweisen sich als die wichtigen Faktoren, die das Schichtwachstum
beeinflussen konnen, indem sie die Stromverteilung und Kwaden von lonen im
Elektrolyten nahe der Oberfliche des Substrats verandern. Somit wurde gezeigt, dass die

Methode, die durch das numerische Modell bereitgestellt wird, ein nitzliches Werkzeug zur



Vorhersage der Schichtdicke und zum Einflud verschiedeRarameter bei der PEO

Behandlung im Konstantspannungsmodus ist.
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1. Introduction

Light metals such as aluminum, magnesium and titanium and their alloys are playing an
important rolein various machinery and transportation systesioe to their attractive low
specific weight. It is importanto reduce weight and friction loss, and to increase efficiency so

as to overcome the growing demands for better fuel mieage, and for enhanced environme ntal
protection in the modern world [1]Nevertheless, industrial application is not awing as

well as expected because the application of these light metals and alloys is imited by some
shortcomings such as poor tribojo@nd corrosion resistance. The considerable solution to
make further advancements in the strength of the basic rsatend alloys is the effective use

of surface modification technologies.

Magnesium being the lightest engineering material of all metals remains a potential candidate
material for such applications. There has been a surge, in the recent years, in dipersavel

of a variety of magnesium alloys that can exhibit high strerggibd castability, good ductility

and high dimensional stability [2-4]. Nevertheless, magnesium and its aloys are prone to
corrosion, by virtue of magnesium being one of the mostiveantetalic elements, and the
oxide it forms, unlke aluminum and titanium, is less protective to the subskdtitional
protection of magnesium from corrosion is therefore imperative. Various types of protective
coatings, namely organic, conversion, ion implantation and plasma electrolytic oxidation (PEO)
are suggested for preventing corrosion of magnesium and its dlibyAnjong those, PEO

coatings offer several advantages over other coaliblgs

Plasma Electrolytic Oxidation (PEO) is an anodization process applied to fabricate €eramic
like coatings on many lightweight metals such as aluminum, magnesium, titaniumeand th
alloys [7-9]. It is a surface treatment technolodgveloped based on the conventional anodising
process. It differs from conventional anodizing with respect to its high operating voltages
which cause dielectric breakdown of the passive fim formedhercomponent surface().

The PEO process is prominent for its abiity to provide high quality coatings with enhanced
corrosion protection, wear resistance, biomimetic and thermal barrier properties and good
adhesion to theubstratein a relatively shdr processing time [1]1PEO isalso a hybrid of
conventional electrolysis and atmospheric plasma proCesspared to vacuum based plasma

assisted coating processes, the PEO process is preferred for its capabilty to prevmde- non



of-sight treatment andn atmospheric pssure processing environmerit?]] However, PEO

is a complex process which includes chemical, electrochemical, and qwhemaal aspects
inluencing heat, mass and charge transfk8]. It is necessary to understand the characteyistic
associated phenomena and mechanisms of PEO coating formation well enough to attain

adequate means of process control and improve coating qualty.

1.1 PEO history

Plasma electrolytic oxidatiorhas been a field of research for many yeawihin the PEO
history, the discharge phenomenon associated with electrolysis was first discovered by
Sluginov [H], who looked into the behavior of metal electrodes in aqueous electrolytes under
high voltages in the 1880s. Then a more detailed research in this top&aktad on in the
1930shy Glnterschale andBetz [15]. However, the first practical benefits of the spark
discharge were exploited only in the 1960s, when McNiell and Nordbloom used a spark
discharge method to deposit cadmiun niobate onto a cadmium m|nadeniobate electrolyte
[16,17]. During the 1970s, Makov et al. §lLused an arc discharge to deposit anodic oxide
coatings on aluminum, and then improved the technique by increasing the voltage to achieve
enough energy for producing plasma channelhenintial passive layer. He termed the spark
discharge anodising as 'Mieayc oxidation’. From 1980s, more academics studied the
possibilities of utlising surface discharges in oxide depositon onto various metals in more
detail in Russia and German$9[2Q, and early industrial applications were introduced,?3.

Later in the USA and China, researchers have also become involved in this sudijedthe

1990s P3-26]. In 1999, Yerokhin et al. presented a review of electrolytic plasma processing as
an emerging stace engineering technology [R7including various plasma electrolytic
deposition methodOwi h@l aoknder so & hpgriongghesnnomedof bgye nt
namesmnues ¢ @na nsyt ud ides ctrhtibsec h ndnig epeloa sommal aG oo d e
spaerlkectorl seiha& ct apotdrea adt .Buetnineo scto mmownd ey r m
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1.2 PEO treatment

1.2.1 PEO treatment system
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1.2.2 Study of PEO process

Al t hdPEdgbhalse @ m o cauis e s efaanmma hyye athesdescriptive phenomenology

of the PEO process hasiot changed much since 1991 [38 recent publications. Al the
independent studies reveal a common observation that PE@dbrelogy, whichrequires a

high voltage that can maintain the dielectric breakdown of the growing oxide fim on the
surface ofa metal anodeand there is significant deviation fronormal Faradic electrolytic

regime [34 for the calculation of gas evolutionf hpr o d &N wi &€ o mpd eto

t hienv o | voebnmeondtk c© d adtiied rb,¢c & 1@ k ¢ aeswno, | uctai tohforde @k d o wn
antdhexcme mdc apeaemp a msnidwue d e r hegyd magrairsetmsdfiu | | y
under $ti dap.ortt@mtnatdhyfeo r manei cohna @ifBEME 0 a taiinngiant g
under st apardo cnegchalp €0 mi Eaxp e railoremd iftoord b & t hbeer Pt
propeTrhteicensp.| e k ihRRl @ r o o eesgsudiffereats techniques and methods to
study the PEO coating growth behavior and the discharge phenomena occurring during the
process. The comprehensive methods eraplopy various researchers to study the coating

formation mechanism are schematically categorized in Fig.1.2.
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Fig.1.2 Schematic of different approaches to study plasma electrolytic oxidation mechanism
wi pler mi srsdrm h 3)5

The voltagétime response of the PEO process under constant current mode in electrochemical
cels can provide readily measurable and useful information about the diffistages
occurring during PEO [3§ as seen in Fig.1.3. Generalg, PEO process in constant current
mode can bedivided as four stagedslistinguished by the voltageme response and their
corresponding discharge characteristics. el imaging techniques and optical emission
spectrosopy (OES) have been utiized [38] to study the micredischarge behdor during

PEO treatment of various substrate materials. Thetinagl imaging techniques can provide
information regarding duration, number and spatial distribution of discharges. Spectrum
analyses may be used to gain information about temperaturety dams$ichemical composition

of plasma 1435].

When the supplied voltages appled, the early stage involves the rapid electrochemical
formation of an intial insulating oxide film, accompanied by a rapid rise of the cell potential

til the breakaewn potatial is obtained [3B During this period, no sigrof discharges is
obtained. Then the PEO steps into the second stage when breakdown voltage is exceeded,
where numerous sparks move rapidly over the whole sample surface area. The OES signal of

the substrie element has a significant increase in the intensity indicating the start of the

5



breakdown of the oxide layer, the increase of temperature and subsequent local melting of the
substrate metah the places of discharge44]. In the meantime, the rate thie voltage change
decreases. The third stage is characterized by larger but slower moving discharges and the
growing oxide layer. In stage four, less frequent discharges appear as relatively large and long
lasting sparks due to the thicker coating causingre difficulty in the mitiation of such
discharges [36

The phenomenon and mechanism happening in each stage during PEO and the resuling effects
on the oxide layer growth behavior are different. Applied process parameters can change the
duration andratio of these stages which in turn could result in coatings with different

morphology, microstructure and phase composifid9.
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Fig. 1.3 A typical voltagei time response of a PEO coated 6061 Al aloy sample’@a)2
showing the four different stages occurring during RE@ iptehr mi sisd&Eb 8 e[v@ ¢ r

Side view pictures reflecting the discharging phenomena of aluminum aloy samiples
different time of the PEO process [3a@re shown in Fig.1.4. The number of discharges
decreases but the size of the discharges increases with time. The numerous discharges in Fig.
1.4(a) correspond to the second stage of the PEO process. The lachargds in Fig.1.4(b)

with less number indicate the third stage and the final discharges appear as relatively large

stationary sparks in Fidl.4(c), imply thefourth stage of the PEO process.


http://www.sciencedirect.com/science/article/pii/S0257897214009955#bb0170

(a) A few seconds (b) 15 min (¢) 30 min
5t . :
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Fig. 1.4 Side view pictures of aluminium alloy samplegliigrent time of the PEO process
( wtpher mi ss&Emae[vy @ r

Acoustic emission technique is used to record elastic waves (between 20 kHz and 1 MHz)
passing through a substance with local midgplacements.lt is employedto study physical
phenomenawhich take place on the electrode surfa@ing PEO proced40,41]. The acoustic
energy can be tracked by AE technique to study the different stages during the PEO process as
the voltagetime responsefig. 15 shows the voltage and acousticesyy change during PEO
process.The curves may be divided infour steps. Within the first step, voltage and acoustic
energy augment linearly up to a constant valveoustic energy and domamresmall Then,
they remai n cabtmesetoadstage. Theoacous8c sigralarein resonance form.
Domain and energy of signals are higher than the first sfegmuistic energycanbe attributed

to plasma anodizingln the third stage, voltage and acoustic energy increase by a new level
with some fluctations. Size and energy of sparks increasethis stage an@coustic signals

have higher domain and energyompared to the second stage. The acoustic energy originate
from the sparking energy in thi#age At the fourth stagethe PEO pocess stapand voltage
bemmes zero. Whereas, acoustdoesnot reach ero butdecrease Energy and domain of
signals arehigher than the first stage. It is believed that signals in the fourth stage are due to
release of hydrogen bubbles from surface of the otide[42].
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Fig. 1.5Voltage and acoustic energy transients during P@@h permission from Elsevier
[42])

The plasma temperature during the PEO process can be analyzed from the spectrum obtained
from OES. Investigated by Dunleavy et &3], it is reported that plasma emitted spectrum
consisted of two separate plasma regions: a central core with high temperature (16000 to 35000
K) and high electron density (5 x ¥Celectrom § and a marginal area which probably
extends to near the electrolyte ittwlower temperature and &®lectrons). Hussein et al. [44
managed to record temperature variations and the average temperature of the plasmas. The
temperature fluctuates with time and ranges from 4000 K to 6000 K. The up and downs of
plasma temperater during the PEO process may be attributed to different types of discharges
happening at different stages of the process. According to Hussain ®fjathfee types of
discharge may occur which are designated as type A, type B and type C. Type Bydischar
occur through the oxide layer due to the dielectric breakdown in a strong electric field and
represent plasma reactions in substrate/coating interface. Type B discharges may lead to
formation of a porous coating and harshly affect microstructure anghology of coatings.
Schematic diagram of the discharge model showing the influence-tygfeBdischarges on
surface morphology and on the cross section of the oxide coating are shown & HFigke

A is associated with r avhih gpe C pores arerelated o thea e a r



discharges in micro pores under the relatively deep surface. During the PEO processes the A,
B and C types of discharge can play different roles at different tiktestage I, the mid B

type of dischargesaredominant since the coating thicknesssil thin; the discharge initiated

from the substrate/coating interface is not very strémgtages Il and IV, the probabilties of

A and C type discharges are higher than that of the type B discharge, althougbngtiy irdf

the B type discharge is higheifhe discharge behavior within the PEO coating and on the

coating surface was responsible for coating surface morphologies.

H2)

4 Hybrid
518.4nmMg |
(c)

Electrolyte

Porous outer layer

Thick & solidified
Oxide layer

} Dense interface layer

Mg alloy substrate

Fig. 1.6 Schematic diagram of the discharge model showing the influe ncetypieB
dischages on surface morphology and on the cross section of the oxide c@atihg.

permission from Ref. [4h
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Fig. 1.7 The morphologies ahe surface(a) andthe crosssection(b) of a PEO coating
formed on AM50 magnesium alloy and the schematic (c) of layer strugturepple r mi s si on
fr dRraf 4)6
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Fig. 1.8 The morphologies of theurface(a) andthe crosssection(b) of a PEO coating
formed on AM50 magnesium alloynder DC modeand the schematic (c) tife cross section
Wi toler mi sSrsdRma h 4)7

It is a common observation in PEO treaits that the total thickness of PEO coatings increases

linearly with increasing treatment time under constant current mode, as can be seeh.th Fig.

In the PEO process, the observed Ilinear depo
law of dectrolysis B9]. The observation that the coating thickness increases with the rising of

the current density, exhibiting a linear behavior as a funatbeurrent density (Figl.10) [49],

also proves the applicati oxplaniog theccaramicccaagngs | aw

growth.
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Fig. 1.10 Variation of the coating thickness for different current density values evaluated

during anodizingof Ti at galvanostatic mode (with permission from Ré8]).

However a remarkable characteristic of the PEO phenomenon is the strong deviation of the
chemical yield at the anode from that expec
evolution. Larg deviation has been noted Ritanode witha voltage of 440 V during PEO

process in aqueous electrolyte ofSQsin Fig. 1.11, which liberate gas with volumes two or
threetimes the Faraday law value [[3Because the mechanism includes not only the hipak

of two water molecules by normal electrolytic charge transfer to produce phetCailso the
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break up of several liquid water molecules into H and OH radicals by ionization and activation

of H20gag ion with sufficient energies, which wil lead formation of extra oxygen [34

7

0, yield /10* mol
w -3 o
] | T

[\~
T
o

0 2 4 & 8 10
Quantity of electricity /
10"% mol electron

Fig. 1.11 Variation of Ozyield with quantity of electricity during anodic PEO process under
420 V in 0.05 M KSO4 (with permission from Ref. [3%

1.3 Features of PEO processing

Ceramic coatings produced by PEO treatment offer several advantages that are of particular
interest for researchers and industry including [7]:
a) PEO processing exhibits advantages of high throwing power, environmefrigtig ly
electrolytes, little or nwequirement for préreatment 49];
b) the technological procedure of PEO treatmemasy to operatas the process is carried
out under atmospheric pressur
c) PEO coatings are formed directly by oxidation of the metal and therefore are bound
tightly with the substrate without amjebonding $0,51];
d) PEO process is capable of Ame-of-sight treatment, which means one can form
coatings on multiple sides of samples or even on substrates with complex geometry;
e) PEO treatment provides high coating growth sadal the typicaltreatment times are
less than 60 minutesT he hi ¢ lor ehees a tciaeng sd d lyi5e0e 6 Omwi t h
amve rgagewtat &50mmi’ #[30];
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f) The ceramic coatings produced by PEO treatment are porous. By selating p e r
treatmet parameters, such as composition of electrolyte and treatment regime, the
porosity ad pores size can be controlled;

g) PEO treatment provides excelent coating properties, including high surface hardness,
corrosion and wear resistance.

Thpor oosti HRRE© o atcialng i ttheme foidceitarli menoa Wiifdg er ent
appl i cTahteifd m €ai REN@ ¢/r acnoi act ti (nmgpsr owvrer o 8 6 0 htabse e A

i nvestiimpansye d diseosntea scecsr, r c sir ademtsiodPsE@ o aakldoy s
wemrepotraté&@tOi nerso rleo welrancoah s pThmaifrmct bas

i nf | uehpa a loiftt hfeo r NPeEd@ 0 a tainidh @ rieor r 0 ®isa satréeh e e

pr oc epsasrianmge U eltshaep p Ipibeedn t ihaep p Iciuer ddemtstihteg,act i on
t i mehseub spr ap eerlteicetse 0 thentartya,nad di ot \heelsect[4p]) yt e
whichhs ee i §12 Thp or oasfifteyceor r 0 8 8 0 ttahRRE@®@ at i n g
gr e @Ptolsyr.e at metmlpeo ricase f fveacttomp rioteser r o e s 0 BAQMa Nc e .
t heet hhearntdhps opeaalybea esi realiglbe o mata@mpil a toaR EO® n s
coat etdaanmang n e, saigp mter e a f woerng emiscecdad (s 5.6 |

Fi §l12Ef f eptair aened @rrso € s 0 owtPaENceat(Wnppk r mi 550 m n
Ref 3)5
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1.4 PEO application

Due to the characteristics tife PEO process and the resultingoatings such as economic
eficiency, ecological friendliness, corrosion resistance, high hardness, good wear resistance,
and excelent bonding strength with the substrate, the PEO treatment method is likely to be
more widely applied. PEO coated produetsd related technologies are now developed in
several companies and countries e.g. Keronite in UK, Tagnite and CeraFuse in USA, Machaon

in Russia, and Magoxi€oat in Germany [7]. Some of the applications are listed below:

1. Aerospace and automotive applioas
Light metals provide good properties such as low density, high specific strength, and
electromagnetic shielding. The ceramic coatings made by PEO on light metal alloys exhibit
excelent adhesion, corrosion resistance and low conductivity charasterand they are quite
stable at high temperature daresistant to thermal shock [B0]. Therefore, PEQoatings are
employed to withstand mechanical stress, corrosion, and high temperature in aerospace and
automotive industries. PEO coated Mg alloys benapplied in different areas as brackets,
cyinder blocks, piston and gearbox [oFor example, black anodized Mgalloys have been
used for thermal loaded int&l parts of space vehicles [6PEO coatings are also proved to
be useful asthermal bamlayers and can be used for hgbwer electronics and LED lighting

systems.

2. Application for textile industry and fashion accessories
PEO coating can be used in machine building, high speed machine structural parts of textile
machine, frames of ultragit weight racing and mountain bikes. Increasing interest is also
seen for surface protection of fashion accessories, such as wrist watches, sun glasiees, mob

phone and computer cases][63

3. Biomedical applications
Surface modification of Mg and Ti ifgmts by deposition of bicompatible coatings has been
of interest to the biomedical industry.The PEO process usuallyses nontoxic electrolyte and
produces low pollution. The porous morphology created on metal implants by PEO and

hydroxyapatite (HA) cating have beemproved to help tissue growth [@%]. In the past
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decades, PEO treatment of magnesium has become popular in biomaterial applicatons as
ligature wires, vessel anastomosis connectors, aneurysm treatrinest artificial joints,

etc.[6d beause of good coating corrosion resistance and mechanical properties. The
composite coatings made of PEO coating together with pelamed or CiaP based coatings

are becoming more attractive as advanced csafmgbiomedical application [6G8].

4. Catalyss
PEO coatings generally exhibit improved surface performances in terms of porous structure,
strong adherence and good corrosion resistance, which show considerable pfotental
applicaton as a carriers and a catalytically active structures in catfd@isPEO treated
aluminum foll was investigated as catalysts for diesel exhaust gasesigleand the bus
converters equipped with these catalysts showed high and stable performance during the field
tests [70]Rudnev et al. 11] conducted an investiggan on the use of PEO coatings as catalysts
in CO oxidation and found that the PEO technique is a promising novel process for forming
catalytic layers. Using PEO structures as a substrate for subsequent deposition of the
catalytically active components byethods of impregnation, extraction, andgell synthesis
allows one to form the developed surfaces with nanowires, nanospheres, hddgehog
structures [72]. Therefore, PEO technique is of particular importance in terms of the
development of catalysteand methodologies for obtaining catalytic active layers on the

microstructured channel2].

1.5Modelsof PEO process

Abundant literature was devoted to understanding the complex mechkanigived in the

PEO processing of metals. Many studies provgdeltative models describing tipnenomen

of coating growth and disaelnge evolution. According to [T3there are four different kinds of
models developed to describe the PEO process, namely phenomenological models, theoretical
models in oxide layer, egalent circut models and empirical models of operational

characteristics.

Phenomenological models describe the PEO process based on the relatonship among
processes during plasma electrolysis, evolution of microdischarges in oxide pores and
evolution ofmicrodischarges ancrystallization of oxides. The references3B-45] mentio red
before describing the PEO process belonghéogroup ofphenomenological modeldn Ref.

[12], the relationship between the principal phydicdlemical processes occurring plasma
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electrolysis and the basic electrode processes of classic electrolysis in the techniques of plasma
electrolytic processing is discusseBour stages of the processharacterizedby differe nt
mechanisms of anodic reactions were revealed. Stageeksponds to anodic oxidation of Al

with approximately 100% current efficiency. In stages Il and lll, theleoxgrowth rate is
substantially reduced due to the prevailing processes of anodic dissolution and phase
recrystallization of the oxide fim. In stage IV, plasma chemical reactions at the &anode
electrolyte interface govern the fim growtfihe study provided a better understanding of the
physical and chemical background of the plasma phenomena occurring on the electragle durin
electrolysis. Microdischarge evolution in the pores of oxide layers and the kinetics of ceramic
coating formation during PEO processes have been discussed dasesperimental
observations [7¥5]. According to[76], model concepts on the mechanism BfPrelated to

coating growth location and rate, current density in discharge channel, et al. are developed
based on a critcal analysis of lterature data. The authors assumed that the coating grows
mainly in microdischarge channels and neighboring coatimgas and the coating growth rate

on the surface of any conducting material aidunction of the energy lberated in the
microdischarge channel and the surface density of microdischarges. Besides, they beleved that
the decrease in the current during a MAmicro-arc oxidation) process carried out at a
stabiized anodic voltage does not automatically result in a decrease in energy liberated in a
discharge channel, but due to the even more pronounced decrease in the density of microplasma
discharges in ca&in intervals of this process. The correctness of these model concepts is
conyr med empirically by experimentadramcesul t s

coatings for different duration of the PEO process on several alloys.

Equivalent circut mdels involve resistive model circuits, resistive and capacitve model
circuits and nonlinear circuits. [76], the authors developed simplified equivalent circuits of

the PEO process for samples and parthapesof nAsi
Their use allows choosing the optimal electric modes and technological procedures aimed at
applying coating uniformly in both thicknessd performanceMamaev et al. [7]7/proposed a

parametric modelwhich interrelates current densitgpplied volta g e ti me, speci
resistance, and speciyc capacitance of elect
formation of oxide coatings under mieawc oxidizing conditions It can be useébr modeling

the operation of industrial equipment,alaulating and designing power sources, and
determining the controlled variables of miac systems. Based onthe parametric model and

variables proposed, as wel as the type of the polarizing voltage and the area treated, one can
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calculate the total, &#iee, and capacitve current values as functions of the psodaration.
Parfenov et al. [7/8Bdeveloped a methodology fabtaining the frequency response of the
plasma electrolytic process on aluminiuithe frequency response was evaluated asa complex
impedance of the electrolyseturing the PEO.It was found that the impedance magnitude
decreases from 2010*to 10 10?7 q with frequency growthfrom 0.2 kHz to 20 kHzand the
phase angl e decOn 8M. Eveltion fof tiwe Mequencyt respdnsering PEO

was consistent with that of the surface state; therefbiegn be used for process diagnostics
and control. The circuits formed by resistive elemeng9] are mainly used for DC modes,
whereas those made by régis and capacitive elements 8780 can be used for pulsed PE

and the nonlinear circuits [Y&vhich apply to AC PEO conditions.

(b}

JAr

C is the capacitance of the set-up; D is the
ideal diode; I 15 the current; Rel-n 15 the
electrolvte resistance between equidistant
points (1, 2. —n) on the working electrode,
which shunt one another; I 4p 1s the current
proportional to the rate of anodic processes
and vapor-formation in pores prior to their
breakdowns; [9°F and IVEHF are the currents
that pass through local microplasma
discharges in the coating and VGPP,
respectively; Ia and Ic are anodic and
cathodic currents, respectively; Re, RAF,
RPCC and RVEF gare the resistances
corresponding to the currents I, IAF, [OCC
and IVGFE | respectively.

Fig. 1.13Equivalent circuts oPEOon sampl es of @Gapmpsimptedo .
geometric shapevith permission from Ref{35]).

The third group consists of theoretical models of processes in oxide layer focuses onmetal
dielectricelectrolyte system [§0 This group is tightly connected with equivalent circuit
models which can be obtained from the impedance spectra andicarttage chareteristics.

Accarding to Mamaev et al. [17the dependences of the specific active resistance and

19



capacitance of the metal/solution interface on the duration of the PEO process can be described
by polynomial equations. But electrochemical measurementeeaessary to be performed to
determine the corresponding coefficients. Gordienko et &l proposed a method of
formation of oxide coatings on anodically polarized electrodes under galvanostatic mode with
computercontrolled measuring, processing, andilcalation of electric parameters.
Voltammetric characteristics of these processes are considered using a variable reactive
resistance. It is shown that a thermal breakdown is preceded by an electric breakdown of
potential barriers formed in the méwkidel electrolye system. Ikonopisov [§2roposed a
theoretical model of breakdown caused by an avalanche of electrons injections at the
electrolyte/oxide interface. In this model, equations describing the dependence of the
breakdown voltage upon the elegptel resistivity, field and temperature were proposed. The
equations interpreted the empirical relation between the breakdown voltage and the nature of
the anodized metal and the electrolyte composition. Many other factors like the current density,
the surdice topography of thelectrode, the history of thdnf formation, do not affect the
breakdown voltage noticeably.
Empirical models help to estimate dependencies between the process parameters (voltage,
current density, electrolyte etc.) and the mictatural features, for example, ¢
thickness and roughness [82.83ccording to Albella et al. [83 a model describing the
avalanchebreakdown during the growth of anodic tantalum oxide was buit based on the
empirical relations between the breakdowsfiage and anodization parameters. They assumed
that the oxide thickness increases linearly with the voltage under constant current mode. The
thickness of coating can be estimated by the cefttinging voltage and the breakdown
voltage under constant rrent mode and the results are interpreted assuming that the injected
current has its origin in the electrolyte anions incorporated into the oxide during thetinodiz
process. Mamaeyv et al. [Bdroposed a model of formation of nanostructural inorgaatings
based on a physicahemical assumption of a microplasma process for the case where high
energy flows are localized in nanolayers of the reedtrolyte interface. A basic equation for
the mass of the material of the resulting inorganic nonligetabating for the collective
microplasma process was derived:

G o ™a 0 6 6 AOAEA= (1.1)
The equation showed that tlecal mass of the material of the resulting inorganic nonmetallic

coating is dependent ommany factos. It is an intercorrelation between the number of
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microplasmad i scharges N, microplasma process ti me
resulting coating materialm, charge numberz the diffusion coefficient D, volume
concentrationCo, surfaceconcentrationCs and coatingthickness growth ratdJnfortunately,

there are no experiments available that can confirm the correctness of this model.

These fourtypes of models mentioned above are dependent on each other. Phenomenological
models rely hedy on experimental data and thus provide fundamental understanding towards
the mechanisms of PEO process and help establish correct information and strategies for other
kinds of models. Equivalent circuit models are often used in combination with tbebretd
empirical models. Commonly, most studies coebmore than one kind of modiel describe

the PEO process. Among all those models, the most developed models for PEO process are
phenomenological and empirical models. However, empirical models provide an insufficie nt
level of generality and the issue related to phenomenological sntefelin a lack omeans to
formalize the behaviorobserved in pecific experimental studies [[[3The descriptive
phenomenology of PEO process Ima$ changed much since 1991 [1® recent publications,

but up to now few papers provide complete modefmg describing the whole PEO process
numerically. Only Caire et al. [§5developed a model to simulate the PEO of magnesium and
aluminum in direct current galvanostatic mode. In this model, they assumed that dielectric
breakdown is due to the increasethi electric field at the barrier layer situated at the bottom

of pores and simulated the growth of the coating by use of an equivalent resistive network. The
results presented the evolution of current density, electric field and coating thickness during
PEO process. 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 al the PEO

effects because it is not calbratedh experiment

Although a rage of partial PEO models has been developed, none of them covers all the
varieties of processing conditions due to the complexity of PEO process. It is stil a major
chalenge to describe the PEO process theoretically. The modeépts put forward by

Rakoch [79 requires detailed research into a wide rangeacdmetes. The locations, duration,

number and responsible energies of plasma discharges are stil needed to dterizeata
precisely. Parfenov [43overviewed the present methodological approschke process

modeling and proposed a generalized phenomenological model reiruehich can be seen

in Fig.114. The model d e s c iidlebtlgseitt hea tbppdbwesur saped y

with parameters which characterize integral properties ofstiace layer and integral
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parameters of the procesa. further progression of the modeling needs to consider the
proposed phenomena in the structure as complete as possible and contribute to the dynamic
simulation instead of statc models for processwrod In the future, combining this
phenomenological model structure with plasma physics, materials science, electrochemistry,
electrical engineering, computer mathematics and computer science ultimately would
contribute to the development of PEO techggloand addressing key challenges of modern

manufacturing.
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1. 14 Generalised phenomenological model strgct(with permission from Ref. [
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2. Motivation and objectives

PEO process is used in particular to improve surface hardness, abrasion resistance, heat and
electric insulation and corrosion resistance. Itis very attractive from an industrial point of view.

In the meantime,PE®8a complex process combinimgtabncul

dissolution, anodic oxide film formation an
parti al processes depends on the nature of
curreqitmer employed [ 8] . PEO i s al so kK nown

electrolysis and microplasma oxidation becau
to the mechani 8®Evafh ad PdE® aagpt rt o eclexsitéetdf e a mhlaosn
beemtensti vasimidevadi s c oivie n1e8d8 O suen d e r ing ¢ manoi fs ms

pl agma e rarnaooanf iom gnaatrseb moftu luinfder st ood.

Mangt ugireosvg wael | mad aless n gti Hrde ¢ h a w ifcsona tgir nogvatnid

di sclarod a4,y &rMB 49 i nc | pdhiem® me na h@mp icraipgpaloac hes .
Ho we eenp, miod allr 0 aimdnes uf f e ol me raanldintoy seaned at ed
tphenomenmbddi&®€ml aolmeah® or malhkee & a wibosresr me d

s peceixfpiecr i stend7zilUspt cownly a few papers provide
for descr i bi ngOnthéaherpdbdhe PEO process s affected by many factors

such as auent regime, the properties of the substrate, the composition of the electrolyte,
treatment duration, and geometry of the electrolyd¢ost lterature rely only on experiments

to investigae the effects of different parameters on the PEO proagisish is insufficient to

have an integralnderstanding ahe PEOprocessand inconvenientfor industrial application

to study PEO coatings when some parameters are changed.

Simulations have become an effective way to target operational concepts and te dtuat
behavior of complex systems, offering the opportunity to examine the complexities of the
experimental environment in a newrusive and coseffective way. They offer the means to
evaluate, assess, andfinme equipment selections and operatidaators. Also, they are able

to estimate the impact of new equipment, and/or procedures within operational parameters,

making a significant difference when ready to operate [92].

Therefore, the general objectivesd this work are tobuild a precise numeidd model for
descriing the PEO process under potentiostatniode for magnesiwimased substrateand
then verify the model through several different experiments to make sure it can be applied in
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different occasions of PEO procebsing such a model onercadesign the process and adjust
ts parameters in order to obtain PEO coatings with certain defined prop&heghesis

includes threamain subtopics

1. Modelling and simulation of PEO coating ¢
voltage mode.

2. Applomcabof modell i nagnvensdi gealtaidotart o oiempdaicstt a n c
on PEO coating formation

3. Application of moideVé$ tiggsaathidotrs a mé mpeiode t r

on PEO coating formation

The details of the objectives are listed follow:

T Provirdeagonable assumptions and mechani st
di scharge evolution based on the <current

T Stucdwpghe effect of the treatment time on
composition, and thickness values experin
the modeling and simulation.

T Bui Indg moddeesic rtihbei NBEO coating geowtvlol andonh
andompaghe simulation results wi t h t he e
correctness of the assumptions and the me

T Stusdwghe iinfluence of the subst raatie ng eaonnte t
uni formity at different |l ocations experin
the PEO process.

T II'nvesttilgmtiimfg uence of the electrode diste
composition, and thicknelsai nvatlhue s e fefxepcetr i lor
and simulation complementary.

T Providing a routine mo d e | for coating t

parameters.
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3. Experimental methods

This chapter gives information in detail regarding the experimental method$ tkedresent
study.

3.1 Coating preparation

3.11 Experimental setup

In the present study, the PEO process was carriedsigt a DC power supply undepnstant
voltage. The setp of the experimentalsystemunit is shown in Fig.3.1Fig.32 demonstrates
the schematic of the experimental PEO gt

Holder

Electrolyte

Magnetic
stirrer Data logging

system

Cooling
system

Fig. 3.1 Expernental seup of the PEO system

Theubsanaddteai 9t @d & c wi ¢dth ene n © iBaONml 5 <nmil 4 mm
s er waisnhgen oalredda t hroedsep e eave il wecldgtceéed a a rado nn etcaDEd
poweuppERI edAtunt @ m& AR 8,7 2L02 UR S. )The samples were immersed
in the bath at a depth of 30 to BGn beneath the electrolyte surface. A metal rod wiNTRE
jacket is typically used as a hold&r comect the anode to the power supgywater cooling
systemwas used to controlh¢ temperature of the electrolyte. A magnetic stieesured
uniform the distribution of the ions in the electrolyte during PEO procesAitey. cooling and

mixing of the electrolyte, the working voltage could beapplied to the electrolyserterminal and
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adjustedat the powersupply in accordancewith the constantvoltage regime. The evolution of

the voltage/current during PEO processing was recorded by a data logging system.

Power supply
© bc P

M

u/l
probe &

Electrode Anode

Cathode
\ distance

Back side

Front side

Cooling Electrolyte Wm

t
System _L m— J

t
\ Magnetic

stirrer

Fig. 3.2 Schematic representation of the experimentadupet

3.1.2Preparation of substrate samples

Specimens of AM50 magnesium alloy were cut into dimensions of 15 mm x 15 mm x 4 mm
from gravity cast ingot material. By using Arc Spark OES (Spark amald9, Spectro Ametek,
Germany), the nominal compositon (wt %) of AM50 alloy was determined.7&swt. % Al,
0.383wt. % Mn, 0.065nt. % Zn, 0.063nt. % Si, 0.002vt. % Fe, 0.002vt. % Cu and Mg
balance Prior to PEO processing, the substrates wery figgbund successively by 320, 500,
800, 1200 grit emery sheets, degreased in ethanol, rinsed in distiled water and firdtiydair

3.1.3Preparation of electrolyte

The electrolyte was prepared by adding KOH (f)gand NaPQs4 (10 gL:t) to deionizedwater
andhwo | uofe hel e ctusd di thex p er wme& b tAdditionally, a cooling
system maintained the electrolyte temperature at 10 + AfR€). the reagents were totally
dissolved, he pH \alue of the electrolyte was 13 arf tlectrolyte conductivity was 8.S/m

at the present temperature
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3.1.4Fabrication of PEO coatingswith different treatment times

Speciwiethisme n® fldms 1 5nml 4mmwe rcaftr mmM5Magne s i um

al liongbhel ecdr e thaentcweerecarecda t hwadBenmwi tam c cur acy

oNImMmMThBREQ@r oawass r oiuerddacro n sut alntbaBgsedwi dh f f er e n't
treatmeeEBE3IEG1Imi mi Mmi ®mi Bmi anddni ne s p eclthievel y.
pr oovescs&a r oiuermddea n sv alntbal3g=edwi tam ni ¢ wabEM .Th e

currestpwasececor dabdaquisyst em.
3.1.5Fabrication of PEO coatingswith different electrode distances

A schematicof the experimentalsystemunit is shownin Fig. 3.2 The electrodedistancewas
adjusted with an accuracyof £ 1 mm and the current evoluton during PEO processwas
recorded.The anodesurfacefacing the cathodewasdefined asthe front side, andits opposite
sidewasdefined asthe backside. PEO processvas carried out underaconstantvoltage of 350
V for 10min with apre-setcurrentof 15A. Coatingswere producedat distancesof 10mm, 20

mm, 40 mm, 60 mm, 80 mm, 100mm, 120 mm and 240 mm respectively.

3.1.6Fabrication of PEO coatingswith different geometries

Holeswith different diameterwere driled in the centerof standardsamples(25 mm x 25 mm
x 4 mm). The diametersof the holes were 0.5 mm, 1 mm, 2 mm, 3 mm, 4 mm and 6 mm
respectively. For eachsample, the inner round areaaroundthe hole wasdefined asthe round
surface,andthe outerflat surfacewasdefined asthe flat surface. The anodesurface facing the
cathodewas defined asthe front side and the opposite surface was defined asthe backside.
The distancebetweenanodeand cathodewas adjustedto 80 mm with anaccuracyof + 1 mm.

PEOprocesswvascarried out undera constantvoltage of 350V for 10 min.

The schematic diagram of the experimentalsetup is shownin Fig. 3.3. A line nearthe top of
the hole (markedin blue in Fig. 3.3) from the front side to the back side was selectedto
determine the thickness distribution by crosssectional SEM micrographsof the round coating

for eachsample.
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Fig. 3.3Schematic diagram of the experimental-get The predefined diameters of holes in

the center of AM50 anode range from 0.5 mm to 6 mm.

3.2 Coating characterization

3.2.1 Scanning electron microscopy

A scanning electron microscopy (SEM), TESCAN Vega3 SB, was used to study the sample
morphology and topography in both surface plane and-ses®n of PEO coatings in both
secondary electron and backscattered electroodes. An energy dispersive -rdy
spectroscopy (EDS) detectibom EumeX (IXRFsystemsgttached to the SEM instrumewias

used to quantify the coating composition. The function of EDS linescan and mapping are used
to study the distribution of elements both surface and crosectional images. Prior to
characterization, PEO coated samples were smdtaed with Au in order to prevent surface
charging for the lowconducting ceramic coatings. To avoid the influence of Au, espruf

was only used for SENvestigationsand not forEDS analysis. SEM was operated at 15 to 20
kV. For observing the crossectional morphology, the coatings were embedded into resin and
then prepared by polishing successively using 500, 800, 1200, 2500, and 4000 grit emery sheets

following by disc polishing using colloidal siica suspension.
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3.2.2 Xray diffraction analysis

The phase compositon of the PEO coated sample was determinedrayy dfffraction
measurement (XRD) with GKU r adi at i on using a &ea bdamr D8
mode with 3° incident angle. The measurements were performed at 40 kV voltage and 40 mA
current, with a step size of 0.02 degree and 1 s for each step. Quantitative analysis of the
crystaline phases of the PEO coatings via Rietveld analySIS omaducted using the software

X'Pert HighScore Plus software package, version 2.2e.

3.2.3 Measurement of coating thickness

Two different methodswere utilised to testthe coating thickness. The first method wasusing
an eddycurrent gauge (MiniTest 2100, Electrophysik, Germany) to determine the thickness:
the meter was setto zeroposition for the uncoatedsubstrateand then the ceramic coating
thickness was measuredafter the sample was coated The resolution is about 0.1 pm with

measuremeniabilty in the range of 1 to 200 um. The secondmethod to estimate the coating
thickness was to measurethe thickness from the cross-sectional SEM micrographs by using
Image analysis software analySIS pro 5.0.For eachtreatmentcondition, the averagecoating
thicknesswasestimatedfrom atleastfive locations onthe respectivecoating selectedrandomly

for statistical reasons.

3.24 Measurement of surface porosity

By Image analysis softwareanalySIS pro 5.0,surfaceporosity wasmeasuredbasednscanning
electronmicroscopyincorporatingdigital image processing.The backscattereelectrons(BSE)

are used to detectcontrast betwea areason the sample surface with different chemical
compositions The signals of the secondaryelectrons gives information on the surface
topography. In PEO coatings, ceramic phaseswith high atomic number elements backscatter
electrons more strongly than poreswith low atomic number elements, resulting in contrast
betweenthem Then the digital porosity measurementsare performed basedon the contrast
which seperateshe porosity voids from therestof the objectsin the image [93]. The dimersion,

shapeand the number of porescan be inspected. For eachtreatment condition, the surface
porosity wasestimatedfrom tendifferent locations of the respectivecoating selectedrandomly

for statistical reasons.
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3.2.5 Measurement of surface roughness

Surface roughness measurementswere carried out by a Hommel proflometer (HOMMEL
TESTER T1000).A noncontact3D surfacemeasureme nsystem(U-surf, NANOFOCUS)was
also usedfor topographical observationof the PEO-coatedsamples. Surface roughnesswas
commonly characterizedby arithmetic meanroughness(Ra) androot meansquareroughness
(Rq). In this study, the arithmetic meanroughness(Ra) was usedto characterizethe roughness
of the PEO surfaces.Foreachsample, atleast 3 testswere performed at different locations of

the samplefor statistical reasons.

3.3 Corrosionresistance

Electrochemical measurementswere performed on the coated samples, using the same
electrolyte that employed for the PEOprocessn orderto evaluatethe coating resistancein the
electrolyte. The impedance of the PEO processwas studied on the samples with the

predeterminedcoating thickness.

An ACMGr iAQGc omp wtoenrt ro@ll ¢ edr o wb e knis ¢vaaksi soefidotr h e
measur eAleV@ & [ B3N )wa e mp | owietdlt hreeleectcromd e gur at i ©
consiofpédt phetdehceouretleerctaAgtdAgEf eceércanhe

coaspedcamenm kdlnggct r ode.

The exposedareaof the coating surface for electrochemicaltestwas 0.5cn?. Before the EIS
study, the evaluation of the opencircuit potential (OCP)is needed.The OCPis defined asthe
potential at which no current occurred.Usually the OCPstudy takesa considerableamount of
time after the intial immersion of the sample,which is aboua 10 min in this work. After the
steady state is established, EIS can be carried out by applying a sinusoidal potential
perturbation of 5 mV RMS (for barealloys) or 10 mV RMS (for coatedalloys) around this
potential, with the frequency sweptfrom 100000to 0.1 Hz. After the dataacquisition, Zview

softwarewasusedto fit Bode plots with designedequivalent circuits.
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4. COMSOL Mutiphysics modelling

During PEO processthe current density and the distribution of anodecurrent in the whole
surface of the specimen play an important role in the formation of ceramic coatings. Since
experiments do not offer direct accessto the current distribution, especially at the sample
surface, one approachto gain a better understandingof this issue can be accomplished
numerically by using modeling and simulation tools. COMSOL Multiphysics software is a
finite element analysis and solver software packagefor various physics and engineering
applications, especially coupled phenomenaor multiphysics. Therefore, it is a suitable and

poweful tool to study the complexity of the PEO system.
4.1 Introduction of COMSOL Multiphysics

COMSOL Muttiphysics is a generalpurpose software platform, basedoriginally on the
MATLAB programminglanguageandintegrated developmentenvironment,for modelling and
simulating physicsbased problems. It includes a complete environment for modeling any
physical phenomenonthat can be describedusing ordinary differential equations (ODES) or
partial differential equations(PDES). In severalsectionsof industrial developementCOMSQOL
has now becomethe industry standardfor multiphysical modeling, research,design, and
development[94]. With COMSOLMultiphysics, coupled or mutiphysics phenomenacanbe

simulated.

Oneof the advantagesof COMSOLis that it is aflexible platform that allows usersto model
all relevant physical aspectf their designswithout anin-depthknowledge of mathematicsor
numerical analysis. Expert userscango deepeandusetheir knowledge to developcustomized
solutions, applicble to their unique circumstances.Many predefined multiphysics interfaces

provide easyto-use entry points for common multiphysics applications.

Another noticeable trait of the COMSOL platform is adaptability. If any physical effect is in
need,or one of the inputs to the model requiresa formula, it canbejust enteed Using tools
ke parameterizedgeometry, interactive meshing and custom solver sequences,one can
quickly adaptto the ebbsand flows of specific requirements. Parametersweepsand target
functions canbe executeddirectly in the userinterface. Using thesephysics interfaces, various
typesof studiescanbe perforned including: Stationary andtime-dependent(transient) studies,

linear and nonlinear studies,and frequency responsestudies.
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4.2 Finite element method

In the addon modules of COMSOL Multiphysics, several different methods are used,
including finite element analysis, the finite volume method,the boundaryelementmethod, and
particle tracing methods but the emphasisis onthe finite elementmethod (FEM) becauset is
the mostcommonly usedin COMSOLandthe only methodusedin the currentwork. The finite
element methodis a numerical method for solving problemsof engineeringand mathenatical
physics basedon breaking down a complicated objectinto smaller parts which are easyto
control [95]. The analytical solution of these problems generally requires the solution to
boundaryvalue problemsfor partial differential equations.To be able to breakdown a strong
PDE basedformulation to a collection of geometrically simple subdomains,the strong form
must be transferredinto a so called weakform becausedhe field variables arerequired to be
continuous and have continuous partial derivatves up to the orderof the equation. The weak
forms havethe samebut relatively weakerconstraint conditions, which are discontinuousand
integrable. The finte element method formulation of the problem results in a system of
algebraic equations.The method yields approximatevalues of the unknowns atafinte number
of discrete points over the domain [96]. To solve the problem, it subdivides the complicated
objectinto new formations such as triangles, tetrahedronsand hexahedra,which are called
finite elementsto createa mesh.The simple equationsthat modelthesefinite elementsarethen
assembledinto a larger system of equations that models the entire problem. FEM uses
variational methodsfrom the calculus of variations to approximate a solution by minimizing
anassociatecerror function. Typical problemareasof interestinclude structural analysis, heat
transfer,fluid flow, masstransport,andelectromagnetigotential. Figure 4.1showsanexample
of the finite elementmeshfor acircle.
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Fig. 4.1 Complete mesh for circle object (consist of 546 domain elements and 48 boundary

elements)

4.3 The solvers and convergence

Whensolving the models, the software runs the finite element analysis togetherwith adaptive

meshing (if selected)and error cortrol using a variety of numerical solvers.

In COMSOL, there aretwo fundamentalclassesof algorithms that areusedto solve the linear
equations,direct anditerative methods.The direct solversusedby COMSOLarethe MUMPS,
PARDISO, and SPOOLES solvers. All those solvers use the matrix form of Gaussian
elimination to getthe samesolutions for the samelinear equations.The solversdiffer primarily
in their relative speed.PARDISO tendsto be the fastestand SPOOLESthe slowest, but
SPOOLESendsto usethe leastmemory of all of the direct solvers. Fromthe point of view of
the solution, it is irrelevant which one of the direct solvers is chosen,as they will return the

samesolution for all well-conditioned finte element problems.

The iterative solvers in COMSOL encompassa variety of approachessuch as conjugate
gradient method, generalized minimal residual method and biconjugate gradient stabilized
method. Contrary to direct solvers, iterative methods approachthe solution gradudly, rather

than in one large computational step.They are available to sole linear and nortlinear
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equations.For example, when solving the equation below trying to find x suchthat f(x) =0 in

the rangeof (0, "),

Qo ORI ® (4.1)
COMSOLwiIl automatically useits nontinear solver andthe COMSOLnonlinear solver uses

aNewtorr Raphsoniteration method. An initial guessfor the dependentariable xo=",andan

evaluation of the function f(xo), aswell asits derivative, f (o) arerequied.

QR AT cw (4.2)

This getsusto the next point Xi.

W Qw TR 4.3)
If this would be alinear problem, this algorithm convergesin one iteration, regardlessof xo.
However, for this nonlinear function, x1is notanexactsolution but it canbe seerasthe starting
point for the next solution. Whennonlinear problemsarein question the convergencecriteria
for the iterative Newton processalso must be considered.A typical approachwould be to

computethe changeof the residual for eachstep:

i Qw Qw (4.4)

Then Newtors Raphsoniterations areperformedandterminate whenit is within somedesired
tolerance. From the results in Table 4.1, it can be seenthat after seven NewtonRaphson
terations starting from xo=", the solution has converged to within a tolerance of 2.5e9.
Therefore, when solving nonlinear functions, the tolerance determineshow closethe residual
getsto 0. Usually the default for the toleranceis 0.001.The Newtorr Raphsonmethod also

workswell for large systemsof nortlinear equations.
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Table 4.1 The results of the function, its derivatve andthe relative error after different

terations
i Xi f(xi) f (@) f(xi)- f(xi-1)
0 3.1415926 -9.869604 -7.28319
1 1.786470666 -2.2146451  -3.78695 7.65495887
2 1.201660573 -0.5113486  -2.04251 1.70329653
3 0.951307719 -0.0908109 -1.322 0.42053772
4 0.882615491 -0.0066074  -1.1301 0.08420349
5 0.87676874  -4.737E05 -1.1139 0.00656004
6 0.876726218 -2.503E09 -1.11378 4.7363E05
7 0.876726215 O -1.11378 2.5031E09

Much of the presentedsimulation work involves soling nonlinear models, and the
convergenceof thesemodelsis one of the main challenges.When using the Newton tterative
method to solve theseproblems, considerableeffort is required to provide the best possible
initial guess.It is suggestedthat at least an order of magnitude guessis generally required.
When it is not possible to estimate aninitial guessthat is close enough,it may help to run the

simulation severaltimes, eachtime incrementally appgoaching the desiredstate.
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5. Modelling and simulation of PEO coating growth on AM50 Mg

alloy under constant voltage mode

The main objective of the presetitapteris to simulatethe PEO process under potentiostatic
mode for AM50 magnesium alloy usirgcombination of @henomenologicabpproachanda
numerical modelln order to achieve that, it is necessary tovjgle reasonable assumptions
and mechanisms for the coating growth and discharge evolution based on the current
understanding of the PE¥ocess.Therefore, wetsdy the effect of the treatment time on the
evolution of coating morphologies, composition, and thickness values experimentally to
provide necessary data input for the modeling and simulafibie. PEO process is described

by asimgified equivalent electriccircuit [76] which wil be shown in the modeling and
simulation part laterA typical problemin this researchis the mechanismof fast proceeding
microplasma processesand the kinetics of ceramic coating formation By combining the
equivalentcircuit of PEO process with the modified point defect model of Pyun €7l.the
processes of micro plasma discharges and coating growth are descde¢tail im sectiorb.2

By comparingthe simulation output with the experimentakuis, the growth model of PEO
coating on AM50is verified.

5.1 Data input from experiment for time-dependentmodel
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5.1.1 Current density evolution
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Fig. 5.1Voltage and current density decay transient measured during 10 min PEO processing
of an AM50 specimen at applied anodic potential of 350V. The sold squares and open
circles are experimental data for voltage and current density respectively, and siodidre

ine is the exponential tihg curve for current denstty.

5.1.2 Phasecomposition
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Fig.5.2 XRD diffraction patterns (Gl at 3°) obtained from AM50 alloy and coated samples
with different PEO treating times.
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Table 5.1 Quantitative analysiof the crystal phases of PEO coated samples on AM50 alloy

by XRD

PEO Mgz(PQu)2 MgO (wt.%) Mg (wt.%) Ratio
treatment (wt.%) Mgz(PQu)2 /MgO
time (s)

30 25.5 18.4 56.1 1.39
60 47.1 13.3 39.6 3.54
120 71.5 9.4 19.1 7.61
240 74.6 8.6 16.8 8.67
360 78.6 6.9 14.5 11.39
480 82.7 5.7 11.6 14.51
600 86.7 4.8 8.5 18.06

5.1.3Element contents
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Fig. 5.3Element composition on the surfaces of PEO coatings detected byt

analyzed area of 1.5 minfor different treatmenttimes.

CrossesctEDiahesthmEOQoataifrilgdn rnr eati sidotvikri g. 5. 4
Thdistr olt htea ienh e mdigOsPacr oldehi c lotehses a tf ir gh e
met al / cmotad ti énbgeoea t i nign/ treeasfdaincs e |1 abyheed nfgre® tm@em,
whicbhrredpoiteds t agtelreo ntoeMdd e cr ga s e swahlelr jelaes
contcfdd sRi ncrxetalesyet wipintc r e d $ii © gTrheesn® wnMge | e me n't
I snucthi ghédamati n hbear t agkheimt hregi @@t d £m,whi c h
corredspdbeedtsearytenteo ntodenate h e mesntt a 6 b enb i wietdineR D
resubkisedi ¢ ablg @ mai riloy mghbea r I & goea mp avri évillis( P42

f or mihoeg tl earyPesri micloanrc | iussli iaviee f § 8 her edfwa e i ng
t heexper irmesawlanbsg, o meanu |l t i an@n | tulst oeo a tgir mgdul 1 n g
PE®@roaaedeonspané mo diad c | u dgerso wtfthhlear t agferro m
conventainoua&ktdathihfeeins e t a ntdhger o wit lhoeu tpeorr ba g e ro m

t het aftthker e a kdioswvahanmtgielsn @ ndher ysta@ad ihp ovsoifit h ® n
barFawenautlaniearai Mgya ndg( P4Rr espgctivel

41



Linescans of Mg, O and P

at. %
60

o\ o
40
sf Mg

ZO/IP/WW

Fig. 5.4EDS linescans of PEO coating after 10 min processing and elements distribution of

the coating cross section.

5.1.4 Coating morphology
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(b) 30 s

Fig. 5.5SEM morphologies showing free surfaces of PEO coatings produced on AM50 with

different treatment times.
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Table 5.2The number of pores and pore coverage ratios on the surfaces with an area of
1.2x10* un? of PEO coatings produced at different treatment stime

PEO time (s) Pore number Pore coverage (%)
10 258 + 52 5.36+ 0.55
30 181 + 39 3.25+ 0.52
60 108 + 34 2.15+0.39
120 89 + 29 1.62+0.43
240 66 + 18 1.28+0.49
360 55+ 17 0.88+ 0.45
480 42 £ 15 0.71+ 0.56
600 27 £ 11 0.44+ 0.42
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Fig. 5.6 Diameter distribution of the pores on PEO coating surfaces produced on AM50 with

different treatment times.
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(b) 30 s
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Fig. 5.7 SEM morphologies of the polished cressctions of PEO coatings on AMS50 for

different treatment times.
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5.1.5 Coating thickness
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Fig. 5.8 Evolution of average thicknesses of total PEO coating and barrier layer with

treatment time in 10 min with the errbas showing standard deviations.

5.1.6Coating impedance

To getinformation on the resistanceof the PEO coating to the electrolyte EIS spectrawere
recordedduring immersion in the same electrolyte that is used for the PEO processat the

temperatureof 10 °C for 30min. Fig. 5.9showsthe electrochemicaimpedancespectraof the
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PEO coatings after different treatmenttimes. The synbols are the experimentaldataand the
solid lines arefitting data.Someplots have only onetime constantand some have two time
constants.Therefore, two different equivalent circuit models usedto fit the EIS of the PEO
coatedsamplesare shownin Fig. 5.10. In the circuits, Rsis the solution resistance,Rs1 and
CPE: representhe resistanceand capacitanceof the inner layer, and Rz and CPE2 standfor
the resistanceand capacitanceof the outer layer. The resistanceof the outer layer andthe inner
layer canbe shownthrough the impedancewith high frequency and the impedancewith low
frequency respectively. The inner layer provides higher resistancecomparedto the outer one
However, in orderto assesshe corrosion performanceof the coating for different treatment
times, the impedanceatthe lowest frequency (0.1 Hz) canbe easily usedto representhe total
resistance of each coating [103]. Later on in the modelling, a parameterof the coating
conductivity is neededo calculate the coating resistance Even though the conductivity of the
outer layer is different from the inner layer due to the different porosity in them, an effective
conductvity of the total coating canbe usedconsideringall the contribution from both layers
for comparisonof different coatings.Thee f f ec ¢ m & @ wttihved & tgialmg al cul at e d
frarmcoatihng lamelscso a tr iersg Dtassocedddeeq u alh € oo w.

~ (5. 2)

inwhi g¢hi s heef f ectbondecRi &hldo-fwr e q ureensci yantearsafeo @ dn

El $,i ¢ heoattinigc kTnlreessa triensgi st inclgnerseand fyf ect i ve
c ond ucotti hREEH@yo a ¢ p d csi anfetthd € r em ¢ a tt memetsech oimmabl e

5. Bh e e s s h ttsh thetcoating resistanceis enhancedoy increasing treatment time and

coating thickness,andthe effective conductivity decreasewith increasingtime andthickness.

The al c velfafteecd n & a cottihPRE© Y a triam@e @S/ m6 &S/ m.

49



(@) (b)

- -80
Joe® Fitting lines
108 5 10s
E 30s
1 min
5 2 min
Fa 19 EH 4 min
EQ ] 6 min
% o " i0s 8 min
N e 30s 10 min Fitting lines
1 min = 10s 4 min —10s 4 min
v 2min ® 30s ¥ 6min —30s —6min
103—E 4 min 1min  8min 1 min 8 min
] 4 8min cl"':'. Y 2min ® 10min  — 2 min —10 min
8 min 0—{wmgm ™
j02d * 10min 5
T T T T T T T T T T T T
107 10° 10" 10 10° 107 10° 107 10° 10" 10? 10° 10* 10°
Frequency (Hz) Frequency (Hz)

Fig. 5.9 Electrochemical impedance behavior of the coated subswitiedifferent treatment

times
(b)

CPE;,

oo, . >
> e Ry, CPE,, —

>
RS Rfl R f1
]

— ] [ 1
1 | L
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Table 5.3 Coating thicknessresistanceand effective conductivityof the PEQcoated

specimenatfter different treatment time

Tr eattmem Fr ocnotat Resiste Effect
t hi c K Den (& A conduct i
(S/ m)
16 5.23 6. 1le4d 9e-7
3G 765 83e 4 9 &
1mi n 10. 24 3.9e5 3 €
2mi n 12 4. 8eb5 2.%e
4mi n 13.73 6. 8eb 2 €
6mi n 14.62 8. 4e5 1.-7e
8mi n 15. 73 1. 4e6 1.-Ye
10nin 16.5 2.ed 7e-8

5.2 Modelling and simulationof PEO coating growth

The PEO processs very complex dueto its chemical, electrochemical,and plasmachemical
aspectdghat influence heat, massand chargetransfers. COMSOLis amodelling softwarethat

cansolve multi-p hysics problems,which makesit anappropriatemethod to model complicated
mechanisms underlying the PEO process.Ba s e dt hanal g #ihseei-cthependent
experimesbalathsaenat hemanode @lleveltopecvuP&@eoat i ng
growlthhimodedlkscrailbesanti baltemampr oac hundeicregssary
physsyatheamamemat e mad o « @l i Eldctooochemistrymodule,

chemical speciegransportmodule, and mathematicsmodule in COMSOLwere usedto model

the distribution of currentdensity ard growth of coating thicknessunder different experime ntal
conditions, which may improve the understandingof the impacts of different parameterson

PEOcoatings.

Theche meetpircesehtheex per ismetptassll r sdhdwhii § ..1201hs
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angr ovicdiirndg st r i but i on.
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iron and nickel were in accordancewith those values obtained experimentally.Dewda éir o m
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Table 54. Diffusion coefficients (D), initial concentrations {Cand charge numbers (z) of

the species involved in the electrolyker simulation

Species D (e9nt/s)  Co(molnv¥) z Reference
Mg2* 0.71 0 2 109
POs3 0.37 183 -3 110
OH 5.3 29.2 -1 109
H* 9.3 1le 10 1 109
Na* 1.3 61 1 109
K* 2.1 17.8 1 111
O2 2.4 0.233 0 109
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Table 55. Physical input parameterseasured from experiments for numerisihulation

Physical parameter Value Unit
T 283.15 K

U 350 \Y

S 6.3 cn?
" 14 S/m
, 7e-9 or 8e7 S/m
A 1.6e3 Alcn?
B 122 -

K 7.5e4 1/m
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Table 5.6Physical input parameterssedfor numerical simulation

Mmg3(Poa4)2 262.9 g/mol
" Mg3(P0O4)2 2.2 glcn?
Mwmgo 40.3 g/mol
" Mgo 3.58 glcn?
p 3.0 Alcn?
Lo le6 m

5.3Simulation results and discussion
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trolyte, aodatoagingpi cbnenmasjon efficiency.
coverage ratio and the effectiow®eatdaomduc
sctaanncal so . begleehewsed he evolution of tot
ent density directly contributing to th
es dalbanultahfee dmoadeder i od of 10 min. At pot
ent dRkensampydendecreases rapidly within
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I ng afnodr mattsi ornel atively high ohmidcenfsiiltmy r €
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rr- than that of the total anode current (
Ity and coatdemsiftoyr madntorni bawdarersentto pl asm

assumption above.
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Fig.512 The evolution of total anode current density and the average current density

contributing to the coating growth tise calculated fronthe modelover 10 min.

I n BiI3g.the experimental and simulation resul
on the PEO coating surface as a function o]
cal cudcadcerddi nbgh) Tthe xper inme g latdasl e cr epsoc éger age
ratoiver t he tTIRREitghpeoscte ¥ @ mat) Bad ocSwhvh etnhter e at me n't
timed G whitlem ni nvuanhiu®. 44 ®09Howe tehre,se results (
representytbt phhe osoatingosneceedt Theoplbyos
based on cwaSengroemedtgn5ydemonstrating tha:
I e nhy maflrla citni oPME O. Stoitallleersgt b s er agEo acgdannel s
c arne f t bterteortldi s ¢c haw greaur PE@ r ocTehses .si mul ation r es
that the coverage ratio is obviously high at
to the spailt kovelradhiengsp eecx preant esdu,r falce cover a
down with PEO treatment rofme)jschaigas]li,ggat £ hh
decreasing number of sparks over time <can al
Compared witehnt ahhe reexspudrtism o f pore coverage
coverage ratio of dischaerxgpeer ¢ ma m®®eall ® nreerstal rsdna
the penesated from the discharge c¢hawinteh s C ¢
|l onger treat ment ti me, the pores left on the

a longOmperhedot her hand, the 1 mprdemissd yassaur
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discharge channel s i n t he mordield i ntghe apaodr ¢ 9
experimental i mages in the software can al so
and experiment al results of pores.

—=— Experimental data
o Simulation data

10 g

Pore coverage ratio (%)

: \é\%\}\

T T T T T T T T T T T T
0 100 200 300 400 500 600
Time (s)
Fig.513 Simulation and experimental results of pore coverage ratio on PEO coating surface

as a funcon of time.

Changes of the concentratifonf Oo fOHHe aal® < pheci e
interface dorindmé har er5fd e shiErtecodgiemt Fagi on i
for calculation purpose, 2ahhieah eleptesehesmi th

Egb54) ( rdathlaemr t he final amount o f 2¢coonncceennttrraattiioo
i ncreases due to the sustaining diss@lution
concentration is a g(edgaplhtasef i nhea hfeso rconeantsi onme do

by both oxygen release and the formation of
P@'and'iOH the electrolyte aorleytiencoas pheuoast i

demonstrates the economic efficiency and the

processing. However, a higher amount of oxyg
byxperimental ,lodls edrmaunto'nceafn[ Mk det er mi ned b
measur ement in the electrolyte.
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Fig. 5.14 Simulation result of changes of concentration of each species in electrolyte over

time.

I n $l59g.t he calculated pH value bgw QO0O0@Mi/noafy)|
the value measured experimentally 1in the &ele
The inaccurate si'mnldaa@iosne rfeoun ttsheofi nOl mpl e
oxygen |iberation and ekemucadl ynoeg e aciodnpflicat
applyadwady Faw. Accor]d, ndpy .tiogoRday.i ljox1l Ppur e el ec
process which is not accompanied by a plasma
anomal ous 0 X Vi e nc aluisheedr ad X ®lnusi vel vy by-the d
electrochemical processesand@b®&netoteatitcdhmes ca

l ess than those measured in the experiments.
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Fig. 5.15 The simulation results of changes of pH valaéshe electrolyte over time.

Fi §l6shows the changes of average <coating thi
and experiments, a3 eommi ncgpont habutaé |l toheae hMg f or
phases. I n general, the <coating throkigésst he
coating, fathmatplanseand the porosity of the ¢
formation speerd tdleerwhcslees treat ment time mai|
density wunder polteont oddiet poresndytipdmays a n
the coating growth rate. It is alsowirtewvieal ed
the very first seconds because of the high

seefRidhy5.andnthenses gradually corresponding
at l onger treat ment timesaatkingaltlyicktnlee s v acl:

simulation are in good agreement with the ex
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Fig.5. 16 Changes of average coating thickness with time calculated from modelling and

experimental figures respectively in 10 min.

Evolution of anodic charge, coating formati ot
during PE®@rtrleCatmemt i sf d.e pTihcet ealnoidni cFignd 5c. ola7
harges increase quickly duringnd.heThfe raitf fI(

c
bet ween these two kinds of charges results f
c

reate plasmas. The efficiency of coating fc
charge and the total ramodics cthoarlg® naitn, e atchhe
coating formation on AM50 alloy 1is in the ral
is low and then increases gradually with tin
beginning ofcesse nP,EOnNnpmer ous di scharges ar e
consumed by them so the coating formation ef
coating thickens and fewer discharges were (g
t o @oaftornmation and | eads teof fiimcdreaadyf, dfhedee
values of <coating formation efficiency are ;
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Fig. 5.17Time dependence of anodic charge and coating formation charge (a) and coating

formation efficiency (b) during PEO treatment in 10min.

In Fig. 5.18 the dependence of coating resistart@ing EIS measuremenbn time was
revealed by the simulation resulsd the experimental values are shown at different times.
The measureceffective conductivity valuesof the PEO coatingat different time intervals are
not consistent, but for the numerical calculation, a specific value has to be chosesfore,

the hghest and lowest effective conductivities -®B&/m and 768 S/m) from the experiments
wereused respectively to show the difference betwibenfinal simulated coating resistances.
The simulaed coating resistance increase with time, and the experimental values are in
between the simulated coating resistance with the dfigictive conductivity and the simulated
resistances with the loveffective conductivity. With the high effective conductiity, the

coating resistancarein good @reement with the experimental valuegth treatment times
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less than 4 minbutafter 6 min, the simulated results are lowercompared to the experimental
results. With the low effective conductivity, the simulated coating resistances are higher
comparedto that with high effectiveconductivity andthe simulated result is only close to the
experimental resultat 10 min Because the effective conductivity is dependent on time and
coating thickness, so it would be more accurate to calculate the resistiimdbeweffective

conductivity at different time

Nevertheless, it is worth mention that the effective conductivity measured by EIS is not the
same with that during PEO process because of different appled wvoltage. The effective
conductivity of the coatip can be much higher compared to that during EIS measurement due
to the plasma discharge$herefore, the simulated results here can only evaluate the resistance

under electrochemical test rather than the coating resistance during PEO process.

107
108
108
E
o
G 10 B Experimental data
9 A Simulation data with low effective conductivity
% . : ® Simulation data with high effective conductivity
810
R
7}
]
@ 102
A
10' o
100 ' I I T T T T T T T T ! T
0 100 200 300 400 500 600

Time (s)

Fig. 5.18The experimental andimulation resuf of the average resistance of PEO coatings

Vs. time.

5.4 Validation of the coating growth modelunder different voltages

't 1 s al suwuemtelfcee sBREO® ycotaot i ng growth model wh e
diefrfent volWhethd el eobt age is | ower than 240 V,

generated on the surface of the AM50 alloy.
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AM50 all adyeswrlblyetdeby per manEmeoreafnd tdtea teixqprearri

study Paoualuendtelre voltages of p2e5rOf oMnmetdd e 3 6 8 mé
electrolyte for 10 min.

I n HA9 g.tbhe evolution of the current densities
and their fciotrtrielsgpoaudn wgs are displayed. The
V are higher than that under voltage of 250

current density on PEO treat ment ti me, and
sempat el y:

For current densities under 250 V:
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Fig. 5.19 The evolution of the current densities under constant voltages o&f 250 300 V
separately. The ftting curves in red are in good agreement with the experimental values of
the current denstty.
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surfaces areb5dpobsecobadi ngs Fdgffer from each
250 V, the surface of the coating is covered
are almost identgmalUnded 8Mm&| Ver t hdampalesd ar
250 V, and the size of enithee npooreemt hrdahregkdsf ofr req
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Fig. 5.20 SEM morphologies of PEO coatings on the flat surfaces of AM50 substrrades
different voltages: (a) 250 V; (b) 300 V.

The corresponding crosections of the PEO coatings under cHifg voltages are shown in

Fig. 5.21. The crosssection under 250 V is very thin and pores are barely can be seen. The
thickness of the coating under®$ is approx. 1.8m. T hes eatoisssn under 300
than that under 250 V eamd T Thes gehechkhhesfssat sir ¢
|l ayer structure, namely the barrier layer, t
tdh SEM morphol esgexctodbnthheder o890 V.

(b) 300 V

Fig. 5.21 SEM morphologies of the polished cres=ctions of PEO coating under different
voltages: (a) 250 V; (b) 300 V.
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According to the modeling process in sectiob.2, the coating thickness under different
voltages can be calculated with their corresponding current density input by the same routine.
The different values of some parameters used for each valtagisted inTable 57. A, B, K

values for each conditioran be obtained by fitting Eq. @.with 35% of the corresponding
current density values.

The final simulation results of the coating thickness evolution under different voltages are
shown in Fig.5.22 and compared with the experimental values of coatiicknesses at 10

min. With higher voltage of 300 V, the coating thickness increases quicker than that with the
lower voltage of 250 V. The simulated coating thicknesses at 10 min aenzafd 4.3em

for 250 V and 300 V separately. Compared with theeam@ntal results of coating thickness

at 10 min, the simulation results are within the range of the errors, which demonstrates the

correctness of the modelling.

Table 57 Parameters used in the numerical simulatiowerdifferent applied voltages

U A (Alcr?) B K(1/m)

250V 5.8e4 246 5e5

300V 5.9e4 292 1.43e5

6 -

—&— Simulation 300 V
—®— Simulation 250 V

E S —®— Experimental 300 V
= — @ Experi 1250 V -
— xperimenta 300 V
N 4
(O]
C
= 1
o
£ 3-
(@)
£
© 250V
O 24
o
(]
®
517
>
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0 -
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Time (s)

Fig.522 Changes of average coating thickness with time calculated from modelling in 10 min

and the experimental values of coating thicknesses at 10 min under different voltages
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5.5 Summary

Il n summary, we have studied experimentally

mor phol ogy, and thickness of PEO coatings o]
constant DC voltage mode, and basedionl ad hese
the PEO process. Comparing the simulation re

conclusions can be dr awn:

1.

The growth of PEO coatingis revealed byhe evolution of composition, morphology

and thickness of PEO coatingth time from 10 s to 10 minexperimentally. The PEO
coatings are composed of crystaline MgO ana(®gu)z2. MgO is formed in the initial

stage and MgPQs)2 is mainly formed in the later stage of the PEO process. The
number of pores formed by the discharges on the coating surface decreases with time
and the coating thickness increases with the treatment time. Also, the experimental
study provides important farmation and useful data input for the time dependent

modeling and simulation of the PEO process.

A model is successfully built based on th
PEO process proposed in the Iliterature. T
the coating and the evolution of the disc
coating formation current density and dis
respecthieveclur.rent density coditsr idbewtcirndetdo k
modi fied point defect modelpi andsttdambddl i sc
cons Fantadaiyg Gsedltaralkulate the coating thicknessvhie the current

density generating the discharges does not contribute to the coating thickness.

According tohehevmemoaglk!l icnogat i hg thickness

for mati on current density, phase composit
coating formation current density i s t hi
composition is knyWwM tDhebes iMgud aanido nMgr e s u
coating etvhilakmnesns over time is in good agt

which confir ms t he vd&laivdiarnd ofheappoldyiifnged
mo d e | i n describing the coating growth ki

of discharges.
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4. The current efficiency <calculated from me
PEO processing time of 10 min. 't is <cha
current efficiency may increase because |

5. The sd mwloaatee coverage ratio on the surface

and estimated by the number and area of p

simul ated results are | ower than the exp
may i ndheaterrectness ©ofie tbeatmomdge!| r esinstes
cal culraotnedt he coating thickness, pore coVe

por ess.i mibHead g wlgtusictlaorsee t o t he expepi mdimtadl v
l ongenrt me Mo we v me moertae ¢tieelct naoeder to p
and thus the resastagse fof foetP&EO study.
6. The PEO coating growth modelling I's also
250 V and 3@® ed. cTcheaet isnigmutt hi cknesses ar e
experiment al val ues.

7. The drawback of this model is that it car

oxygen release and pH values of the elect

the kinet-etectfroac hneomi c al reaction induced

still not clear.
Summar i zing, the simulations reproduce this
reasonably well and provide wuseful I nfor mat i ¢
physical phenomelrhae oef muliastcihmam gese.seht s wat é
experimental results, especially for predict
drawback in describing the oxygen release an
kinetic description, i i nma yansdt iplrle doe ta nwgs e &d
on magnesium alloy under <constant DC voltage
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6. Investigation of electrode distance impact on PEO coating

formation assisted by simulation

For decadesyarious researcherfiave investigated the formation mechanisns and parameters
inluencing the PEO procesgo optimize the treatmentparameterdor the purposeof improving
the coating properties [114-124]. Parameterssuch as electrolyte compositions, substrate
materials, the electric parameters(mainly voltage mode current mode and current density),
and procesdime were studied aswell astheir impact on coating morphologiesand properties.
Among all the parametes, current density wasconsideredasthe principal parametef[123,124,
but the electrodedistance beiwveen anodeand cathodewas deemednegligible and only a few
papersstudied its influence. Melhem et al. [125] suggestedthat distance can play a role,
dependingon the processconditions, and should nonethelessbetakeninto account.Also, Wei
et al. [126] demonstratedthat the distance betweenanode and cathodeaffected the anodic

currentandthe oxidation efficiency. Therefore, the distanceeffect hasto be considered.

Since experimentsdonot offer direct accesgo the current distribution, especially atthe sample
surface,the taskcanbeaccomplishednumerically by modeling andsimulation. The complexity
of the nonuniform electrical field strengthin the electrolyte can be studied by finte element
analysis provided by COMSOL Multiphysics software through both stationary model and
time-dependentmodel. Thus, PEO coatingswil be producedwith different electrodedistances
ranging from 10 mm to 240 mm under a constantvoltage mode.The coating featuresincluding
phasecomposttions, surface and crosssection morphologies and coating thicknesseswil be
determined asa function of the electrodedistance. Combinedwith the complementaryresult
of current denstty distribution and coating thickness simulated via the numerical models, the
effect of electrodedistanceon anodecurrentand PEO coating formation on AM50 magesium

alloy wil bediscussed.

6.1 Experimental results

6.1.1Current density

For the whole PEO processthe experimentalevaluation of current density is depictedin Fig.
6.1 The current increasedrapidly in 1 secondafter the voltage was turned on, ard then
decreasedluring the restof the processingtime while the voltage waskeptconstant.As canbe

seen,there is not much influence of electrodedistance on the current density evolution with
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time exceptin thefirst 20 s. The current density reacheghe maximum atthe very first andthen
decreaseslynamically within 10 s followed by a relatvely slow decline. The current density
is recordedevery one second,so the current density at the first secondis consideredasthe
initial current, which getslower when the electrodedistanceis increasing. By the end of the
processingtime, the current density value dropsto approx. 0.02 A for all the coatings.
Evidently, the influence of electrodedistance on the anodecurrent density canbeseenonly in

the initial stageof treatment( 20s). Afterwards, the influence becomesweaker.
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Fig. 6.1 Evoluion of current vs. treatment time during the PEO process using constant

voltage mode for vaous electrode distances

6.1.2Elemental and phasecomposition

The elementalcompositionsof the eight coatings determined by EDS in an areaof 1 mn¥ of

eachcoaing surfaceareshownin Table 6.1 Mg, O, Parethe main elementsin all the coatings
while the contentsof Na, Al, K aresmall. The contentsof Mg and Al decreasevith increased
electrodedistance.The concentrationof O, Na,K andP fluctuate with the increasingelectrode
distance
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Table 6.1Surface compositions of the eight coatings determined by EDS analysis of a large
surface area (1 nin

Concentraton 10 mm 20mm 40mm 60 mm 80 mm 100 120 240

(Wt.%) mm mm mm
Mg 34 33 32 31 31 30 31 31
O 34 35 39 42 33 38 40 40
P 27 27 23 21 30 27 23 24
Na 1.8 1.9 3 3.8 4.5 4 4.9 4.2
Al 2.9 2.7 2.4 1.6 1.1 0.6 0.5 0.5
K 0.3 0.4 0.6 0.6 0.4 0.4 0.6 0.3

The XRD patternobtainedfrom the eight coaings in Fig. 6.2showslitle difference. Combined
with the elementalanalysis, XRD resultsindicate thatall the coatings exhibit anidentical phase
composition of magnesiumphosphateandmagnesiumoxide. Consideringthe sameelectrolyte
componentsand stirring effect, the electrodedistancehasno effect on the chemical reaction
mechanism of coating formation. Some papers[127,128] claimed that changing the current
mode, like using pulsed bipolar current mode, can change the coating composition.
Furthermorett is reportal that duration andratio of different stagesduring PEOprocesscanbe
altered by the applied electrical processparameterd110], and as a result, they influence the
number, intensity and energy of the micro-discharges[129] which candetermine the thermal

and chemical conditions during PEO process,and thus changethe phasecomposttion of the

coating. Current density is the main sourceto provide energy for micro-discharge. In this

researchthe current density values of the intial stageare altered by the increasingelectrode
distances,but accordingto Fig. 6.1, this stagelasts obviously too shortto changethe phase
composition. The appearancef Mg peakss due to the X-ray beamwhich penetratesntirely
the PEO coating and reachesthe magnesiumsulstrate. Differences of the ratio of U-Mg peak
intensities are related to crystallographic texture effects. The intensity of Mg peaksfor

coating producedat 10 mm distanceis the lowest, indicating thatthe PEO coating producedat

10 mm distanceis the thickest.
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Fig. 6.2 XRD diffraction pattern obtained from the eight coatings with different electrode

distances

6.1.3Coating morphology

For the front sides of PEO coatings obtained from PEO processwith different electrode
distances,the surface morphology is displayed in Fig. 6.3 (a-h). The coating producedwith a
distanceof 10 mm presentsa rough surface coveredby alarge portion of thicker deposits.The

ratio of the thicker depositfraction decreasesvith the increase of electrode distance. The

distancesin the middle range(60 1 80 mm) show nearly perfectand uniform coating surfaces.
For distancestoo remote nonruniform coating growth appearsagain, but the appearancéias
changed.The thicker regions appearto beloose and not perfectly sintered maybe dueto less
currentin the discharges.The polished crosssectionsfrom the front sidesof PEOcoatings are
shownin Fig.6.4 (a-h). Typically, PEO coating producedfrom phosphatébasedelectrolytes
compises up to three sublayers [129], including a denseinner barrier layer, a region with

accumulatedporesin a form of a pore bandand a more compactouter layer penetratedby

discharge channels. The inner layers adjacentto the substratesare very thin and displaying
wawy-jagged appearanceThe outer layers contain irregular pores and discharge channels.
Betweenthe two layers elongatedpore bandswhich are orientatedparallel to the surface and
normally observedwhen using phosphatebasedelectrolyte and applying a DC mode on

magnesium alloy substrates[129,13(0. The same appearace is observedfor the present
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specimen. However, the volume fraction of poresaccumulatedin the pore band seemsto

decreasevith electrodedistance.

Forthe backsidesof PEO coatings, the surface morphologiesareshowing the sametrend like
the front sides and provide no further information. SEM performed on polished crosssections
of the backsidesof PEOcoatingswith different electrodedistancesareshownin Fig. 6.5. The
coating thicknessis thinner comparedto the front side. It is evident that the coating thickness
onthefront sidedecreaseasthe electrodedistanceincreasesbut exceptfor the coatings up to
20 mm distance,the coating thicknesson the backside showsilitle difference. To summaries,
PEOcan producethicker coatings at closerdistances,uniform coatingsin the middle range of
electrodedistances,but thinner and nonruniform coatings atfurther distances.Soadjustingthe
electrodedistance may offer aneasyway to improve coating morphology and structure and

produceadequatly smoothcoatings.
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Fig. 6.3SEM morphologies of free surfaces of the front surfaces of PEO coatings produced

with different electrode distances. The red rectangles indicate where the high magnification

images are taken.
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Fig. 6.4 SEM morphologies of the polished cresections on the front sides of PEO coatings

prepared with different electrode distances
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