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Abstract

Plasma electigtic oxidation (PEQO) attractsicreasing interest in biomedical applications as

it can form porous Ti@ coatings incorporated with Ca and P on Ti alloy substrates.
However, the formation of PEO coatings containing crystlapatite phases using a single
stage PEO process is difficult. The aim of the present study walavd-irstly, to expand

the cyclic voltammetry (CV) approach into high anodic potentials to achieve a better
understanding of the electrochemical bebaw of Ti alloy electrodes under the conditions of
PEO. Secondly, to develop a range of novel electrolytic plasma processes to produce

biocompatible coatings for Ti implants.

Initially, the CV method was employed to identify characteristic potentiages
corresponding to differential behaviour of Ti alloy electrodes in the sodium orthophosphate
electrolyte containing additives of Ca salts of various carboxylic acids. The two Ca salts
have then been identified to be suitable for PEO electrolytesuaimdydhis progressive study

a method to produce uniformly porous CaP containing PEO coatings using a single stage
PEO treatment has been developed. Finally, this mode has been adopted for PEO treatments

of Ti in electrolytes containing particulate addis of hydroxyapatite (HA).

Coatings produced were examined using scanning electron microscopy (SEM), electron
dispersive spectroscopy,-pay diffraction analysis and glow discharge optical emission
spectroscopy. Minkowski functionals were used to aeatlyge morphological features in the
surfaceplane SEM images, which allowed subjective interpretation of the coating
morphology to be eliminated. The proliferation and viability of human osteosarcoma (MG
63s) and mouse osteoblast (MC3EB) cells cultureen selected PEO coatings were studied

and showed these characteristics to be comparable to those of the cells cultured on tissue

culture plastic control.

This study has substantially expanded the understanding of electrochemical processes that
occur duing the PEO treatment of Ti and broadened the range of electrolytes for production
of apatite containing PEO coatings for orthopaedic and orthodontic implant applications.
These results provide a benchmark against which further work investigating diispatts

of PEO processing of Ti and other materials could be undertaken.
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Chapter 1: Introduction

The use of implants dates back into ancient civilisations where goldseassbone tissue
replacement Since then attempts at using materials to replace bone tissue lost through injury

or disease began in aim to improve the quality of life

The basic building block of bone is the organic component chgef extracellular matrix

(ECM) and the inorganic component which is largely made up of calcium phog@h&tgn

the form of hydroxyapatite (HA, Ge{PQs)s(OH).) along with a large quantity of watg2,

3]. Compared wittsynthetic HA, naturallypccurring biological apatite ison-stoichiometric

and contains ions other than its base component, such asatedy@odium and silicon ions.

The osseointegratioproperty of HA has been suggested to be a result of the HAutisso

and precipitation of the apatite layer which leads to ion exchange as well as absorption and
incorporation of biolgical molecules. These improwalhesion of osteoblasts (matrix
producing cells) on the surface and differentiation, extracellularixn&rmation and
mineralization of the cells.Unfortunately, the inherent brittle characteristics of HA limits

their use as implants in lodzkaringapplications.

Today, titaniumis considered to be a biocompatible matewhich hasbeen used in theeid

of orthopaedic and orthodontimplantsfor a long time to replace joigitstabilise fractures

and reduce pain. In order to redube tssues of corrosion and releasenetal ions intdhe

tissue inflicting additionaproblems with bare metal implan surfacecoatings arewidely

used Although synthetic HAis not identical to biological apatite, it is still the most
commonly usedor coatings in the orthopaedic aothodontic field. The use of HA coating

on metallic substrate combines the advgetaf the strength provided by the metal and

ability to form a direct bond with living bortessue[4]. Furthermore, fher implantation, the

6race for the sur f ac e Gndbissue\untgratiofbpcarche shifteda | col
towards the lattenwhich marks the success of the implarithe application of a bioactive

layer which enhances the cell adhesion can reduce implant infaatitloosening.
1.1  Aim and Objectives

The overall aim of this project is to deepen understanding of electrochemical behaviour of
O0met al Jeelleeccttrroodleyt ed6 systems over a wide ran

this basis novel electrolyticlgsma processes for production of bioactive coatings for Ti
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implants. This involves determination of the role of various calcium sources in the
electrolyte for the deposition of calcium phosphate (CaP) compounds by the Plasma
Electrolytic Oxidation (PEOprocess and optimisation of the process parameters including

electrolyte composition and electrical regimes.
The objectives of this project are to:

1. Investigate possibilities for rapid evaluation and analysis of the electrochemical
response of the studiedectrochemical system over a wide range of anodic potentials,
including a highvoltage domain.

2. Expand the range and explore capabilities of Ca and P containing electrolyte systems
to meet essential criteria for production of bioactive PEO coatings asimgjlestage
treatment, without compromising the process stability.

3. Evaluatein vitro biological response of theoatings produced to understand the
effects of surface chemistry and morphology in provision of biocompatibility of-PEO

coated Ti alloys.
1.2  Thesis Overview

Chapter 2 presents an overview thie PEO process and associated mechanisms with
emphasis on the types of electrolyte currently used in PEO pescéss biological
applications. It also overviesxcurrent methods to analyse the elec®mical behaviour of

the system and resulting surface morphologies. The advantages and disadvantages of these

approaches are discussed.

Chapter 3 provides details of experimental procedures utilised in the present work. The
experimental methods includeample preparation, cyclic voltammetry analysis, general
plasma electrolytic oxidation process, coating thickness measusen&el and EDX
analysis. Furthermore, techniques for analysing both the morphological images and the

biological response to variswwoatings are presented.

Chapter 4 introduces the effect of calcium salts in the electrolyte on the characterigtees of
PEO process and resulting coatings. The cyclic voltammograms recorded for Ti alloys in
various calcium based electrolytes are pamned and analysed. The calcium propionate and
L-lactate based electrolytes are selected for further investigations based stathigy over

the range of voltages during the cyclic voltammetry analysis.
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Chapter 5 discusses the use of calcium propgohased electrolytes for PEO treatments of
cpTi and Ti6AI-4V alloy substrates, including the effect of calcium content in the
electrolyte, electrical mode (pulsed unipolar, bipolar) and frequency range. The surface
morphologies are analysed using theinkbwski functionals approach. Electrolyte
composition is optimised and the novel tatep control PEO method is developed and
employed for further investigations. Selected coatings undergo biological examinations to

understand the infence of surface orphologies on thesteoblastidike cell response.

Chapter 6 discusses the use of the novel calcidlactate based electrolytes for PEO
treatments of Ti alloys and demonstrates success in forming hydroxyapatite (HA) containing
PEO coatings using thengjlestage PEO process. The voltammograms of processes carried
out in the electrolytes with various Ca/P ratios are studied and compared. The effect of
current density applied in twstep control PEO treatments on characteristics anoh thigro

biological response of resulting coatings is examined.

Chapter 7 compares the effect of HA micand nanepowder in the sodium hydrogen
phosphate electrolyte to the coating produced by pulsed bipolar (PBP) current PEO
treatments with various frequencies and amg@és of negative bias. It concludes that the use

of HA nanepowder in the electrolyte for PEO treatment shows promising results in terms of
HA incorporation in the coating. Coatings produced in both HA miama nanepowder

containing electrolytes edtit good biocompatibility and bioactivity vitro.

Chapter 8 summarises the main conclusions based on the results and discussions in this study,

and provides the outlook for further research.
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Chapter 2: Literature review

2.1  The plasma electrolytc oxidation process

Plasma Electrolytic €dation (PEO) is a novel surface modification technique for valve
met al s. The term Ovalve met al s O designat
magnesium, aluminium and some others, which form ®emductiveoxide films on the

surface when in contact with air. The PEO process involves submerging the metal substrate
which acts as an anode into an aqueous electrolyte contained in a stainless steel tank which
also acts as the cathode. An external power supplgrisected to the two electrodes and
provides power to trigger the oxidation processes on the metal substrate. The PEO treatment
operates at higher potentials and current densities compared to conventional anodising; this
allows discharges to occur at theodeelectrolyte interface, resulting in the unique porous
surface morphology produced by this modification technique, which has triggered significant
interest in the biomedical field.

The following chapter reviews and discusses the scientific pragmess understand the
growth phenomena and formation mechanisms of PEO coatings. Furthermore, it reviews the
current research on PEO treatment for orthopaedic and orthodontic applications using Ti

alloy substrates.
2.2  Development of PEO process

PEO isan electrochemical conversion process, transforming the surface of the metal substrate
into an oxide ceramic layer. It attracts increasing interest in the formation of oxide ceramic
coatings on light alloys due to its versatility, lowscand environmentdriendliness. The
development of PEO technique began with the investigation of the spark discharges on the
metal electrodes under high voltage by Gunterschultze and Betz [@93#nother wel

known documentation by McNeill and Nordblodiv], who utilised sprk discharges for
deposition ofcadmium niobate on a cadmiuanode ina potassium niobate electrolyte
During early stages of PEO research, acid based electrolytes were mainly used, which
resulted in poor coating uniformity; along with inherent disadvantages-stklb DC power

supplies, this restricted the upbog of PEO treatment.

Significant improvement and development to the PEO process occurred during the 1970s in

Russia, where researchers have noted that under certain conditions, discharges occurred can
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promote growth of anodic oxides and enhance mechhrproperties of the coatings
produced. There has been a rapid growth of research in the PEO process as the electrolytes
used have shifted from acidic to alkaline based and the use of pulse current (which enhances
the coating formation process) has beeoavailable. Thereafter, the potential of the PEO
process had been recognised and researches from other countries also became involved in this
field.

The initial applicatons of PEO coatings focused tire aerospace and automotive industries
such as ratrs, pistons and gears due to the high wear and corrosion resistance of the coating.
In the last decade there has been growing interest in the use of PEO coatings in the
biomedical field. Compared with other coating methods commonly used in the ediopa

and orthodontic fields such as sl and plasma spraying, the use of PEO method is more
favourable. The inherent coating growth mechanism provides strong adhesion with substrate,
reducing the chance coating of delamination. Moreover, PEO coatiagenown for the
uniformly porous morphology which is beneficial for cell attachment and proliferation.
Although considerable research has been don&@®REO process in relation to biomedical
applications, the results have opened up further questiodsttee need to explore the

potential of this technique has become apparent.
2.3  Physical and chemical fundamentals of PEO process

PEO is an electrochemical process which is accompanied by the formation of spark
discharges and forms anodic oxide film on thetal surface during the process. The nature

of the spark discharge occurring at high voltages is proposed to be a result of electronic
avalanche initiated by the impact or thermal ionisation. Therefore, numerous of studies have
attempted to understanitie spark discharge using a range of approaches. However, it is
highly difficult to locate and analyse an individual sparking event, therefore up to now the
sparking nature is not fully understood. The following section discusses the commonly
accepted cating formation mechanism and current methods to characterise and understand
the electrochemical behkedwvicaurol gft edbhe yéiemalc

process.

Figurel displays the currentvoltagecharacteristic behaviour of the electrochemical system
during the PEO treatment proposed by Yerokéinal [8]. It summarises the range of

discharge phenomena that occur on the substrate surface in a wide range of voltages. At a
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relatively low applied voltage (<4 , the system complies to
increases linearly with the resistance of the growing oxide film during the process, tA¢ U
peak marks the point where passive film begins to dissolve. As the voltage comdinues
increase (Wi Uy), the current drops, which is a result of a porous oxide film growth across

the surface. At this stage, the titanium substrate is oxidised similarly to conventional

anodising;

4R 4E 1A [2.1]
4E ¢ ©O4E [2.2]
4E @ (° 4FE( [2.3]
4 E( O 4F ( @ 1/ ( [2.4]

At point U, the electric field strength in the oxide film reaches a criticalevaind beyond
that, the film is broken through due to impact on atoms and achieve the electric avalanche
breakdown. This marks the end of conventional anodising and further increase in voltage

will begin sparking stage.
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Figurel CurrentVoltage diagram for the dischargbenomena during PEO proces

The number of defects within the barrier layer increases, resulting in formation of a
conductive path, as a result the temperature in the local region riseseaméltllamage
becomes possible which would cause further defects on the surface. These events are
characterised by small spankeving rapidly across the metal surface. At the mechanism

of impact ionisation is supported by the onset of thermal ionisatrocess and shdived

but larger arcing discharge is observed. At the metal oxide interface, Ti is ejected via the
discharge channels into the electrolyte whereeacts with electrolyte species forming

titanium oxides and hydroxides that are defgasback onto the surface.

In the region Wi Us, negative charge builds up in the bulk of the thickening oxide film,
resulting in discharge decaying. Au,Uthe arc micralischarge transforms into powerful
arcing, which may lead to destructive effeatsls as thermal cracking of the coating. This
summariseshe discharge phenomena that occur during the PEO process and shown during
different stages of the PEO process it is accompanied by a change in the resistivity of the

coating.
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Figure 2 Schematic of the voltage transiemith subsequent discharge phenomena and coating

microstructure developed during PEO procggs

In most studies, the voltage/current transient of the treatment is recorded for further analysis.
Figure 2 reveals the schematic diagram of the voltage transient recorded during a
galvanostatic PEO treatmentThe purpose of this is to determine the electrochemical
behaviour of the system during oxide growth under specific processing conditions using
principles similar to those discussed Fagurel, where different sges of the process can be

identified by changes in the coating resistance.

In short, at the beginning of the treatment (Region I) the anodic forming voltage increases
rapidly with time, which corresponds to the conventional anodising stage as mentioned
previously. Thereafter the voltage growth rate begins to decrease (Region Il), which marks
the competition between the coating growth and dissolution. Visible sparks begin to appear at
the voltage range where a flex is observed in the voltage transiemt cés the voltage
continues to be forced to increase (Region Ill), it passes the threshold voltage range and
results in micreregional instability across theurface. In Region 1V, the voltage becomes
stable, and is associated with the miaroing stag. When the oxidation process continues,

disturbance irvoltage can be observed, which marks the powerful arcing stage.
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Comparison of voltage transients between treatments carried out with different parameters
allows the process reproducibility to be eletined anda quantitative analysis of the
influence of electrolyte composition and electrical parameters to the coating growth
behaviour to be provide0-13]. Sul et al[14] has found the voltage growth rate and the
final anodic voltage to be highly dependent on the electrolyte and electrical parameters, but

the differerres between electrolytes employed makes it difficult to compare between studies.
2.4  Discharge phenomena

Each discharge event during the PEO treatment corresponds to a chain of thermal and
chemical reactions resulting in breakdown, melting and solidifma effects. The
characteristicof each spark therefore have a significant influence to the phase formation,
coating morphology and phase distribution. Therefore the understanding of spark
characteristics has been of great interest in PEO relatedalesddowever, the difficujt to

identify characteristics individual sparks remamgroblem and makes it difficult to study.
Current research in discharge behaviour focuses on understanding the size and spatial density
of discharge channels by opticalaging. The results have shown to be affected by the setup

of the imaging system and the exposure time. The following section discusses processes that

occur during the discharge and factors influencing the discharge characteristics.

PEO coatings usuallgrow both inward and outward from the original substrate surface. The
inner coating growth can be described as the formation of aargstalline layer from the
substrate. Meanwhile the outer coating growth is due to chemical reactions occurring during
the discharge and the melted oxide products solidify on the inner wall of the discharge

channel and/or spray out and solidify at the coating surface.

The discharge occurs at tleeating/substrate interface, therefore it had been accepted that
dischargesio not alter the bulk substrate microstructure. Yerolkial [15 proposed the
discharge initiation to be electron emission from the electrolyte interface with a gaseous
phase rather than development of impact ionisation in growing oxide film. Under rapid
cooling by the electrolyte,he melted oxide would solidify at the surface. During the
treatment, due to discharge induced repeated melting and solidification process, the
temperature in the discharge channel would increase and allow formation of complex
compounds, crystallisation @ind phase transformations in oxide phases (such as anatase to

rutile transition). The discharge channel within the oxide layer would exhibit a gradient of
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temperature zones, and the reactions may occur depending on the temperature of the region.

The digharge characteristics can be influenced by a number of factors as discussed below. It
is interesting however to note the correlation between the intensity of the-dricharge
and the number of sparks on the surface. Matkginal [13, 16] have proposed if the
number of micro-discharge increases, the current passing through each channel should

decrease tmaintain the same total current.

2.5 The effect of electro-physical and chemical properties of electrolyte to PEO

treatment

The electrolyte is one of the most influential factors in PEO treatment. It provides a medium
for conducting current completing ehcircuit, promotes metal passiviation to form a thin
insulating film which is a preequisite for dielectric breakdown and provides oxygen source

to form an oxide ceramic coating.

A passive oxide layer is formed on the substrate surface, and dependireggedectrolyte and

the substrate properties, the discharge events will exhibit different behaviour. Consequently,
this will influence the coating properties. PEO treatment usually operates in an alkaline
environment, this allowshe use of environmeally friendly chemicals compared to those
used in conventional anodising. The shift in the electrolyte pH from acidic to alkaline over
the years results in improvement to the coating morphology and allows formation of
uniformly porous structures. The immpance of electrolyte pH in the PEO process is
highlighted in[17]. Neupanest al [18] suggest an increase in the electrolyte pH enhances
formation of crystalline phases, aiding oxide stability on the surface, as well as changing the
electrolytic dissociation of theompounds in the electrolyte altering the way it interacts with

metal surface.

The pH can have an influence to the dissociation of compounds and the level of ions present,
therefore numerous of studies used additives such as KOH to modify the elegtirbtptéhe
desired range. As aresult it is difficult to isolate thewlsion of the electrolyte pH frothe
PEO process. The concentration of the electrolyte is also an important tactioe
subsequent discharge behaviour. According to Yerokdtinal [8] the electrolyte

concentration is related to the breakdown voltageifUFigure1) Y e -1 +—, where a

and b are constants. C is the electrolyte concentration, zéslthe me nt a | charge
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electron current fraction of the total current passing through the system. Therefore it can be

assumed the increase in concentration will decrease the breakdown voltage.

Sul et al [14] suggested the influena# electrolyte concentration can be explained by the
el ectrical double | ayerd model , where a do
interface. On one side, there i3 excess of electrons from the titanium metal and on the
other an excess of ions at the electrolyte region. During the PEO treatment, a certain gradient
of ions in the electrolyte is formed at the coating/electrolyte interface. However if the
concentratia increased sufficiently to influence that gradient, this can accelerate the rate of
electrochemical processes that occur, which will subsequently reduce the electrical resistance
at the local region. This complies with the results from &hal [19], where electrolyte
coniining calcium glgerophophate and acetate monohydrate was employed, which showed
an increase in concentration of both compounds favours the atatasie transformation

and increase in the average coating surface roughness. This can be assumed to be
combination of the increase immcentrationgradient across the initial passive film, which
reduces the breakdown voltage with increased thermal impact from more energetic plasma
discharge.

It is difficult to trace simple correlations between the ttdgte pH, conductivity,
concentration and the electrochemical response of the system because these properties can
influence thecurrentvoltage characteristics, and favour various processes, e.g. surface
passivation or anodic dissolution, which would dawgpposite effects on the coating

formation process.
2.6  Effect of electrolyte composition

Another major factor of the electrolyte would be the chemical composition. Yereklain
[8] categorised electrolytes that can be considered édPHO process as;

Electrolytes that provide fast dissolution of metal
Electrolytes that provide slow metal dissolution
Electrolytes providing metal passivation in a narrow range of voltages

Electrolytes promoting weak passivation of the metal

a > 0w N E

Electrolytesoromoting strong metal passivation
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It was further discussed that electrolytes from geddp allow sparking voltage to be easily
reached therefore are beneficial for the PEO process. These electrolytes were classified in

consideration obiomedical apptation as follows;

1. Electrolytes containing anionic and cationic components incorporated into the coating
2. Suspensions providing transportation of particles which contribute to the coating

composition
The following sectioadiscuss the research trends witid &imitations of these electrolytes;
2.6.1 Electrolytes providing anionic and cationic components into the coating

TiO2 PEO coatings with enriched phosphorous content are commercially available from
TiUnite. The coatings are characterised by an openupastructure, as shown kFigure 3

and show enhanced osseointegration and anchorage with surroundin@@@2k When
compared to other commercially available Tiiased implants such as Osseotite implants,

they appear to enhance the removal torque and new bone forfiz&ion

Figure3 Surface morphology of Tidmplant by TiUnite

Phosphate based electrolytes are commonly uspobtiuceTiO> PEO coating$14, 24, 25,
because of their abilityotpromote passivation and provid®H groups to the surface. The
biocompatibility of Ti is a result of the chemical stability and corrosion resistance of this
dense and protective oxide film. TOEO coatings have the potential to attract'@ams in

the body to form amorphous CaP. It had been proposed the amorphous CaP could potentially
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transform into apatite when the Ca/P ratio in the local region reache$26]67The TiQ
PEO coatings have been suggested to have negatively chagedroups incorporated,
which improves the hydrophilic ability of the surface, which is beneficial for protein
adsorptionthereby cell adhesio[27-29]. By changing processing parameters, the surface
roughness of the ating can be tailored, which hagsen shown to play a signifint role in

anchoring cells and shorten the healing period.

During the PEO treatment, it is assumed that Ri&*> ions in the electrolyte would be
adsorbed onto the positively charged substrate at a low voltage range. As the voltage
increases, the POwoul d transport by 0 schatingtnteriageroy ui t 6
migrating through discharge channels under high electric field effect. As a result, a layer
enriched with P is commonly observed at the coagingstrate interfacg30]. It had been
proposed that Ti reacwith the PG> as follows;

3Ti4* + 4PQu3- A TiP2 + 2TiP + 804 A [2.6]

At the same time, Ti would form Tiphases in the coating via a range of reactions described

in Equations [2.1 2.5]. The two TiQ phases commonly observed on PEO coatings are the
metastable anatase and the stable rutile phaserafibeand content of these two phases in

the coating depends on the processing parameters such as applied voltage and treatment time.
The increasen applied voltage would resuiih stronger discharge intensity, therefore this
would increase thermal andress effects; this can therefore be assumed to facilitate the

anatasdo-rutile transformation.

Some studies proposed that crystal structure of anatase is particularly suitable for apatite
formation, resulting in a comparatively higher bdomnding stragth during the post
operative period26, 31, 32]. Meanwlie, others suggest rutile based coatings can enhance
the proliferation and ALP activity of osteoblast calisvitro and improve bone growtim

vivo [33, 34]. Yanget al[35] proposed the biological response of T&@atings is due to the
thickness rather than the crystalline structure of the coating, which was supported by
Kossenkoet al [36] who also suggested that the ability of Ti€urface to nucleate HA is
dependent on the number of hydroxyl groups present on the coating. Despite numerous
studies investigating the benefits of anat@se 38] and rutile[39] to osteoblastic behaviour,

the influence of coating characteristics such as surface morphology and roughness has not

been taken into consideratiotherefore it is difficult to compare between studies. As a
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result, the isolated effects of the two phases to the osteoblastic behaviour are still

inconclusive.

The ability to incorporate both anionic and cationic elements from the electrolyte in@he PE
coating has become one of the great advantages in the biomedical field. It potaiiaky

the incorporation of Ca and phosphate ions in the electrolyte and formation of crystalline HA
phases in the coating. Therefore numerous studies have focostmnmation of CaP

containing PEO coatings in aim to improve dseoconductivityand stability of Ti implants.

The most common calcium source used for such PEO treatments is calcium acetate. The
main source of phosphate can be the same as calciunb-{Baerphosphate, calcium
phosphate) or sodium phosphafd6-42]. Many studies uses ethylenediamine tetra acetic
acid (EDTA) or other strong complexing agentspi@vent precipitation of Caand R
containing compounds in the electroly#3-46]. However results have shown the use of

EDTA and other complexing agentsdahibit the crystallisation of Ti@

The concept of using soluble calcium and phosphate salts such as calcium acetate and sodium
phosphate is that the salt would undergo electrolytic dissociation in the aqueous solution.
This would lead to formation at&*, PQ* and/or PG and/or HP@* and OH ions in the

electrolyte, these ions would react in the electrolyte forming precipitates;

TiOz + 20H- + Ca2* A CaTiQ+H0+e [2.7]
C&*+ OHA CaO +H [2.8]
10C&* + 6PQ3 + 20H A Cao(PQs)s(OH)2 +3e- [2.9]

Furthermore, repeated melting andsmdidification processes occur during the treatment,
which can transform the amorphous calcium phosphate phases into crystallind #fasks

is proposed that the incorporation of HA and formation of.p@ases awur simultaneously
and result in the porous PEO coating with crystalline HA incorporation.

Although much work has been done to date, the results are rather disappointing. These can be
categorised into two branches, the first are porous coatings thatl @varge range of
calcium phosphate phases such as TCP, GAlQ 22, 48, 49] shown inFigured4a. The

relative low crystallinity of the PEO coatings with amorphous calcium phosphate layers led

to a range of research into theeuof postreatments such as hydrothermal treatment to
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enhance the crystallinity of phases in the coating. The advantage of this method consists in
formation of HA crystals inside the pores without compromising the porous structure as
shown in Figure 4b. Results show the surface roughness of the coatings after the
hydrothermal treatment is often lower than that of the PEO coated sgd&fjlesoreove it

may lead to a depletion of Ca and P concentration just beneath the surface, which was
suggested to be due to migration of Ca and P from the coating towards the sufface
crystalline HA during the hydrothermal treatment. Although the use oftp@dment has
shown to enhance the crystallinity of the coating without comprising the surface morphology,
however the introduction of additional processing step could result in variation of properties

between batches.

=T N o : 0 T
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SEMHV.1500KkV  WD.7.689 mm 20 pm < SEMHV: 1500KV  WD:17.7270mm  20pm e
Date(midiy): 05/11/11 Vac: HiVac RMRCI Datedmidyc 010102 Vac: Hivac Wn

Figure4 Surface morphology of PEO coatings (a) as formed and (b) after hydrothermal treatment at
190°C for 15h [50]

Another branch of studies demonstrated the success in direct formation of keniran
coatings, however HA tends to agglomerate on the suffd¢eas shown irFigure5. Ni et

al [52] proposed the formation of HA layer to be a result of continuomseléng during he

PEO treatment, therefore it would display a dense layer. However this does not explain the
formation of agglomerates on the surface. Nevertheless, substantial studies have been done
on the optimisation of the electrolyte and electrical regimes in aimmprove the surface
morphology while enhancing the crystallinity of HA on the PE€ated surface.
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Shiet al[19] used a range of G@P and calcium acetate electrolytes and showed the increase

in concentration would increase the number of mpwees present in and theeas®ge surface
roughness of the coatings produced. This could be explained by a change in electrolyte
conductivity and possible variation in pH, however details of the electrochemical and
physical property of the electrolyte are lacking in this researthe use of electrical
parameters such as AC and PBP current modes were explored in aim to enhance the level of
Ca content in the coating. Further influence of electrical parameters to the discharge

characteristics and the coating morphology is discussiateinsections.

25 O0UM

Figure5 Surface morphology of PEO coating formed or6Ai-4V alloy in the electrolyte containing
cal cium acet at eglycarophapshgt¢dbt] at e and b

As the demand for improvement continues to increase, it makes researchers to explore the
potential of producing PEO coatimgontaining HA added with trace elements such &s Sr

Mg?* due to natural bone is not stoichiometric HA. Strontium is clinically used for
osteoporotic patientfs3], therefore the introduction of Sr into the coating can potentially
depress osteoclast proliferatif®d]. Numerous studies used strontium hydroxide or acetate
additives to the calcium acetate based electrolyte. Results showed the addition of Sr alters
the apatite layer formation mechanifd®], although some studies suggest the ability to form
porous PEO coatings, coarse features correlated to powerful arcing can be ofsgrved
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Chung and Lon¢57] reveal visual images of coatings that have regions of coating peeled off
(Figure 6), deposited and rgrowth, suggesting further work is required to improve the

overall treatment.

Current literature contains a vast amount of studies optimising processing parameters to
produce HA containing PEO coatings from calcium dediased electrolytes. Despiteat,

the success is still limited, as the formation of crystalline HA appears to proceed at the
expense of the uniformly porous morphology. Hfere it is important to returto the
fundamental principles of the electrechical interaction between ions in the electrolyte and

the substrate to understand the reasoning behind the failure.

Figure 6 Visual inspection of the coatings produced from electrolytes with S¥/C2) ratios of (a)
0%, (b)3%, (c) 7%, (d) 15%, (e) 25%, (f) 50%, (g) 75%, and (h) 1JG%.

2.6.2 Suspensions providing particles that contribute to the coating compaosition

The issue with the balance of crystallidd formation and porous PEO morphology have led

to the use of calcium phosphate and HA containing slurry electrolytes. The principle of using
these electrolytes is a combination of electrophoretic deposition (EPD) with PEO treatment.
The use of hybrid ED+PEO processing is attracting increasing interest due to the simplicity
of equipment and its ability to control the coating thickness. Moreover, as PEO operates in
the anodic regime it does not facilitate an efficient mass transfer of calcium catierefdre

the use of negatively charged particles could potentially overcome this deficiency.
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Electrophoretic deposition is possibly one of the oldest coating methods. The early use of
PEO+EPD involves a duplex treatm¢b8], where a previously formed porous PEO coating
was placed in an HA suspension to betedaat a high voltage for-50 min. The resulting
coating features a dense HA/TBiQayered structure, although results reveal excellent
adhesion between the HA and the Tif@yer, the favourable porous structure is lost.
Furthermore, additives such as E® are required to stabilise the suspension and prevent
sedimentation of HA particles in the electrolyte. nmiust be stressed that the letegm
influence of EDTA to the electrochemical process andrthavo response is still unknown,

therefore a simplalkaline electrolyte would be preferred.

Nevertheless, the investigation of the sirgfiep approach began in aim to produce HA
containing PEO coating. The mechanism of hybrid EPD+PEO processing takes advantages
of the alkaline based electrolyte reeurfor PEO method. Since the isoelectric point of HA
is approximately pH= 7, therefore it can be assumed that HA particles attain a negative

charge as follows;
Cao(PQu)s(OH), + NOH A Cag(PQs)6(OH)2.nOH [2.10]

Coating growth mechanism in the PEOatraent relies on the anodic regime, threfore
negatively charged HA particles will be attraced to the substrate. Simulateneouslys TiO
produced at the surface as described in Equations [2.2] to [2.5]. The coating formation
mechanism in a slurry electypé can be assumed to vary from that in the electrolyte based on
soluble salts discussed above. This could be a result of particle adaitiomy not have a
significant influence over the electrolyte electrochemical and phsyical properties.
Furthermoreduring the inital stage of PEO treatment, {db Figure 1) negatively charged

HA particles would migrate towards the substrate in the form of individual particles. As the
treatment continues, the number of HArtpdes on the surface would increase and form
small agglomerates on the surface. At the same time, the increase in the HA layer thickness,
the deposition rate would decrease, and the agglomerates begin to nucleate. When the
voltage reaches the threshgdint, it can be assumed that a layer of HA particles is present
on the surface. Therefore under strong electric field HA could be integrated into the coating.
At the same time, negatively charged HA particles in the electrolyte would be attracted into
discharge channels to facilitate particle incorporation throughout the coating. As the voltage
increases, the HA particles would continue to be attracted to the substrate and experience
repeated local heating, melting and resolidification due to the rdisoharging activity at
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the surface. In the later micescing stage, the longer life sparks result in a looser coating
and dspite HA patrticle could deposiitin the porousstructure According to literature, the
incorporation of HA particles in the REcoating is more complex. Gas evolution at the
anode would obstruct the HA particles attacting to the surface and lead to suspension
destabilisatioj58-60].

Kim et al[59] and Baiet d [61] suggested the addition of high zeta potentiah@dbals such

as ethanol is required in the electrolyte to prevent HAighest settling due to gravity.
Coati ngs wer eglygeroghdsphate gentdhydrata baded electrolyte wittOINH

and HA particles. These electrolytes showed the ability of incorporating HA particles onto
the coating without compromising the poraigucture, however XRD spectra of the coating
produced shown weak HA peaks, suggesting limited HA particles were incorporated onto the
coating. Furthermore&shinet al[62] proposed the low HA content in the coating could be
attributed toHA particles reacting with phosphate ions in the electrolyte or titanium oxide

and decomposing as treatment time and/or temperature increase as follows;
3Cao(PQy)s(OH) +2PQ* + 6H" A 10Ca(PQy), + 6H0O [2.11]
Cawo(POy)s(OH)2+TiO2 A CaTiGs + 3Ca(PQy)2 +H20 [2.12]

Furthermore, the thermal and structural stress caused by the HA particles have shown to
destroythe coating. As a result of these studies it was proposed to use polymer additives to
reduce the thermal and structural differenf@3]. However, the long term effect of the
additives and the biological influence is still unknown, therefore further investigation is

needed.

The principle driving forces of EPD are the i@ and the electrophoretic mobility of the
particles in the electrolyte under the influences of the applied electric field. Therefore the
suspension characteristics such as particle size and concentration are highly influential factors
to the coating fanation mechanism. Shiet al [62] proposed that a change in the
concentration of the HA patrticles in the electrolyte would trigger a different coating growth
mechanism.Figure 7 shows the surfacenorphology of the coatingroduced in the HA
containing slurry electrolyte. It reveals a porous structure as shotvgure 7 (region A)

and agglomerates in region B. Results suggest as the particle concentratgases, the

particles would not react with the phosphate ions or,Titstead forming a layer of HA
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covering the whole surface. However, different electrolytes were used in the experiment,
therefore it is difficult to isolate the influence of HA camtration to the coating mechanism.

Figure 7 Surface morphology of the coating produced ofTcpubstrate in the electrolyte with HA
powder addition[62]

The electrophoretic velocity of the charged parttzla be descrilukas;
o — [2.13]

Where Q, U, r-represent the charge, applied voltage, particle radius and viscosity of the
electrolyte, respectively.In electrolytes with low particle addition, the viscosity can be
assumed constant. Therefore the particlee dbecomes the major factor affecting the
movementduring the treatment. Furthermore, it can be assumed that larger patiles
more susceptible to settling in the electrolyte due to gravity, therefore it is comparatively
more difficult to attain a untfrm depositior{64]. As a result the use of nano particles has
been extensively investigated. It was observed that the use of HAppam®r can reduce

the mismatch in thermal expansif@b]. HA nanepowders have shown to be more suitable

due to the enhanced surface to volume ratio and reduced the chance of sedimentation
formation. But the need for EDTAIikremains, moreover results suggest the apatite forming
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ability of resulting coatings is pod66], with chemical treatment required to enhance the

surface bioactivity.

Additionally, methods to miimise the incidence of infection through surface engineering are
also explored as the infection caused by bacteria continues to be an issue in medical devices.
Silver (Ag) is a welestablished antinicrobial agent which has been extensively used in the
form of metallic silver and/or salt. In short, Ag can penetrate through the cell wall, bind to
the bacteria DNAchain and disable its replication ability, which will eventually kill the
micro-organism. As a result, some research Hasked into incorpordgon of nancAg
particles in PEO coatings, despite the advantages, it had been reported that the maximum
concentration of Ag for human cells is 10 mg/l, above which is cytotoxitic to the surrounding
cells[67, 68]

Factors that influences the stability of nakg include the partie size, concentration, pH

and zta potential. It had been proposed at pH 12.6, the p&at@l of Ag particles was

26.8 mV indicating a good dispersion stability due to the strong repulsive forces between
particles. The results of PEO treatments of Mg alloy carried out using AC power supply
under galvanostatic conditions with current dgnat 3 A/dnt indicate that it is feasible to

form Ag incorporated PEO coatinf®9]. Neculaet al[70] proposed the use of 0.3 g/l nano

Ag particle addition to the calcium acetate and glycerophosphate based electrolyte. PEO
treatments were also carried out in the galvanostatic AC mode at a current density of 20
A/dm? on Ti alloy substrate (F6AI-7NDb). The results suggest addition of Ag ngaaticles

does not significantly influencihe surface morphology and coatings have shown to provide
good osteoblast viability. Alternatively, some researchers synthesise AgtbApattitles

[71] for PEO treatment, and showed AgHA deposition on PEO coating as a layer of dense
matrix, this brings back the issue of compensatimg porous PEO morphology and the

deposition of AgHA onto the coating.

As current literature shows, there are issues with producing HA incorporated coatings with
porous morphology. Additional research is required to understand the influence of
electroploretic velocity of suspension and particle concentration to the plasma discharge
behaviour and local properties such as electric field distribution in the vicinity of the
particles, in order to expand the use of PEO+EDP treatment. Therefore it istoistiuly

these effects on formation and properties of PEO coatings as a whole system rather than
isolated factors.
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2.7 Influence of alloy composition

The basis of PEO treatment is built on the breakdown of the anodic oxide film on the
substrate surfacend allow sparking to occur at the interface with electrolyte. This leads to

the coating growing simultaneously both above and below the original substrate surface.
Therefore the anodic film formed on the substrate can determine the coating formation

mechanism during the PEO process.

Husseinet al[11] proposed that dischge formation process differs depending on the meal
composition and results from Jovowt al [72, 73] also comply with such observation and

further imply the importance of substrate alloying to PEO treatment. It had been suggested

that the microstructure could play an important role when using high energy treatment such

as PE(Q74]. Duanetal [75] used AZ91D alloy to investigate the influence of substrate alloy

mi crostructure to the PEO coating growth pro
phase thaphabBesewbhhch suggests -phaseiatgibues cont
the hgher growth rate. Studies on Mg and its alloys have shown inconsistency e.g. some
found coatings produced on pure Mg in phosphate based electrolytes to possess better
corrosion resistance than those on sili¢d@®@, while others obtained opposite results on Mg

alloys [77]. The disagreement between various studies may arise from differences in

microstructure and chemical compogitiof substrate materials.

In the orthodontic and orthopaedic industry, the two most commonly used Ti alloys Bre cp
and Ti6AI-4V. The former contains alpha Ti phase only, whilesAl-4V is an alphéeta

alloy; h-phase has a hexagonal clgmeked structure, wherehs phase has a bod
cubic structure. Roying to stabilise botla solid solution and) phase in the'( B structure
increases the alloy strength. Studies comparing the coatings produsgdcp3i and a

newly developed titaniumirconium (Ti- 12-15% Zr) alloy, showed inconsistencies between
the surface morphology and the wettability of the coafit@). MetikossH u k o and Riljac

[79] suggest the passive film on-BAl-4V alloy is formed by diffusion of vacancies on the
oxide layer due to dissolution of vanadium oxide. Blackwebdl [80] suggested that high
defect densities are associated with rapid coating growth rate using titanium rod. It can
therefore be assumed that at higher anodic potentials, such as those appk#d, ithd>
influence orthe electrochemical behaviour would be more apparent. This also complies with
theory from Satg81], where it was proposed the breakdown of the passive film to be

sensitive to the chemical composition of the substratéhendnion adsorption.
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These studies highlight the importance of substrate alloying to the PEO process. Yet there is

surprising lack of attention to the influence of alloying on the coating formation mechanism.

2.8 Influence of power source

2.8.1 Galvanostatic and potentiostatic regimes

The two typical electrical control modes used in electrochemical processing are potentiostatic
(constant voltage) and galvanostatic (constant current) mode.

The main advantage of the potentiostatic mode consists imolimy voltage withn a

desired range, however the control over the surface discharge characteristics would be
limited. Moreover the application of potentiostatic control restricts process scaling and
transfer to different equipment as the voltage dross electrolyte often remains unknown.
These disadvantages could be avoided using galvanostatic approach, wherein a constant
electric field across the growing coating is maintained regardless of other conditions.
However, the use of galvanostatic apgurh is limited by the minimum required current

density, below which sparking cannot commence.

For effective breakdown to occur in the galvanostatic mode, high current densities are often
applied, and the resulting voltage is forced to increase. Therdadtesoltage transient is
recorded over the treatment for further analysis. $had[82] used AC conditions for 300s

at curren density from 100 to 25mA/cn?. Their results show as the applied current density
increases pilike pores become dominating on the surface, a larger variation in pore size was
observed and the coating thickness increased from 4 gonl3Results shown increase in
current density is often associated with development of a larger pore size due to a
comparatively larger discharge energy.

2.8.2 Effects of electrical parameters

The power source for PEO treatment plays a decisive role in the resultinggcoat
characteristics. DC power supplies were used in the early PEO research, but the limitation in
the control over the surface discharge limited the development of PEO technique. Since then
DC pulsed, AC, and pulsed bipolar sources had been developell allow better control of
discharge characteristics during the process. The following section discusses the effect of
electrical parameters to the coating formation mechanism and theqgsebs coating

characteristics.
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DC AC Bipolar pulse Unipolar pulse

Figure8 Schematic diagram of electrical waveforms commonly used in PEO research

2.8.2.1 DC and pulsed DC mode

DC-PEO process is the simplest electrical model for PEO treatment, and had been
extensively investigated at early stages of PEO research. Due tonttezl Icontrol over
discharge energy, resulting in development of {owed microdischarges at the surface.

The resulting coatings often possess a coarse structure with defects, which is associated with
the thermal ionisation at the surface ahéreforelocal over heatind15, 83]. As the
treatment continues, the increase in the net resistance of thelagsseould weaken the
micro-discharge activity. The use of BREO process allows a high rate transfer of
negatively charged P ions to the positively charged substrate, which results in formation

of Ti-OH groups on the surface. Furthermore, it i®ljjkthat calcium phosphate would
precipitate in the electrolyte near the electrode, wkiezdocal combination of pH change
induced by electrochemical processes with high concentration of Ca and phosphate ions

would favour the formation of calcium phosphaimilar to that described by Equation [2.9].

Despitethis, the prolonged discharge during EREO process is still undesirable, moreover

CaP phases such as HA had been suggested to decompose due to high temperature. As a
result, the use of pulsed unlpp mode had been explored. The positive pulse promotes the
growth of the passive oxide film, while the introduction oftiffie not only reduces energy
consumption by interrupting discharges but can also allow cooling to occur thus reducing
local overheting. Factors such as the duty cycle, treatment time and current density/voltage
will all influence coating microstructure and composition, allowing its properties to be

tailored to specific applications.
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The duty cycle of the positive pulse can be i as

) — [2.15]

where t°"is the pulse on time angd is the total time for the selected frequency.

An increase in the duty cycle would therefore result in stronger discH@&4jetherefore it is
commonly associated with greater pore size. On the otret, meduction in the duty cycle
would result in weaker but more populous dischafd&s 16]. The increasén the single

pulse discharge energy by increasing voltage/current pulse magnitude would have a similar
influence; moreover, the rise in the local temperature could induce in a stronger plasma

effect.
2.8.2.2 AC and PBP modes

The introduction of the mative bias in the PEO treatment using AC and PBP modes can
reduce the additional polarisation of the electrode and gain further control over the discharge
duration. Salet al [85] proposed that AC regime is preferred for as the porous structure
developed during the cathodic breakdowns healed by the molten oxide formed in the
subsequent anodic pulse, theref reduces the crack formation. It is interesting to note that
studies have suggested AC mode would result in a loss of inner coating m&élrial
however further investigamin is required to understand the coating mechanism.
Nevertheless, studies have also suggested the use of AC mode allows formation of thicker
coatings and enhances the adhesion strength between the coating and the substrate. But
despite the advantagebetuse of AC mode in PEO studies is not wide spread, this is because

of the limitation in the power and current frequency which restricts the commercial upscaling.

This lead to the development of the novel pulsed bipolar source (PBP), which had been
shownto supply higher power and provide a wide range of frequencies. Compared to the AC
mode, it had been suggested to improve the coating growth rate and surface mof@rlogy

The use of PBP mode has therefore attracted a great interest as it allows independent
adjustment of different current pulse paraene which can further help tailoring the
characteristics of micrdischarge events and thereby the coating morphology. It was
suggested that thkigher frequency current pulses allow formation of shorter and more

energetic micralischarge events, whiclaec enhance the mictwardness of the coating.
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It can be assumed that the positive pulse plays a crucial role in thedischarge events

and the formation of the coating microstructure. Meanwhile the negative pulse would
interrupt the spark dischargadallow the surface to cool, whereas the negatively charged
calcium phosphate and HA particles as well as hydroxylated metal ions Mg(@iined in
alkaline electrolytes will be repelled from the surface. During the negative pulse, gas
liberation suchas hydrogen and oxygen would be generated. This would havéoltvo
effect, it could alter the local pH and temperature at the coating surface, this would influence
the chemical reactions that could occur in the local region and influence the meltirg and
solidification process of the outer laygtl, 88]. In calcium and phosphate containing
electrolytes, it cabe assumed the use of PBP mode altive attraction of both Gaand

PQ:* ions, in particular enhance Ca transfer. When HA containing slurry is employed, the
introduction of the negative bias would allow local cooling which could potentially reduce

HA decomposition.

The introduction of negative bias has shown to enhance the ability to attract positively
charged Ca ions onto the surface during the treatment. However the research using PBP
mode is still in its early development, therefore further iigason is required to provide a

more insight into the coating formation behaviour when PBP is used.
2.9 Analysis of PEO surface morphology

Coating characteristics, such as porosity, are dependent on the spark discharge as mentioned
in previous sectiorfor some applications surface porosity is not favourable as it reduces the
coating stiffness and the wear and corrosion resistance because it allows penetration of
corrosie liquid through the pores. bontrast, for orthopaedic and orthodontic applicatso

this characteristic favours osteoblast attachment and enhances osseointegration by allowing
body fluid transport through the pores and sufficient bone ingrf8@h Nevertheless, the

optimum surface morphology and pore size are still unclear.

Shin et al [90] used current density ranging from 100 to 250 mA/¢m form porous
coatings. Treatments at 100 mAfkmesulted in porous coatings featured areas of dense
matrix and craters, whereas the coatings formed at 250 m/sppear to be smooth with
larger poes. The results suggest smaller criler pores with diameter ~2m are suitable

for cell anchoring, but omits the differences in pore shape. Meanwhile Tegteid91]

suggest surfaces with &n pore size yield higher expression of osteoblast phenotype. From
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the findings in current literature, it follows that as the osteoblast cell becomes in contact the
implant surface a range of cellular behaviour occurs, therefore the architecture afoile po

structure is as important as the pore size itself.

The most common image analysis approacld us&EO research consssbf measuring the
average pore size and corresponding statics (standard deviations or pore size distributions)
[92] or evaluation of its fractal dimensi¢@3, 94]. The advantage of measuring the average
pore size is the simplicity of this approach, although its physical meaning towards the
discharge phenomena is limited to circumstances. Moreover, it isuttifise to a single

value to analyse the complex PEO porous morphology and this method cannot take into

account differences in pore shape and relationships with surface roughness.

The second method is based on using fractal theory, which allows to metlsur
heterogeneity of the surface and had also been shown to be useful in quantifying the structure
of naturally occurring objects such as trabecular bf®s and seeds[96]. Since
development btraditional linear fractal method to mass fractal dimension, this approach can
now be used for PEO research. Fractal dimension is a parameter used to quantitatively assess
fractal geometry, looking at the salimilarity on an image. The concept offs&@milarity is

based on the orderliness of the surface, therefore assuming the homogeneity of the surface is
related to the probability distribution of height which is independent of local sU®ate
Therefore, in relation to PEO research, fractal dimension is often associated with average
coating roughness.

There are various fractal methods, however therhethod is most suitable and therefore

most often used to assess PEO coatings. dlgspr oach wuses a number o
sizer to cover the image, and the total number of squares along the image is N(rlog log

graph was used to determine fractal dimension (D) from the slope as the dimension (D) is

defined a0 io E-+——. Since PEO coatings occupy a large volume and have a rough

surface, the single value of resulting fractal dimension is in the range of 2vith3pwer
values corresponding to smoother surfaces and the higlesr @18) to more irregular

surfaces.

Many factors affect the fractal dimension, for example fractal analysis is highly
magni fication dependent, as the O6éroughnesséb

magnification, may appear to lifferentin higher magnification. In application to PEO
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coatings, where various pore morphologies are often observed, fractal dimension does not
provide any morphological specification, therefore it is not possible to differentiate, e-g. non
uniformly distributed circuidr pores from groovelike porous morphology, and different
porous structures could result in similar D values. It must be noted that the surface
morphology of PEO coatings are often assessed from SEM images which aszajegy
however this method reqes to convert these gragale images to binary (black andite,

which could potentiallydse details of some surface features.

While there is a strong |linkimtwean ytohd opdH
formation process and/or s@lting biological behaviour, the application of these image
analysis techniques is limited by circumstances and often neglects the influence of pore shape

in attempts to quantify the range of porous features observed using a single value. To
overcome thee shortcomings, a new approach that allow simple and quick analysis of PEO
coatings using a range of gregale images and taking into account the pore shape would be

preferable.
2.10 Summary on PEO

Plasma Electrolytic €idation (PEQO) is an attractiveurface modification technique that is
not only environmentally friendly but also highly flexible to allow tailoring surface
properties. Although numerous of studies have been performed on the optimisation of
processing parametetbeseare focused onteffectsof one or two variables influencing the
discharge behaviour and/or correlation betweerntwoeparameters to providkesiredPEO
coating morphology and phase compositiolhesenarrowlyfocused studies lack
manufacturing value in terms of advargithe use of PEO technology for commercial
applications.A means to provide insights into electrochemical behaviounaiérials during
PEO processing therefore highly important to allow better understanding of the
fundamental aspectd this technolog. This can advance the scientific understanding of the
PEO process, whictouldallow better design anekploration PEO treatments and
resultingcoatings.
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Chapter 3: Materials and General Methods

3.1 Materials

Thermally annealed commercially pure AST®&rade Il and Grade V Ti alloy bars from
Advanced Titanium Materials Ltd were used in this study. Although the precise thermal
histories were not available, and the microstructures were not assessed, these are likely to
have been rolled or extruded to liarm, leading to axially elongated microstructur&ghile

these may have recrystallised under the annealing treatment, the possibility of anisotropy in
the grain structure cannot be discount8dhe composition of the materials is showT able

1. The bars were cut into disks ofrim thickness and 1cm diameter, polished using abrasive
paper with 240 to 1200 grit to achieve surface finish §F®.1 >m. The samples were

cleaned in acetone, isopropanol and destilater then air dried.

Table1l Composition of Ti alloys used in this experiment

Wt (%) Grade Il Grade V

Balance Balance
0.03 0.02
0.08 0.132
0.015 0.013
0.12 0.12
0.001 0.001

6.00
4.00

3.2 General methods

3.2.1 PEO treatment equipment

PEO treatments were conducted using a power module comprising of two DC power supply
units Advanced Energy MDX Il 15kW and 30kW) connected to a pulse generator SPIK
2000A (Melec GMbh). The DC units were remotely controlled by the computer through a
NI-PXI-8430 card, the current and voltage signals were acquired by Tektronix A6303 current
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and vdtage probes and logged into PC through &XI-5922 card. The voltage and current

trainset behaviour was recorded during the PEO treatment and submitted for further analysis.

The schematic diagram of the sgt is displayed irFigure9. A cylindrical stainless steel

tank (@ 160 x 140 mm)was used in the system toontain the electrolyte and aas the
counterelectrode. Electrolyte temperature during the PEO treatment was carefully monitored
and regulated by the water coa)isystem to prevent interference in the treatment processes
with fluctuation in the thermal energy. For this purpose, during processing the electrolyte
bath was cooled by water passed through stainless steel coil, with electrolyte temperature
maintained m the range o25+5°C. A magnetic stirrer was also employed, which had two

fold function; firstly to provide a uniform electrolyte composition and prevent sedimentation
of species in the electrolyte throughout the treatment; secondly, to provide wgtectrol

circulation and enhance the cooling process.

- |
—  Pulse unit >

— National Instruments

______ —====1 PXI 5922 dual channel
1

PXI - 8430 i Vv digitalizer

Power supply ‘
unit i
1
| [ i

I |
| «—}—1— Electrolyte

I

I

I

-

Substrate —-—-—"‘““lL_—.

Tank

| Magnet

Magnetic stirrer

Figure9 Schematic diagram of the PEO system

Various electrolytes have been prepared in this work, details of composition for which as
well as specific electrical parameters loé tprocess are presented in the related chapters. In
short, the chemicals used were weighted using an electronic balance (DENVER Instrument

MXX-2001) with precision ot0.1g. The electrolyte conductivity and pH were measured
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using a conductivity meter (IANNA HI9835) and pH meter (HANNAH pH 211),

respectively.

3.2.2 Coating characterisation

3.2.2.1Measurement of coating thickness surface roughnessand wettability

The coating thickness was analysed using an Electrometer 355 Coating Thickness Gauge
equpped with N4 standard anodisers probe with an accuraeyl ¢im. The probe uses a
relative high frequency signal to generate an alternating electric field in the substrate beneath
the coating. The field causes eddy currents to circulate in the substnate,is converted

into magnetic field and is calibrated as the substrate. When coated samples are examined, it
causes an electrical impedance changes that are dependent on the coating thickness. The
results were expressed as the average coating tsEKram 10 randomly selected places

with standard deviation.

A Veeco Dektat 1500 profilometer operated in standard scan mode with resolution of
minimum 0.4@um/sample. A force of &g applied to stylus with radius of 1245 was used

to examine the averagsurface roughness of coatings produced. Six measures were made per
coating, and the results are displayed as the mean avessgadard deviatio(6D) valuesof

roughness.

The surfacewetability of the coatingsvas measured with distilled water at tbentral
regionsof the samples using RameHart angle goniometer. Three measurements were
taken per coating surfaceith the resulglisplayed as the averagestandard deviation (SD)

values ofcontactangle ).
3.2.2.2X-ray diffraction analysis

The hase composition of the coatings was examined gyXdiffraction (XRD) using a
Siemens D5000 diffractometer operated with Cl) Kadiation 6=1.54A) at a 40kV
acceleration voltage and 3®A filament current Nor mal -c2odscpns evdre d
performed withstep size of 0.02 and dwell timesstep. The patterns obtained were analysed
using PDF4+ software, which is designed for phase identification. This allows identification

of different calcium phosphate and Bighases present in the coating.
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3.2.2.3Analysis of coating morphology and elemental composition

The surface and cross sectional morphologiethefcoatings were analysed by Scanning
Electron Mcroscopy (SEM) using JEOL 6400 and FEI Inspect F SEM instruments operated
at an accelerated voltagé 1520 kV. For crossectional imaging, the coated samples were
first cut in half using ISOMET 5000 precision saw. Thereafter the samples were cold
mounted using epoxy resin (MetPrep Ltd.) and subjected to grinding and polishing. Due to
the low condutivity of PEO coatings, carbon was sputtered onto the samples to form a thin
conductive layer which would prevent accumulation of static electric field during SEM

imaging.

The coating chemical composit®were analysed using a sequantitative analysimethod
known as energy dispersiverdy (EDX) spectroscopy using appropriate detectors attached
to the SEM. The obtained EDX spectra were used to evaluate atomic percentages of

elements detected.
3.2.2.4Image analysis using Minkowski Measures

Surface phne SEM images of coatings were further analysed using various methods to derive
and evaluate different morphological characteristics. As mentioned in Chapter 2,
morphological evaluation of PEO coatings currently relies on qualitative analysis with
additional information of the number of pores and average pore size measurement from
ImageJ (or similar software) analysis. Therefore discussions of PEO coating morphologies
are prone to bias morphological examination moreover it is difficult to compare coating

morphologies between studies.

In this work, the surface plane images were analysed using the Minkowski functional
method. The functionalwere calculated as a function of the image binarization threshold
(4), this allows detailed information to be
grey scale images. The features present in the image between thresholds can vary drastically,
therefore application dflinkowski functionals careliminate tle use of arbitrary definitions

to describe a continuous feature.

The functionals used included the surface coverage (C), it is the ratio of the image containing
features and background matrix (dark and white), and therefore the surface coverage is a pure

number between 0 to 100% for all images. The second measurement L describes as the
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boundary length, this is related to the perimeter of the features in the image and correlated to
the curvature of the boundaries. The third is the Euler characteristiwh{Eh represents the
topological properties of the imaged pattern. Since the boundary length is associated with the
curvature of the boundary, the larger the boundary length L measure it represents for a given
Emin, the more domains are distorted, sesjing the feature becomes elongated. These
guantities have been calculated in MATLAB using the source code developed by Salerno and

Banzat98]. As these functionals would vary between images, theg marmalised.

The surface coverage (C), for all images varies between 0 to 100%, corresponding to the all
white and black background, respectively. Therefore the maximum of C value w®attiin

imageis normalised to 1. The boundary length (L) measarealso defined as the number

of edge pixels joined by black and white pixels, therefore the boundary length (L) measure
varies between images and cannot be normalised internally to L like that of surface coverage
(C), because it will lead to the losstbk relative intensity hax. For images with-j pixel,

the total number of edges on both orthogonal directions of a 2D image wilLlje+((j-1)i.

The Euler (E) measure is also a dimensionless quantity, but it accounts for the analysis of the
surfacearea, therefore it is normalised to the total number of pixel (ij) of the SEM image.

Due to the subtle variations obtained for t
surface morphology, therefore the resulting functional curves are displayedq 3gs) |, 5L(1}4)
and 10 E (fiek kmaxand Enidvheer eC i dent i fied in the curve

values were noted.
3.2.3 Biological testing using osteoblaslike cells

The success or failure of the implant is highly dependent on the biocoitityatif the
surface, which can be reflected by the cell adhesion and proliferation on the surface. In the
present work, the biocompatibility and cytotoxicity of the selected coatings will be assed

usingin vitro cell culture method.
3.2.3.1Materials

1. MG63 human osteosarcoma cells

2. MC3T3-E1 mouse osteoblast cells

3. MG63 basal culture media consists of Dul be
(Biosera, East Sussex, UK) supplemented with 10% Fetal Calf serum (FCS), 1%-2mM L
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Glutamine (L-g) and 1% 100mg/npenicillin and streptomycin (P/S) (All obtained from
Sigma, UK).

4. MC3T3-E1l basal culture media consist €ful beccoods Modi fi ed
(DMEM) (Invitrogen) supplemented with 10% FQSAA Laboratories).

5. Osteogenesis Media (OM) for MG63s: basal medipptemented with 5@/ml AA,
5mM bGP and 100nM Dexamethasone (Dex) (Sigma, UK).

6. Osteogenesis Media (OM) for MC3¥L: "-MEM supplemented with 10% FCS,
50ug/ml AA, 5mM bGP (Sigma, UK).

3.2.3.2General cell culture condition

All cells were cultured in T75 flasks using appropriate basalianaadd incubated at 82

with 5% CQ. Media was changed every32days along and the cell morphology and density
were visually examined. Cells were passaged when they were confluence, this was done by
removing cell media and washing the cells with PBSaéwbefore adding 2 ml of trypsin

EDTA and leaving to incubate for 5 min to allow cells to detach. Cell morphology was
observed to ensure cells were detached from the flask before adding media to halt the trypsin
EDTA reaction.

The detached cells in suson were then centrifuged at 1000rpm for 5 mins, and the
supernatant was poured away. The remaining cells were suspended in a known volume of
media and a cell count was performed using a haemocytometer. The remaining cells were
split 1:10 to new T75 #isks. Basic culture media were added to give a total volume of 12ml

per flask and were incubated

Cells to be used in future experiments were suspended in a 10% DMSO in FCS solution and
placed in a isopropanol jacket and stored8& gC for 24 h before mang to the liquid

nitrogen for long term storage.

To defrost cells, a vial was taken from the liquid nitrogen and placed in the water bath until
the contents melted. The vial was then rinsed with 1ml media to a T75 flask, which was
placed in an incubat at 3&C and 5% C®@ After 5h, the media was removed and replenish

in fresh media to remove any remaining DMSO. After 24 h the medium was removed from
the flask and cells were rinsed twice with PBS.

3.2.3.3Sample preparation and seeding
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Selected PEO samplevere sterilised in a culture dish with 70% ethanol and rocked steadily

for 3 h. After sterilisation, the samples were washed three times with PBS to remove any
remaining ethanol and rocked for 20 min. The samples were then submerged in culture
media cataining serum and kept overnight in the incubator. Excess media was removed

before seeding.

The low volume seeding method was employed in this study. The appropriate volume of cell
suspension (with required number of cells) were dispensed onto thhe oérthe sample.

The cells were allowedtattach for at least 60 mbefore scaffolds were submerged in fresh
media. The samples were transferred to new-plates 24 h after seeding, andlegjished

with fresh media with theequired supplements adte

When the cellsare introduced to a surface, theattach to the surface via napecific
electrostatic forces, which had been suggested to be influenced by surface roughness. This is
followed by cell spreading, proliferation and differentiation. Althlouthe time scale for

these processes can vary between cell lines and passage numbemimonly accepted that

cell attachment can be measured up to 24 h after seeding and proliferation can be measured at
7 and 21 dayf99].

3.2.3.4Assessing cell viability

PrestoBlue Cell (Invitrogen, UK) viability assay is a rapid evatumatiethod to measure the
viability and proliferation of cells. The assay is resazurin based, where the reagentesl redu
by metabolically active cells. The PrestoBlue assay was performed by removing media from
cells and washing with PBS to remove any residue. Before incubating with diluted 1:10 of
PrestoBlue reagent and culture media for 50 ani7aC with 5% CQ. The fluorescence of

the resulting solution was determined using anv@dl plate reader at 590 nm, with excitation

wavelength of 560 nm
3.2.35 Alkaline phosphatase (ALP) assay

Alkaline phosphatase is an early marker of osteogenic differentiation usingranetic

assay involving the conversion ofnrophenol phosphate substrate tmippophenyl and
recording the rate of colour change from colourless to yellow. Cells were detached from the
sample using trypsin/EDTA solution, and washed with PBS threestithe resuspend in
200 m of 0.1% Triton X100, 10 mM TrisCl (pH = 7.5), 1 mM MgQG and underwent 4
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cycles of freez¢haw and sonication. After that00 m of p-nitrophenyl phosphat§NPP)

was added to 161 of cell lysate followed by incubatiofor 30 min at 37°C. The reaction

was stopped by adding 0.4 M of NaOH and the plate was read at a wavelength of 405 nm by
Stat Fax 3200 microplate reader (Awareness Technology Inc). The ALP activity was
determined as a rate pfnitrophenol liberation fronp-nitrophenyl phosphate and expressed

as nmol of p-nitrophenol formation per minute per milligram of cellular protein. All

measurements were reported as the mean average value + standard deviation.
3.2.3.6Morphometric analysis

Cells were fixed by formaldelayg after 24 h and was examined using an Axiplan microscope
(ZEISS) equippedvith 43 objectiveand Olympus DRLO0 camera.lmageJ software was
used to determine the average area of individual cells cultivated on the samples, 30 cells in

total were analyseger sample.
3.2.4 Statistical analysis

To testwhetherdifferenceswere statistically significantoneway ANOVA was performed
foll owed b yhodtesk e&Jglegss othprwise tis stated, the graphs are plotted as the
mean average valueSD, with sigificant differences markeg < 0.05.
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Chapter 4: Effect of calcium salts in the electrolyte on the characteristics of

PEO process and resulting coatings

This chapter concerns the selection of appropriate calciumfealPEO processing of Ti
alloys. I discusses the main preliminary work that was performed to study electrolyte
characteristics and the electrochemical behaviour of titanium alloys ukegyclic
voltammetry (CV) method. The CV approach is a well established technique in
electrochemistr, however up to now it has been mainly overlooked in PEO related research.
We are among the first to apply it to the PEO process in an attempt to understand its utility
for process development.

4.1 Introduction

Calcium acetate is one of the most commaltiom salts used for PEO treatment of Ti and
numerous studies continue to optimise the coating and/or post treatment parameters to form
HA on the surfacg40, 41, 100. The reasoning behind using calcium acetate based
electrolyte for PEO treatment is still unclear. Aganim the use in PEO treatment, calcium
aceta¢ is a pharmaceutical buffering agent which is commonly administrated orally as a
source of calcium and phosphate binder. Therefore, the combination of the pharmaceutically
approved compounds with good solubility of all acetate salts could attribute iatehest in

using this salt for the PEO treatment to form bioactive coatings. Nevertheless, in order to
expand the range of calcium salts suitable for PEO treatment, calcium compounds that are
known to be dietary sources or used in biomedical field v@#isonable ranges of solubility

in water, are discussed below.

Table 2 shows a range of calcium compounds that are already being in use clinically or as
food additives, and their molecular weights and soligsliare compared with those of the
commonly used calcium acetate. Compounds with only calcium cations are discussed here to
simplify the initial search. The list includes calcium ascorbate or more comrkiooiyn as
Vitamin C, which plays arucial rolefor human to promote healthy skin, teeth and bone
[101]. Low level ofVitamin Cwill result in scurvy. Calcium formate has been suggested to

be used as dietary supplement for prevention and management of osteoptddsis
Moreover, it iscurrently discussed as an alternative to antibiotic growth promoters in animal
rations[103, therefore it has been used as calcium source in animal diets for many years.

Calcium L-lactate and BEpluconate are used as nutritional slgment to prevent
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hypocalcaemia. They are also receiving increasing attention in the food industry as
functional food and improve bone and teeth hel@{li04, 105 as it has shown to be able to

increase remineralization of tooth enamel.

Table2 List of calcium salts of intest

Chemical compound Chemical formula M‘::;:Itar s;::’::gmlz ::g)
Calcium acetate Ca(C,H;0;), 176.18 34.7g
Calcium ascorbate CaCy,H,,0,, -2H,0 426.34 50g
Calcium formate Ca(HCOO0), 130.11 16.6g
Calcium D-gluconate CaCy,H5,044 430.37 Low
Calcium hydroxide Ca(OH), 74.09 0.173g
Calcium lactate CaCgH,,0;-5H,0 218.22 S5g
Calcium propionate CaCgH,,0, 186.22 49¢g
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Figure10 Skeletal structure of the calcium salts considered in this study.

Apart from the safety of the chemical compound, the cost and reactivity must also be taken
into consideration From the manufacturing econmmperspective calcium ascorbate is
highly expensive (~ £48 for 10@g) and therefore it is not commercially viable for PEO
treatment as a large quantity is required. From the perspective of chemical compound
behaviour, calcium Eluconate contains a glacic acid group, the addition of hydroxyl
groups when compared to calcium acetate could potentially aid the formation of crystalline
HA on the PEO coating surface, although further investigations are required. Solubility is
influenced by the chemical clmilength of the compound104, and therefore when
compared to other calcium compounds containing hydrgxglps, calcium Dgluconate
shows inferior property. Other calcium sources such as oxalate and citrate which also contain
oxygen and carboxyjroups, respectively were not considerkdredue to the toxicity and

low solubility of the compoursd

In order to perform a systematic study to the range calcium sources suitable for PEO

processing of Ti alloys, the electrolyte concentration is chosdye tthe same (0.*1 of
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calcium salt and 0.M of sodium orthophosphate). Calcium formate, acetate and propionate
are all calcium salts of carboxylic acid with increasing number of carbon atoms. Therefore,
comparison of these compounds allows to analyse dtfiects of chain lengtin the
compoundon the electrochemical behaviour of Ti alloys in a wide voltage range. Calcium L
lactate is also selected for further investigation as it contains a hydroxyl group, which, as

mentioned previously, could potentialbe beneficial for HA formation.

Apart from electrolyte composition, the electrical parameters also have a crucial role in the
PEO process. As a result, numerous studies focus on optimising the processing parameters to
form bioactive coatings using calm acetate based electrolytes are conducted, whereas little
attention is paid to understanding of the fundamental electrochemical processes occurring
during the treatment. The fundamentals of the PEO process, as described in Chapter 2, are
based upon thstudies of the formation mechanisms from electrochemistry point of{ 8]ew

taking into account discharge characteristics, e.g. by usksgunmpedance spectroscopy
which allows understanding discharge events and their effect on thegcfoatmation[106]
However, the results are still inconclusive due to the complexity of both the analytical
technique and the PEO procedself. An alternative approach consists in using the
corresponding voltage/current transient to correlate the discharge phenomena and coating
microstructure [15]. Based on these approaches, the system behaviour and coating growth

rate during conventional anodising and sparking stagebea&ategorisefd 4, 107].

A vast amount of work is conducted to understand discharge phenomena and the growth
medanism of coatings. This however provides information limited to a set of boundary
conditions and would require extensive analysis of raw data to develop understanding of the

physical meaning of each component in the system.

For that reason, new methotlsat can provide a rapid identification of electrochemical
process occurring in the range of potentials are required in PEO related research. The cyclic
voltammetry method was adopted to understand the complex coating formation process
during PEO such abe underlying metaglectrolyte interactionsCV is a common technique

used to investigate mechanisms and kinetics of electrochemical profE3844(. It is
conventionally conducted by sweeping between two potentials at a relatively narrow range
(approximately-0.2 to 1.5V) using Pt as anode. In our work, CV technique is adapted to
understand the complexity of the coating formation mechanism involvedgdimen PEO

process. Therefore a large voltage range is used in CV experiment ergpipyiii and Tt
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6Al-4V anodes the two Ti alloys most commonly used in biomedical field. These
experiments aim to examine the metal and electrolyte interactions througkotznge of
voltages used for PEO treatment. The electrochemical behaviour of bdthang T+6Al-

4V alloys in various electrolytes is examined, as there is a surprising lack of studies
addressing the influencd substrate alloying elements ¢ime cating formation process for
biomedical purposes, despite strong evidence indicating that PEO treatment is strongly
dependent on the passive film formed on the surface of the valve[8)e3@) 81, 111]. Yet,

current studies appear to cras$erence theesults deducted on the formation of bioactive

coatings from one alloy to another.

Single cycle voltammetry (SCV) was conducted as positive sweep only, starting and

moving into the anodic direction to 50Q followed by a short halt, and returningdk to O

V. The large voltage range was used to investigate the series of discharge phenomena that
appear during plasma electrolysis, moreover as coating formation process essentially occurs
during oxidation, the CV approach was modified to only examime niechanisms and
kinetics in the anodic region. The analysis of the current response in the voltammogram, and
the presence of current peak is known to correlate to a specific electrode process occurring in
a given range of electrode potentials. The woiteograms were recorded a single scan rate

of 2V/s. A variation in the scan rate could alter the kinetics of the reactions at the surface and
is commonly used to understand mechanisms of charge transfer and evaluate reaction rate
constants as well asesitrochemical behaviour of chemicals in agueous solutions. However,
this was not pursued at this stage of the study that aims primarily at phenomenological
characterisation of electrochemical behaviour of Ti alloys in calcium formate, acetate,
propionate ad L-lactate based electrolytes and its correlation with the mechanisms
underlying the PEO process
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4.2 Results

4.2.1 Influence of calcium salton the electrolyte characteristics

Table3 The effect of clzium salt in theslectiolyte onthe electrolytgroperties

Electrolyte property
Electrolyte composition ) Conductivity
P (mS/cm)
Calcium formate 9.11:0.4 27.5+1.3
= e e Sodium orthophosphate b i
S Calcium propionate (0.1M) 7.60.1 26.0+£2.0
Calcium L-lactate 10.7940.8 18.8+0.8

Table 3 displays the influence of calciumsalt on the electrephysical properties of
electrolytes in the temperature range from 15 to°G0 which is the typical electrolyte
working temperatte during the PEO treatment. It had been proposed that the Ca comstent ha
a significant influence over the formation of calcium phosphate phases and the discharge

behaviour during the PEO treatment. Therefore the Ca/P ratio of the electrabget at 2
for simplicity.

Results inTable 3 show that all electrolytes are mildly alkaline, meanwhile the calcium
propionate based electrolyis weakly alkaline. The @lcium L-lactate based electrolyte
shows a compatively stronger #&alinity. This could be attributed to the presence of the
hydroxyl group {OH) in the calcium Elactate (shown ifrigure10f), which could potentially
increase the alkalinity of the electrolyte.
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4.2.2 Influence of calcium slt in the electrolyte to the cyclic voltammetry behaviour of

Ti anodes
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Figure 11 Cyclic voltammogram of cfi and T+6Al-4V substrate in calcium formate and acetate

based electrolytes, the direction of arrow represent the idineaft scan.
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Figure 12 Cyclic voltammogram of c¢di and Ti6Al-4V substrate in calcium propionate and L

lactate based electrolytes, the direction of the arrow represent the direction. of scan

Figurell and12 reveal the current response to the voltage sweep of the two commonly used
clinical Ti alloys in the studied electrolytes. The experiments were conducted to determine
the kinetics of electrochemical processes over the wide rérgeodic potentials. The CV
curves can be categorised as the forward (voltage increasing) and reverse (voltage
decreasing) scans. @hdirection of arrows represetiite direction of the scan. It is hoped

that the peaks in the scan can give an indicatiotne reactions occur at the surface of the
anode within the electrolyte. In the forward scan, a small peak | at approximatélwa
observed in all curves, this peak was suggested to be related to the electrochemical adsorption
of phosphate ions fromme electrolytd112].

A sharp peak in the voltammogram at approximately 80 to\%5¢hich is marked by the

asterisk can be observed in some curves. This small peak does not appear to be a result of
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oxide formation leading to disturbance in the potential profileeatittode surface. Instead, it
could be a result of oxygen generation during anodiskigbazakiet al[113 and Tehet al
[114] proposed thaanodic processes occurriad) around 20 to 5¥ correspond to oxygen
generatiorduring amorphous to crystalline transition in the oxide film during anodising of Ti
alloy. In our study, among the shargajis observed at around 80 to 35Ghose developed

on the cpTi anode appear to locate at a higher voltages compared to-@#d-ZV anode.

Peak Il is observed in the voltammograms in the range from 130 t&/2#s peak was
suggested to be related a multielectron oxidation procesgl09 11Q. This could be
associated with dissolution of previoustyrihed passive film resulting in a reduction of the
syst emo s [8 dtsnaysbe that within this voltage range, defects are formed on the
surface, contributing sites for subsequent dielectric breakdown. The intensities of peaks Il
arehigher on Ti6Al-4V anodes than on €pi. This could be explained by the comparatively
higher resistance to the migration of @nd OH ions at the metal/oxide interface at the
initial stages of the treatment due to the nmstructure of T6AI-4V alloy [113 115 11§.

The fact that peak Il is located higher voltages en Ti+6Al-4V anode was usecbnfirms

that alloying elements present in the substrate have significant impact to the properties of the

passive film[8].

A plateau region Ill can be observed in the cyelaitammogram forboth anodesvhen
calcium acetate, propionate anddctate based electrolytes were employed. This region
corresponds to the occurrence of miarcing and is observed from approximately 200n

cp-Ti anode, while it is varied from 150 to 300 on Ti-6Al-4V. Beyond region lll, the
current increases up to the final peak IV which is observed in the high voltage range (350 to
500V). It can be assumed that the highreat growth rate in that regiotorresponds to

more vigorous reactions associated with PiE€tments. Peak IV is defined as the region
above which powerful arcing would occur, which would lead to intense ruptdrepallation

of the oxide film,which would at least partly destroy the coating. Its location appears to be
dependent on both elgolyte composition and anode material. In the reverse scan, peak V is
observed in some curves; this is an indicator of reversible electrochemical behaviour in the
system. It is possibly a result of soluble products formed on the electrode surfagetlairin

forward scan, which were dissolved during the reverse scan.

When calcium formate was used in the electrolyte, the current density increased dramatically
in a very narrow voltage range of the forward scan {2@Q0V for cp-Ti and 150i 200V
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for Ti-6Al-4V) up to peak IV before showing a disturbance and drop in the current density in
the CV curves. This suggests the electrolyte is highly unstable at voltages as lowvas 150
and therefore is not suitable for the PEO treatment, which usually aperaehigh voltage
range. When T6AI-4V anode was used, peak V is observed in the reverse scan, at
approximate range to peak IV in the forward scan, indicating the reaction corresponding to

this potential region is reversible.

For calcium acetate cahing electrolyte, the currembltage behaviour showed features
consistent with irreversible electrochemical proessshen cpTi anode was used, while
reversible behaviour was observed on the6Al-4V anode. This further confirms the
influence the sudtrate alloyhas ato the PEO process. The cyclic voltammogram officp

anode in calcium propionate based electrolyte revealed disturbance in the current response
over a range of voltages, which is an indicator of the anode surface undergoing localised
unstable reactions which do not appear to influence the overall electrochemical reactions at

the surface.

When calcium Lactate was used in the electrolyte, a vadefined peak V can also be noted

in the voltammogram, pointing to the reversibility of Hmeodic process in this voltage range
[117]. In the reverse scan, peak V was detected at a much lower voltage range, suggesting
possible depolarisation of the electrochemical process when compared to that in the
electrolyte containing calcium formate. WhenTapanode was used in the calciurrdctate
electrolyte, the shape of peaks IV and V becobreaderthan those observed ¢ime TH6AI-

4V anode. This suggests more than one electrochemical process may be occurring at the
anode[11(. Meanwhile, barely defined peaks Il on the voltammograms of both anodes
suggest the possible adsorption of electrolytengoat the surfaces could mask the influence

of the passive film behaviour, supressing ruptures occurring in the oxide.

It is interesting to observe a less defined oxidation peak Il on #ié apode and a higher
peak voltage when the -BAI-4V anode wasised, which indicates significaitfluence of
substrate material on the PEO process, implying the oxidation is facilitated on-tThe cp
compared to the T8Al-4V anode.
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Figure13 XRD spectra of coatings formed in calcium formaicetate, propionate anddctate based
electrolytes on (a) epi and (b) Ti6Al-4V substrates. (A, anatase; R, rutile; Ti, titanium and alloy;

T, tri-calcium phosphate; CT, calcium titanate; H, hydroxyapatite)
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Figure13reveals phase compositions of coatings produced using the CV techniqudion cp
and T6Al-4V substrates in the electrolytes with the studied calcium daigaire13a and b
illustrate the impact of kEying elements in the substrate to the coating phase composition.
Peaks corresponding to anatase and rutile are observed in the XRD spectra of the coatings
formed on the cffi substrate, with rutile peaks being systematically higher than those of
anatase It has been proposed that the anatase to rutile phase transformation is a time
dependent process, which is consistent with the wider separation between peaks Il and IV
observed for the efpi substrate irFigure11 and 12 allowing longer micrearcing region to
enhance nucleation of ruti[@1§. In general, it can be noted that coasipgoduced on the

cp-Ti substrate feature mooeystalline phases compared to those produced on t68AIT4V
substrate. This could be a result of the presence of aluminium in the latter, which is known to
suppress the nucleation and growth of crystalhxiee of the TiQ phasqd113.

The XRD spectrum of the coating produced using calcium acetate based electrolyte on the
cp-Ti substrate reveals intensity of Ti peaks to be systematically higher than those in the
coating produced on BAI-4V anode. A comparativelyroaderpeak inte r egi on 2& =3
34° suggests presence of crystalline HA with amorphous CaP constituents in the coating on

the T+6AI-4V alloy.

When calcium propionate based electrolyte was used, TCP and {Ja8aks were detected
in the XRD spectrum of the coating proédcon the cfli substrate, meanwhile for the
coating produced on the -6Al-4V substrate, the peaks matching the HA pbasgere

observed.

Peaks that correspond to HA can be observed on the coating produced in calaaiate_on

both cpTi and Ti6AI-4V substrates. This indicates the electrolyte is highly favourable to
form crystalline HA phases in the coating. The intensity of Ti peaks in the XRD pattern of
the coating formed on €pi (Figure 13a) is systematally higher than those of the coating
produced in the same electrolyte or6HAI-4V (Figure13b).

Overall, it appears that the -dp substrate is more favourable for formation of crystalline
phases than T8AIl-4V; this confirms the influence of substrate alloying elements to the
coating phase composition. The above results suggest that calclactate based
electrolyte is highly favourable for the formation of crystalline HA phase in the coating, but

this woud require further analysis.
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4.2.3 Effect of calcium salt to the coating morphology and elemental composition

Surface morphologies of the coatings produced using different calcium salt based electrolyte
are displayed irFigure 14 and Figure 15. Results indicate that substrate alloying elements
influencethe surface morphology as well as the phase composition.

The coating produced on the-p substrate in the calcium rfimate based electrolyte has
shown few large pores on the surface which also appears to feature small agglomerates as
indicated by the arrows. Moreover, there are structures on the surface that cuiitblate
dehydration of the coating (marked by the bbirele). When the F6AI-4V substrate was

used in the same electrolyte, the coating exhibits areasmoélteng. Small porous features

are observed sparsely located on the surface, with the majority of the area covered by a dense
layer of translucent ntiax. The surface morphology of the coatings produced on bothsalloy

in the calcium formate based electrolyte suggests development of destructive powerful arcing
during the treatmentFigure 14 reveals the coatgs produced in the calcium acetate based
electrolyte on both cpi and Ti6AI-4V substrates exhibit high variation in surface
morphological features. Porous morphology can be observed on the coating produced on the
cp-Ti, while agglomerates and comparati denser translucemhatrix is observed on the

coating produced on BAI-4V.

Porous features can be observed on the coating produced in the calcium propionate
electrolyte, although it must be noted that the structure of the two coatings suggestssaria

in the intensity of reactions occurred at the surface. -PPgpere structures can be observed

in the coating produced on -dp; moreover there are doughrike features which indicate
development of powerful arcing during the treatment. Openspare also detected in the
coating produced on FAI-4V and shown variation in heights on the surface. It is
interesting to note the matrix on the surface displays a comparatively coarser appearance on
Ti-6Al-4V than that on ¢{i.

A porous morphology waalso observed for the coating produced offidp the calcium Lk

lactate electrolyte. The pores are comparatively smaller than those observed when same
substrate was used in calcium propionate and acetate electrolytes. On the other hand, when
Ti-6Al-4V alloy was used, large deposits forming agglomerates can be observed on the

surface Figurel5).
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Figure 14 Surface morphology of coatings produced orATc@and T6AI-4V substrates in calem

formate and acetate based electrolytes.
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Figure 15 Surface morphology of coatings produced orTcand TiH6AI-4V substrates in calcium

propionate and dlactate based electrolytes
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Table4 Relative atmic percentages of elements on the surface of the coatings produced oili(a) cp
and (b) Ti6AI-4V substrates

Elemental . . . .
" Calcium Calcium Calcium Calcium L-
composition

formate acetate ropionate lactate
(at%) prop

CE:::;?:;'“ fal‘:i“m Calcium Calf:ium Calcium L-
(at%) Sl acetate propionate lactate
Ca 10 11
P 5 4
Na 1 1
Ti 10 10 11 16
° 63 64 66 69
C 10 8 7 i
Al 1 1 i
\) - 1 1 1
Ca/P 2 2.8 2.3 1.6

Table4 presents the elemental composition of coatings produced using the CV technique on
cp-Ti and Ti6AI-4V substrées in the electrolytes with various calcium salts. The Ca/P ratio

of the coatings produced using calcium formate based electrolyte on both alloys has shown to
be similar and agrees well with the Ca/P ratio in the electrolyte, which was set at 2.

The cdcium content in the coatings produced using calcium acetate based electrolyte on cp

Ti and Ti6AI-4V substrates has also shown to be similar, but the reduction in the P content
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in the latter substrate resulted in a higher Ca/P ratio in the coating. aiShetaviour is
observed when calcium propionate based electrolyte was employed, where the Ca contents in
the coatings on both alloys are similar, with the P content on the coating produced on the cp
Ti substrate being as low asa®6. This leads to a cquaratively higher overall Ca/P ratio of

the coating (Ca/P = 4). For the coatings produced using calcilattdte based electrolyte,

the P content appears to be similar with a vast difference in the Ca content between the
coatings produced on €f and Ti6AI-4V substrates. This results in the overall Ca/P ratio

of the coatingormed using calcium dlactate based electrolyte on the6RAl-4V substrate to

be doubled that in the coating produced orlcpgubstrate. Although limitations of EDX
analysis in gantitative detection dight elements such as O andrmst be born in mind,

thedata can providanindicationof possibleburning occurring on theamplesurface.
4.3  Discussion

Results presented in the chapter have demonstrated the effect aigadtgments in the
substrate onhe electrochemical reactions occurring in the range of potentials used for PEO
treatment. Furthermore, alternative to acetate calcium salts can also lead to theoretically
positive outcome for production of bioactive coatingeng PEO approach. The following
sections discuss the results from an electrode kinetic aspect of the chemical reactions

occurred during the range of potentials use for PEO treatment.

4.3.1 Influence of substrate alloying to the chemical reactions dung the PEO

treatment

The present results showed that the substrate alloying can lead to a considerable impact to the
electrochemical behaviour over a wide range of voltages used for PEO treatment. It is
accepted that the substrate Ti would undelgoeletro-chemical reactions as mentioned in
Equations [2.1] to [2.5Huring the PEO treatment as discussed in Chapter 2. Sstaads

[119 suggesthe influence of substrate alloy composition is dominant during conventional
anodising (approximately <135V), however above the dielectric breakdown voltage, the
influence of alloying elements is suppressed by mécoing. However, the voltammogram
behaviour observed iRigure 11 and Figure 12 suggests alloying elements in Ti substrate
havea significant influence otheir electrochemical behaviour in the whole range of studied

potentials. Furthermore, the EDX results displaye@able4 indicate Al and V are present
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at the surface of some coatings, which confirmshjgothesisthat the alloyingelements

play arole in the coating formation.

Moon and Jeon§12Q proposed that the oxide film formation on aluminiumrolves the

following reactions;

Alai (0X) = AlB* (ag)+ VB a (0X) [4.1]
HoO+ V2+ 0 (0X) = Oo(0X)+ 2H* (a) [4.2]
OH = Qo(0x)+ 2/ 3V3 a(0xX)+ H* (ag) [4.3]
OH +V2+o (0x) = Oo(0X)+ H* (aq) [4.4]

Since AP* (aq) is not stable in alkalineolution it favours the reaction [4.3], which is
consistentwith the presence of a high intensity peak Il on those recorded -6Al#V
substrate. Furthermore it is interesting to observe when both Al and V are detected on the
surface of the coating produten calcium acetate and propionate based electrolyte, a
distinctive peak Il can be observed in the voltammogram and followed by a depression. It
can be assumed that dissolution of that oxide layer after formation to a certain thickness
would occur. Furthermore, apart from the formation 4] the presencef Al in the Tk

6Al-4V alloy could cause formation of -Al20s crystals[121] which can be assumed to lead

to differences in the coating formation mechanism compared to phodeced on c{i.

In higher voltage range where peak IV is observed in the voltammogram, it can be seen that
the peak in the system with-BAI-4V anode exhibits a sharper shape compared to that in the
system with cpli. The broaderpeaks in the latteimply more than one electrochemical
process maye occurring at the anode at high voltage rajgé&€§. This finding complies

with the detection of higher intensity of crystalline phases in the coatings producedlon cp
than thosen Ti-6Al-4V alloy.

Peak IV in the voltammogram marks the region of powerful arcing, the drop and disturbance
in current density past peak IV in the forward scan could be attributed to the development of
powerful arcing leading to intense rupture and spialh of the oxide film which would partly

destroy the coating, exposing regions of bare substrate, wherein very high local current
densities could trigger additional processes of electrolyte boiling and thermal decomposition

of water;
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2H20 + 2e A H2+ 20H- [4.5]
40HA 2H20 + o+ 4e- [4.6]

Presence of aluminium in tiseibstratecould potentially assist oxygen evolutigi2(, which

is consistent with a more vigorous current response observed in theep&stV region of

the forward scan in the CV curves obtained on th6AT+4V anode. It must also be noted

that the differences in ¢h electrolyte pH wodd also have a certain impact dhe
electrochemical response during the process. However, at this stage it is difficult to isolate
the correlation between the solubility, pH awcdnductivity and their impact oithe

electrochemical betviour at the range of voltages employed.
4.3.2 Anodic oxidation of various calcium salt solution during the PEO treatment

The relationship between the cyclic voltammetry behaviour and the electrochemical reaction
of anodic oxidation of Ti in various @alim-containing electrolytes is not fully understood.

It had been accepted that the effectiveness of an electrolyte for anodic oxidation is dependent
on the function of the electrolyte ability to dissolve the anodic product. Various calcium salts
were examined in the wide range of voltages commonly used for PEO treatment, and

different types of behaviour have been observed.

The voltammograms of €pi and T+6Al-4V substrates in the calcium formate electrolyte
revea a comparatively low stability of thanodicoxidation process with a sharp current
increase to peak IV at a low voltage range. The vigorous reactions observed on both Ti
alloys are consistent with the electrochemical behaviour of formic acid. The standard
electrode potential of formic ac¢@O, redox couple is-0.25V [127, but the electro
oxidization takes place gbtentials that are 0.8 higher than the reversible thermodynamic
potential of P{123. It is important to emphas in this study that sodium orthophosphate
was also added to the electrolyte and the anode materials-&recfji-6Al-4V. Therefore

it can be speculated that the combination of the differences in the anode material and
electrolyte conductivity124], andthat formate is less readily oxidised on Ti compared to Pt
would result in the shift in this behaviowar a higher range of potentials.

Cai et al [125 investigated the decagrosition of formic acid on Pd and Pt surfaces and

proposedhat it can proceed via two routes [4.7] and [4Ba
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c( #1 J,T # o o(n A [4.7]

(#/1 1 ¢cORAOA (#//90A #// O0A ( [4.84]
OA#/ o# v 0A A [4.8b]
COA(O ¢g0A( [4.8¢]

In relation to our work, Ti@is also a catalyst which could be used for deamsitjwn of
calcium formate. Therefore the highly reversible and high current wall obserzegline11

can be attributed to the decomposition of formate anions which genepaiad BQ.
(#/ /1 C4Ec/ OcdE (#/ /04E #/1 4E ( [4.9]

Their work revealed a high current density peak in the forward and reverse scan, similar
behaviour observed with our work. Although the potential range used is much {0wetio(

1.4V) and the anode aterial is Pd, however it can speculated that the behaviour observed in
the CV curve when calcium formate was employed is also due to formate decomposition
following a similar mechanism. The variation between current response observed in CV
curves recordgon cpTi and TH6AI-4V anode for calcium formate based electrolyte can be
explained by the influence of alloying elements in the substrate, possibly affecting the

splitting potential in Equation [4.7].

This suggests that formate anion decompasethe sirface, where hydrogeand CQ are
evolved[126. Breiter[127] proposed anodic oxidation of formic acid leads to discharge of

formate ions and produces an intermediate HC@@icals, as shown below.
C(#/I+HO ¢ (#1 /( A [4.10]

The formate species is chemisorbed onto the surface, where the atheahiprocess is
enhanced under polarisatiph28. This behaviour is similar to the Kolbe reaction which is
referred to anodic oxidation of a carboxylate structure with subsequeatigexylation and
coupling toproduce a hydrocarbon or a substitute derivation corresponds to the alkyl function

in the carboxylate reactafit29.

The most welknown example would be the reaction of acetate ions, where the overall

process is suggested to be;
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c# #1l Oo#( c#l CcA [4.11]

There are different mechanisms proposed for the Kolbe reactions, despite so, many theories
are subjected to boundary conditions, therefore the details of the mechanisms are still
controversial. It must be born mind that the experimental conditions such as the electrolyte
composition, anode material and the range of working potentials used are dissimilar and more
complex to those used to examine the kinetic aspects of the carboxylic acid of Kolbe
reactions. Howver the literature on such studies can aid the understanding of the formation

of gaseous products and the electrolyte property.

The general form of Kolbe reaction is 2RCO® R-R + 2CQ + e. Therefore it can be

speculated that anodic oxidation of pro@tamanions will involvehe following steps;

¢#( #ll O cg#H #/ DCcA [4.12]
#(#1P#( O #I [4.13
#( O #( 2P#H( #( [4.14]

The equationg4.12] and [4.1# suggest the formation of ethyl and propioxy radicals is
possible, furthermore it can be assumed that decomposition accordnegctoon [4.1B
would result in further formation of gaseous products. On the other hand, formation of
ethane from radical reacti@mown n [4.14 is also feasible.

Vassilev[13( proposed tht the increase in the alkyl length and side groups can influence
the chemisoption rate. In this study, the calcium formate, acetate and propionate are all
calcium salts of carboxylic acid with increasing carbon atoms. Meanwhile, calciaotate

has ani OH group when compared to the structure of calcium propionate, the data from the
voltammograms proposed reversible behaviour for the former, and irreversible
electrochemical behaviour for the latter. Compared to the proposed mechanism of anodic
oxidation of propionate, the mechanism for lactate anion is more complex. Iifi@8yhave
proposed that it consists of the following steps;

2CHCHOHCOOY, 2CHCHOHCOO: +& [4.15]
2CHCHOHCOO- + #DA 2 CHHCHOHCOOH + O [4.16]
CHCHOHCOG %2 02 A CHSCOCOOH + ¥D [4.17]
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CHCOCOOF H* A CHCOCOOH (pyruvic acid) [4.18]
CH COCOOH + % £ CHCOOH (acetic acid) + CO» [4.19]

It can be speculated that recbination and decomposition of the radicals and anions resulted
in the complex reversible behaviour observed in the voltammogram. Equptiab$ to

[4.19 suggest that large quantity of gaseous products would be liberated during the anodic
oxidation proess. Furthermore, protons released ataimode (shown in Equation [4]18an

react with pyruvate ion to form pyruvic acid, which in turn is oxidised to acetic acid. From
that, it can be assumed that the anion decomposition mechanism and the intdratiters

the radicals result in the specific fingerprint in the CV curve observegjure11l and12.

Furthermore, Kolbe reactionmoposed the liberation of gaseous products, such asa@d
protons such as *Hduring the reactions, which suggests that electrolyte pH should become
comparatively lower throughout the experiment. This is discussed in more details for

individual electrolytesn subsequent Chapters.

It must be noted that the calcium phosphate systevery complex, the range of surface
morphology and phase composition observed in this study could be related to the calcium salt
solubility, molecular weight and the overall electrolyte pH which could lead to various first
phase precipitation and diffent chemical reaction in thi@ermation of calcium phosphate

phases.

The molar concentration of these salts is fixed B, 2herefore the weight concentration of
calcium L-lactate in the electrolyte is approximately 1.6X higher than that of calcium
formate. The increase in ion quantity in the electrolyte enhances solid phase precipitation
and undergo transformation into phases of higher stability such as HA an@13ZR33.
Furthermore, Elia134] have proposed when the concetina of calcium ion is higher than
those of H ion in the solution, it promotes the precipitation of CaP. This could explain the
presence of the set of high intensity peaks which corresponds to HA on the speélc&ra o
coating produced in calcium-lactate based electrolyte on bothTpand Ti+6AI-4V anode
(Figurel3).

Eliaz and Sridhafl135 have demonstrate that the pH = 6 favours formation of-well
crystalline HA structure. Lower pH (pH = 4) would result in less crystallised and thicker

structure. In PEO treatment, the electrolytes are alkaline based, and in those redutions
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does not favour production of *Hions during the treatment appears to promote HA

precipitation by chemical mechanism.
4.4  Summary

This chapter has demonstrated the usefulness of the cyclic voltammetry method in
understanding the electrochemical bebar of Ti alloys during PEO treatments and the
importance of the substrate composition for the electrochemical response of the system. In
such, the CV method can be used to identify potential ranges where various anodic processes
such as dissolution, ale film formation, oxidation of electrolyte anions and precipitation of
solid products, occur. Therefore it provides a quick and useful tool to obtain information on
the suitability of various electrolytes and electrical control modes (galvanostatic or
potentiostatic) as well as voltage/current ranges favourable for PEO treatments avoiding

powerful arcing.

It is also shown that for the treatments in the calcium acetate based electrolyte which is
commonly used in PEO related research, the influence ofratéosppears to be complex
which has been largely overlooked previously. Moreover the current/voltage diagram
provides comparatively narrow voltage range for successful processing. This results in
difficulties in optimising processing parameters to fd## coating using the calcium acetate
based electrolyte. Mawhile the analysis of Ti allogehaviour in the electrolytes containing
various calcium salts has opened up a new range of electrolyte compositions potentially
suitable for PEO treatments. lanicular, the findings in this chapter have demonstrated that
calcium propionate and-lactate can be considered promising sources of calcium in the PEO

treatment to form bioactive coatings.

75



Chapter 5: PEO treatments of Ti alloys in the calcium propioate
containing electrolytes and resulting coatings

51 Introduction

Chapter 4 has demonstrated that calcium propionate is a promising source of calcium in the
PEO treatment to form bioactive coatings due to the stable electrochemical behaviour of Ti
alloy substrates in corresponding electrolytes. However, calcium propionate has not yet been
used in relation to the PEO treatment, therefore little information is available on the reactivity
of propionate salts under high voltages. Therefore the preseptistiln first toexamine in
detailthe electrochemical behaviour of Ti alloys in the calcium propionate based electrolytes
under PEO conditions. In particular, the study aims at gaining a better understanding of the
influence of the electrolyte concertican and the electrical parameters of the process to the
electrochemical growth behaviour and characteristic of PEO coatings. The coatings are
characterised in terms of microstructure, elemental and phase compositions. Finally, selected

coatings undergturther examinations to reveal their biological response.

5.2 Results and Discussion

5.2.1 Influence of calcium propionate concentration to electrolyte characteristics and

cyclic voltammetry behaviour of Ti anodes

Table5 Effectsof calcium propionate concentration to electrolyte properties

Electrolyte compaosition Electrolyte property
Calcium([i)vrlt))pionate orthopshoodsi::;te (M) pH Conductivity (mS/cm)
0.5 11.940.1 25.612.9
1.0 11.710.1 23.7+34
1.67 01 8.3+0.1 23.6+2.6
2.0 7.6x0.1 26.0+£2.0

Table 5 displays the influence of calcium propionate concentration to the pH and
conductivity in the temperature range from 15 t6G30AIl the eletrolyte solutions prepared

by dissolving calcium propionate and sodium orthophosphate in distilled water with the
concentrations of sodium orthophosphate set atvDdind the calcium salt at 0.5, 1.0, 1.67

and 2 M. Different calcium propionate concentoats were examined as it had been
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suggested that the Ca salt content in the electrolyte has stronger influence to the coating
formation process than that of phosphate. It can be seen that increasing the calcium
propionate content significantly reduces #ikalinity of the electrolyte, and when the Ca/P

ratio increased to 2, the electrolyte become nearly neutral. However, the increase in the

calcium salt content does not appearhave a significaninfluence onthe electrolyte

conductivity.
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Figure 16 Cyclic voltammogram of ci and Ti6Al-4V anodes in the sodium orthophosphate
electrolyte with various calcium propionate content, directions of arrows represent the direction of

scan.

Figure 16 reveat the current response to the voltage sweep of the two commonly used
clinical Ti alloys in electrolytes with different Ca/P ratio. The direction of arrows represents
the direction of the scan and the peaks | to V are labelled similar to th&sgune 11and
Figurel12in Chapter 4. The shape of the voltammogram is much more complex than those
observed in conventional CV studigs36, 137, indicating multiple reactions occurred at the
surface over the range of voltages. Cyclic voltammetry method have not yet been used for
PEO treatment, therefore there is lieai data reported on this matter, but the influence of Ca
content in the electrolyte and substrate alloying to the current response shéigarel6

has demonstrated the sensitivity of the electrochemical systdma conditios of CV scan.
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Table6 The peak locations deducted from the cyclic voltammogram -dfi gmd Ti6AI-4V anodes

in Figure 1 with different Ca/P ratios in the electrolyte.

Electrochemical behaviour

(V:ﬁ;l;e) Ti-6Al-4V
1.67
I 158 ; ; 142 105 147 75 221
I 263 239 247 243 313 279 221 390
\, 340 450 474 446 354 495 478 477
v 316 487 - ; ] ) ] )

A small peak | in the forward scan can be observed in allesy as discussed in Chapter 4.
Peak Il is observed in the voltammogram for theTcpanode in the Ca/P 0.5 at
approximately 158V, but becomes barely defined as the Ca/P ratio in the electrolyte
increased. When the Ca/P ratio of the electrolyte inetktis 2, peak Il can be observed. It

is interesting to note that peak Il can be observed in all the curves6X-fIV anode, with
peak intensities exhibiting a similar trend.

It can be speculated that when the Ca/P ratio of the electrolyte is lavmpagied with high

pH value it would lead to defects formation in the surfager. The intensity of peak Il is
higher on Ti6Al-4V anode than on €pi, which could be explained by the influence of
aluminium in the substrate to the oxide film formati&ugation [4.1] to [4,4]). When the Ca
content in the electrolyte increased, it results in an increase in the electrolyte conductivity,
which reduces the energy required to brelakvn the dielectric barrier and enhance the

change of CaP phase nucleate eametal electrode.

The cyclic voltammograms of €pi anodes inFigure 16 show that as the Ca/P ratio in the
electrolyte increases, the intensity and the location of peak V shift to a lower voltage and
current ange. This suggests that the electrochemical behaviour of the anode surface becomes
more irreversible. When comparing characteristics of peak IV between the voltammograms,
the increase in the Ca/P ratio in the electrolyte appears to shift it to a hajtege and
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current range. This suggests the electrochemical reactions occurring at lower voltage ranges
are less vigorous, which are favourable for PEO applications. When the Ca/P ratio in the
electrolyte reaches 2, the voltammogram does not displayak ipethe reverse scan,
suggesting the system became electrochemically irreversible.

Results in this study are consistent with other work employing traditional CV method to
study reactions involving various chemical compouiids/, 138 139, where a decrease in
electrolyte pH would increase the voltagadacurrent range of peaks present in the
voltammogram. It had been further proposed this is a result of an increase in the electrolyte
pH, leading to more vigorous reactions at the surfd@. These findings comply with the
dramatic increase in current response observed in the voltage range3#@@0when the
electrolyte is strogly alkaline (Ca/P 0.5). Another explanation could be a combination of
lower electrolyte pH and increase the chance of CaP nucleation in the electrolyte would

promote formation of insoluble products during the forward scan.

The cyclic voltammogram of thdi-6Al-4V anode shows different current response
behaviour than that observed whenTépanode was used. This could be attributed to the
presence of Al and V in the substrate affecting the electrochemical behaviour during the
treatment. The difference the location and intensity of peaks Il whenr6RI-4V anode is

used indicates the influence of substrate composition to the electrochemical behaviour of the
studied system. The strong peak intensity is possibly due to the formation of highly defective
TiO2 structures under the high electric field. A similar cumesitage behaviour of the
system during the forward anmdversescans is not favourable for the PEO process and it
indicates the ease of shifting the type of reactions occurring at the smibstrdace.
Iknopisov[14Q have proposed the increase in electrolyte conductivitychwvban be a result

of increasing in electrolyte concentration would reduce the breakdown as discussed in
Chapter 2. Interestingly, in this study, the increase in Ca/P ratio of the electrolyte appears to

lead to a more apparent peak Il in the voltammogsduen Ti6AI-4V anode is used.

The findings in this section have demonstrated the dominatfhgence of substrate alloying

on the electrochemical behaviour of the anodes over the range of potentials in calcium
propionate based electrolyte. Furtheshbws the increase in calcium propionate content in
the electrolyte enhances the stability of the electrochemical system which is reflected by the
plateau 1l in the voltammogram. This could be explained by a combination of pH
influencing the dissociatio of calcium propionate in the electrolyte, therefore affecting the
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chemisorptiorof the propionate iongduring the treatment and/or ithfluence of Ca content at

the surface of the anode which modifies the electrical profile of the system.

5.2.2 Influence of calcium propionate concentration in the electrolyte to the coating
phase composition and surface morphology.

Intensity (a.u)

206 (deg)

Figure 17 XRD spectra of coatings formed on-Tp substrate in calcium propionate containing
electrolytes with diffeent Ca/P ratios; (a) 0.5, (b) 1, (c) 1.67 and (d) 2. (A is anatase; R is rutile; Ti is

titanium; H is hydroxyapatite; T is tdalcium phosphate)

Figure 17 shows the phase composition of coatings produced €n apode using calcium
propionate electrolytes with various Ca/P ratios. The increase in the Ca/P ratio electrolyte

appears to promote formation of rutile phase.

Peaks corresponding to HA, anatase and substrate were observegattetimeof the coating

produced in the electrolyte with Ca#0.5. The pattern has a relativddyoad scatering

hump in the range of 20A to 35A 2& indicat
coating. A set of peaks corresponding to HA can be observed in the coating produced using
electrolyte with Ca/P=1; the increase in the Ca content in the eleetappears to promote

the crystallisation of HA in the coating. When the Ca/P ratio increased to 1.67, set of peaks

that matches rutile can be observed in the pattern; this is systematically higher than anatase,

indicating that rutile becomes more aburnidan the coating. Peaks corresponditogtri-
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calcium phosphate as well as HA, anatase and rutile can be observed in the coating produced
using electrolyte with Ca/P ratio of 2. It is interesting to note that the increase in the
electrolyte Ca/P ratio fromi.67 to 2 did not favour formation of crystalline HA in the

coating, instead peaks that correspond todltium phosphate are observed in the pattern.

The pattern of the sample treated in the electrolyte with Ca/P ratio of 0.5 contains peaks
correspoding anatase, rutile and titanium substrate. The peaks of anatase are systematically
higher than those of rutile, suggesting that anatase is more abundant in the coating. This
complies withFigure 16 where the location of pealk/lappears at a comparatively lower
potential range (340V)XRD patterns of the PEO samples produced using Ca/P ratio of 1.67
and 2 exhibited peaks corresponding to rutile, anatase, HA and titanium substrate. Rutile is
the stable Ti@ phase which is transfmed from anatase under sufficient pressure and
temperature. The peaks of rutile are systemically higher than those of anatase, which
suggests rutile is more abundant in both coatings. This implies as the Ca/P ratio increased to
1.67, the coating iformed at a higher pressure and temperature than those formed with Ca/P
ratio of 0.5 and 1. From our results, the presence of rutile phase appears to be associated with
the current growth rate of the voltammogram towards peak IV in the forward Bicame(

16). This complies with previous discussion where the region between peaks Ill and IV is
related to sparking, and the slow increase in current growth rate over the voltage range

observed in the voltammogram promaties anatase to rutile phase transformation.

These findings are consistent with the cyclic behaviour where the increase in Ca content in
the electrolyte tends to stabilise the electrochemical behaviour of the system, which is
reflected by the slower increa of current towards peak IV as observedrigure 16. In
particular, when the Ca/P ratio in the electrolyte is low, a reversible behaviour is observed.
This complies with théroadregions of amorphous scattagiunder the peaks for patterns of

the coatings produced using electrolytes with Ca/P rafios and 1.
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Figure 18 Surface and crossectional morphology of coatings produced orTcsubstrate using
calcium propionate eledlytes with Ca/P ratios of (a, e) 0. 5, (b,f) 1, (c,g) 1.67 and (d,h) 2.
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Figure 18 reveals the surface morphologies of coatings produced -dn spbstrate using
electrolytes with various Ca/P ratiosFigure 18a reveals that the surfaces of coatings
produced in electrolytes with Ca/P ratio of 0.5 contain a mixture of micro sized islet features
on a dense matrix with no evidence of porous morphology. This can be corveikitede

result of CV analysisHigure 16), where a rapid increase in the current towards peak IV is
associated to vigorous gaseous product formation at low voltage range. This results in the
thickening of the pasve film instead of entering into the mieaocing stage as reflected by

the dense outer region of the coating observétdgare18e.

Surface morphological features such as globular matrix formation can eevetbgor the
coating produced in the electrolyte with Ca/P ratio ofFigyre 180), Compared to those
produced using Ca/P ratio of 0.5, the surface structure reveals compact coral like structure.
This could be a&ombination of increase the chance of CaP nucleation in the electrolyte and
attract to the surface and/or oxide product in the discharge channels spray out during
powerful arcing. The cross sectional SEM image shows large porous structure within the
coatirg, suggesting high energy discharge during the treatment producing excessive oxygen.
The highly uneven surface thickness observedrigure 18f indicates vigorous reactions

occur at the surface.

The dense inneayer and highly porous middle region observed on the coating produced in
the electrolyte with Ca/P ratio of 1 aids the understanding of the current behaviour observed
in Figure16. It can be speculated that a thicarrier layer inhibits formation of electron
conduction path across, which results in a long region of low current response to the potential
increase in the voltammogram. As the voltage reaches approximately; 4@€ occurrence

of sparking, caused hyielectric breakdown of the barrier oxide immediately undergoes the
chain reactions of repassivation, oxidation, and as apswtuct, excessive oxygen evolution

due to a combination of anodic reactions of propionate and Ti oxidation described by
Equatiors [4.15] to [4.19] and [2.1] to [2.5].

Figure 18c and d reveal the surface morphologies of coatings produced in electrolytes with
Ca/P of 1.67 and 2, respectively. Porous morphologies can be observed initigs caking

with doughnut like features; this is associated with mamong and powerful arcing during

the treatment. The micrographs displayedrigure 18g and h reveal relatively uniform
surfaces, whereas tloeestlike features, similar to those present in the coating produced in
the electrolyte with Ca/P=1, cannot be observed. It can be speculated that the porous
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morphology of the coatings produced in electrolytes with Ca/P ratios of 1.67 and 2, with
featues associated with controlled sparking, is related to the plateau peak 11l and irreversible

electrochemical behaviour observedrigure 16.

Table7 Relative atomic percentages of elemdntghe surface of the PEO coatings produced using

electrolytes with various Ca/P ratios

Processing variable
Element Ca/P ratio of electrolyte
(at%) 0.5 1 1.67 2
Ca 10.0 10.6 7.4 114
P 9.9 8.5 3.9 6.2
Na 4.8 2.5 0.8 0.6
(@) 63.2 63.0 65.3 62.0
Ti 4.0 5.0 13.2 5.8
C 8.1 10.5 9.4 14.0
Ca/P ratio 1.0 1.2 1.8 1.8

Table 7 displays relative atomic percentages of elements in the coatings formed in the
electrolytes with different Ca/P ras. Results show that the Ca/P ratio in the coating tends
to increase with increasing of that in the electrolyte, but the addition of Ca propionate above

Ca/P=1.67, does not affect the overall Ca/P ratio in the coating.
5.2.3 Summary

Results from this s#ion of the study demonstrate the utility of cyclic voltammetry method
and enhance the understanding of using this approach for investigation of PEO processes. In

terms of PEO system selection, the voltammogram that exhibits;

- Stable and slow increase @irrent towards peak 1V;
- Peak IV with high intensity located at a high voltage range;

- Absence of peak V in the reverse scan;
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- Substantially lower current in the reverse scan;

appears to be favourable for single static control of electrical parametersjlag/st a large
voltage range for stable and controllable sparking, moreover the anodising voltage would be
sufficient to promote essential phase transformations, such as aoataske, and
crystallisation of HA. Out of all the concentrations testée, electrolyte with Ca/P=1.67
exhibited the most favourable curramitage behaviour in the forward and reverse scan.

Therefore this electrolyte composition appears to be most suitable for further examination.
5.2.4 Application of CV method to understard the coating formation mechanism

Previous section discussed the use of CV method to examine the suitability of the PEO
system and identified suitable ranges of electrical parameters for PEO treatmeriti af cp
calcium propionate containing electrolyteShe purpose of this section is to study in more
detail the coating formation process in characteristic voltage regions as outlined by the
currentvoltage diagram and corresponding coating microstructures developed during the
PEO process. The surface amdsssectional morphology, phase and chemical compositions

of the coatings produced are also examined.

The voltammogram of the process carried outh@ electrolyte with Ca/P=1.67 shown in
Figure 16 suggestshat stable micr@arcing should occur in the voltage range prior to peak
IV. Therefore, appropriate voltages in the range from 440 to 460 V were applied to examine
the coating formation process on the-Tapsubstrate. Figure 19 displays the optical
microscopic images of the coatings produced for 3 min at 440, 450 and 460 i%.
interesting to note a colowariationon the coatingurfaceas the applied voltage
increased.Thecoatings produced at 400V have amgaratively uniform surface appearance,
however as the applied voltage increased5@V, whitedotsstart appearindistributed on

the surface, indicating nemniform discharges. Coatingsproduced at 460¥xhibit

discolourationwhich is an indication ofiorruniform coating process.
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Figure 19 Visual inspection of coatingsrgduced on cdi substrate by 3nin PEO treatment in the

calcium propionate electrolyte at 440, 450 and 460 V
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Figure20 SEM microgaph of PEO coatings produced cpTi substrate in calcium propionate based
electrolyte withCa/P ratio 1.67 at 440 (a,d), 450V (b,e) and 460/ (c,f) in Ca/P 1.67 for 3 mins.



SEM images inFigure 20 reveal surfae and crossectional morphologies of the coatings
produced for 3 min at 440, 450 and 480 Figure 20a which corresponds to the coating
produced at 44¥ reveals a region of dense matrix (indicated by the ainative image) and
shows that the surface is dominated by filled pores. This suggests insufficient energy for
sparking to commence throughout the dielectric film and results in features correlated to
melted oxide products that solidify at the inner walbafischarge channel. These features
point to insufficient energy for evenly distributed discharges to occur at the suifhee.
surface is dominated by pores that are filled with matrix; this feature is correlated to melted
oxide products that solidifgt the inner wall of a discharge channel. This further indicates
there was insufficient energy for evenly distributed uniform sparking to occur and for the
melted oxide to spray out of the discharge channel. This complies with the presence of small
grandated appearance of the coating matrix displayedigure 20d. When the applied
voltage increased to 450, the number of open pores increases, with no apparent regions of
dense matrix remaining. The increase in the numbep®eh @orous structures is associated
with higher discharge energy at the local regions resulting in excessive gaseous product
formation allowing the melted oxide to spray out of the discharge charffigure 20e
presents the crosectional morphology of the coating produced at ¥5Distinctive traces

of discharge channels penetrating throughout the surface can be observed; moreover small
pores present in the bulk of the coating can also be observed, which is likely to bebyaused
gas entrapment in the matrix around the discharge channel

Figure 20c reveals the surface morphology of the coating produced av 4B@&orresponds

to the region just before a sudden increase in current gmasghtowards peak IV. Visual
inspection Figure 19) of the coating reveals features related to burning on the surface. The
SEM images of the coating reveals severe ablation as indicated by the ddikghfedtue

shown by the arrow.

Figure 20f reveals discharge channels penetrating throughout the coating and large globular
features separated by cracks parallel to the surface throughout the coating. Small pores are
observed in the bulk matrix which can be explained by high discharge energy resulting in gas
entrapment in the matrix around the discharge channel. The surface shows evidence of
discharge channels penetrating through the coating. These results indicatgptyiag DC
potentiostatic mode at 460 produces coatings under conditions of powerful discharge,

which should be avoided as discussed in the previous section.
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Figure21 Surface EDX spectrum of the coating formed oATcgubstrate in the calcium propionate
based electrolyte with Ca/P ratio of 1.67 at ¥5@r 3min.
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Table 8 Relative atomic percentages of elements in the surfaces of PEO coatings produced in the
calcium propionate based electrolyteamCa/P=1.67 at 440, 450 and 46®or 3 min.

Processing variable
Element Applied voltage (V)
(at%)

440 450 460
Ca 9.7 9.8 11.7
> 5.1 5.1 6.6
N 11 0.7 1.0
e 69.4 69.7 64.5
Ti 14.7 12.5 6.3
C - 2.2 9.9
Ca/P 1.9 1.9 1.8

The elemental composition of coatings produced at 440, 450 and #6displayed inTable

8. Results suggest the applied voltage does not have significant influetiee overall Ca/P

ratio in the coating. The ratio in the coating is higher than that in stoichiometric HA
(Ca/P=1.67), tending towards tetalcium phosphate (Ca/P ~P41]. Nevertheless, the
results show as the applied voltage increases, the calcium content in the @bsding
increases; this is especially noticeable when the voltage exceels 496ng with a sudden
reduction in Ti and high C content, it can indicate that the increase in Ca content is due to Ca
containing matrix splashing out during powerful arcing, fioigra thick Ca rich layer on the
surface. This is confirmed by the data frémgure 22 where the elemental composition of

the doughnut feature is shown to have a particulagly level of Ca content.
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Element Atomic %

Ca 12.5
P 7.76
Na 1.0
@) 62.0
Ti 0.4
C 16.34

Ca/P 1.6

Figure22 An SEM image of the coating produced in the calcium propionate based electrolyte with
Ca/P=1.67 for 3 min and the elemental composition of the doudjkaighape feature.
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Figure 23 XRD spectra of coatigs on cpli substrate produced at 440 and 450V in the calcium
propionate electrolyte with Ca/P ratio of 1.67 for 3 min. (A, anatase; R, rutile; Ti, titanium; H

hydroxyapatite)

Figure 23 reveals the phase compaoagitiof the coatings produced on-€psubstrate at 440
and 450V for 3 min. The coating produced at ¥80as not inspected due to the high degree
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of burning, suggesting the regime is not suitable for production ofdughty coatings.

Peaks correspondinto anatase, rutile, HA and substrate can be observed on both patterns.
When the applied voltage is low, the peaks that correspond to rutile are systematically higher
than those of anatase, suggesting that rutile is more abundant in the coatingtinigieres

when the applied voltage increased to 4pQthe peaks ofrutile do not appear to be
systematically higher. A small bump can be
the applied voltage is set at 440 However, when it increased to 490the intensity of the

bump increases significantly, indicatinigiendant precipitation of amorphous CaPs.

Overall, this section provided pr eVoitagee nary
behaviour to the coating formation process. It showed that the CV method represents a useful
means for rapid identificetn of suitability of an electrochemical system for PEO processing

and determination of suitable voltage/current ranges. Coatings produced in the electrolyte
with Ca/P=1.67 in this section showed features desirable for bioactive coatings, however
visual nspections reveals presence of white dots which can be associated with traces of
powerful arcing that may have occurred on the surface. Therefore further work to control the
discharge during the treatment could potentially reduce the risk of appearsegaitiecrse

features.
5.2.5 Optimisation of electrical parameters using cpTli substrate

The findings from the previous section show that the CV method can provide a general range

of working voltage/current conditions suitable for stable mam@ng to ocur. Despite so,

further research is necessary to improve on the coating characteristics, such as the
morphology and phase composition suitable for biomedical applications. As discussed in
Chapter 2, pulsed unipolar modes allow a better control ovetishbarge behaviour by the
introduction of the pause between current pulses. Compared to DC potentiostatic control, the

6 off if me 6 can interrupt prol onged di scharges

microstructure and composition of the coating.

Resllts from the previous section have also shown the coating produced using the
potentiostatic DC mode at 430have an overall Ca/P ratio at 2 which is higher than that in
the stoichiometric HA (Ca/P=1.67), and when the applied voltage was increased ¢ 460
morphological features associated with powerful arcing can be observed. Therefore, the aim

of this section is to explore the use of a PUP mode with independent variation of pulse
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duration and voltage amplitude for PEO treatments oTicp the calciumpropionate

electrolyte to adjust the Ca/P ratio and refine coating morphology.

The PEO treatments in this section were performed using the potentiostatic mode at 450V or
460V in the electrolyte with Ca/P ratio of 1.67 forn@n. The pulsed unipolar modeas
employed withf of 600Hz and duty cycle varied from 20 to 90%. Pulse frequency and duty
cycle were defined a%& 1/(t on + torf) and 1 =ton/(t on +toff), respectively. Typical
oscillograms of electrical waveforms were recorded as discussed in Chapted the
examples are shown Figure24. The waveform shows deviation from the ideal rectasgul
pulse shape with voltage reduce gradually during théiro#. Figure 24 showed when the

duty cycle is set at 90 and 50%, the voltage does not decay to zero before the next pulse, this
potentially increases th&ress developed within the coating. Fluctuation in the voltage and
current transient showing a sharp peak at the beginning of each pulse suggesting circuit
overshoot at the start of each pulse on, &aal[92] suggests this is due to the pulses applied

to capacitive loads, which is inevitable.
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Figure 24 Typical examples of (a) pulsed unipolar voltage waveforms with duty cycles set at 90, 50

and 20% and corresponding current signals for voltage pulse magnitudes
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Figure 25 Current density transients recorded during PEO treatmenisp-@i in the calcium
propionate based electrolyte with Ca/P=1.67 using PUP voltage with various duty cycles and
magnitude set at (a) 450V aftg) 460V.
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Figure26 XRD spectra of coatings producasdingpulsed unipolar mode (db60V and (b) 460V irn
calcium propionate electrolyte with Ca/P ratio set at 1.67 with various duty c{&lesnatase; R,

rutile; Ti, titanium and alloy; H, hydroxyapatite; T, tricalcium phosphate)
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The XRD patterns of coatings produced at diffemduty cycles with applied voltage of 450
and 460V are presentedhingure26.

As shown inFigure26a, anatase and rutile are the dominant crystalline phases in the coating
produced at 80 V with duty cycles of 20 and 50%. The intensities of rutile peaks are
systematically lower than those of anatase in the coating produced with 20% duty cycle, the
peak intensities increase as the duty cycle increases. This is somewhat expectedhas with
duty cycle increasing, the subsequent discharge duration becomes longer, leading to an
increase in the temperature and pressure which enhances the-tmatéigetransformation.

The XRD spectra of the coating produced with 90% duty cycle displapad scattering

hump between Z2&nd 32 2&, indicating the presence of amorphous CaP constituents. It is
interesting to observe a reduction in the intensity of the set of peaks corresponding to rutile
when the duty cycle increased to 90%, similar tisthobserved when DC mode was applied
(Figure23).

When the applied voltage increased to 460V, anatase and rutile remain dominant in the
coating regardless of duty cycldadure26b); the results are similar to those observed when
the voltage was 45U. When the duty cycle is set at 90%hr@adbump can be observed in

the region of 28and 32 2&, along withweak peaks corresponding to-¢alcium phosphate

and HA. Moreover, the intensity of rutile peaks is systematically higher than those observed
for the coating produced at @8 with the same duty cycl&his is due to the fact that the
increae in applied voltage would increase the pulse energy which fatlmeiranataséo-

rutile transformation. Accompanied with that, the increase in local discharge temperature
appears to favour the reaction betweerf*Gand PQ* ions resulting in formatiorof
crystalline CaP phases such as TCP and [H4Y. It can be assumed that as thedb
temperature rises, dehydration is also promoted, which potentially enhances the formation of

TCP phase in the coating

Interestingly, for the coatings produced with 50% duty cycle at both voltages, rutile peaks are
systematically higher than those afagase. This could be a result of comparatively higher

currents observed for both current transientsigure25.
5.2.6 Morphological analysis of coatings produced with different duty cycles

Surface morphologiesf PEO coatings produced using PUP voltage mode at 450 and 460

with various duty cycles are shownhigure27 and 28 respectively. It had been found that
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in PEO coatings produced using galvanostatic modeavbeage pore size and distribution
are frequency depende@2, 143. Results from this study suggest the applielfage also

influences the pore size.

Image analysis based on Minkowski functionals is commonly used to study diffusion surface
layers[144). The SEM images were characterised in terms of surface coverage (C), the
boundary length (L) andtieul er 6s number ( E), which corres
(dark) and surface (bright), length of boundaries and the connectivity of the features,
respectively. The variation in the curve shape and especiallyntkel&ax and Enin points

are used tanalyse the coating characteristics.

Figure27(a and d) reveals the surface morphology of the coating producediusifig% at

450 V. A combination of porous structure, such as gorpore and pirhole pores, is
observed on the surface, with the average pore size in the coating betah 26#n. This

is consistent with the flex in the length (L) curve observed at low height threshold in th
respective functional plotWhen the duty cycle was set at 50%, a bamof pirhole pores
becomes more apparent, with the average pore size ¢flB92>m. The pirhole pores are
developed due to accumulation of excessive gaseous products evolved in discharge channels,
leading to gas entrapment in the neighbouring regi@vhen compared to coating formed

with duty cycle of 90%, it is interesting to observe an increase in the number of open pores.
These features indicate stronger discharge occurred when the duty cycle was set at 50%,
which complies with the current peakserved in the current transienthigure25. For the
coatings produced using U = 50 and 90 %, cra
the coating produced using the potentiostatic DC mbBdpi(e20). This could be a result of
internal stress generated by a comalion of electrostriction and doublayer charging at the
beginning of each puld®2]. This stress may be relaxed only partly due to thermal action of
discharges during voltage pulses and dielectric relaxation of the coating material between

them. Therefore, the complete relaxation would occur via crack formation.

When the duty cycle driced to 20% the surface morpholodiiglre 27c and f) reveals
distinctive traces of discharge channels, which is consistent with the relatively figh C
value in the corresponding Minkowski functional plot. This suggestsuttigce had enough

time to cool down, and the subsequent sparking did not destroy the previous surface produced
during the treatment. Analysis of the Minkowski functional plots for coatings produced with

90, 50 and 20% duty cycles shows the distance betlgg and the respective length (L)
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measure reduces as the duty cycle decreases. This suggests the pores become more circular
in shape, indicating that the subsequent discharge did not disrupt the previous coating
structure. Furthermore, it suggestdahes between individual discharges become relatively
larger when the duty cycle is reduced. This could be explained by the fact that the decrease
in duty cycle would result in decreases in both discharge duration and energy dissipated,
leading to a stnoger tendency for formation of a more dispersed porous strudtigare28

reveals the surface morphology of coatings produced using the PUP voltage modé&/at 460
with various duty cycles. Results confirm the use of the PUPenwach significantly
improves the surface morphology compared to that formed using the potentiostatic DC mode,
wherein features consistent with appearance of powerful arcing can be oldSguwed®8c.

Trends in coating morphologymilar to that shown ifrigure27 can be observed as the duty
cycle increased. When the duty cycle is set at 90%, the surface morphology reveals a
combination of porén-pore and closed pore structures. The pore shapes déwate
circular shape, which is reflected in the significant distortion of the L curve. The average
pore size was found to be 2483923 >m, the broad range is consistent with the width of L

peak observed.

When the duty cycle reduced to 50%, the pore stagpears to be more circular which is
consistent with the reduction in the distance betwegndhd the corresponding value of L
measure at that height threshold. When compared the coating produced\at(Big0re

27b,e), thenumber of pirhole pores reduces, this is also shown by a reduction in the flex in
theL curve at low height threshaldThis could be explained by the higher discharge energy,
so the subsequent discharge destroys the morphology created by the prewiguieadiag

to surface ranelting. The average pore size observed in the coating isB31111>m. The
reduction of the duty cycle to 20% did not result in presence of distinctive discharge channels
as those observed in the coating produced at\A50nstead, the surface appears to have
undergone renelting to produce a comparatively smooth topology. It is interesting to
observe that the number of open pores increased with a reduction of duty cycle. This could be
due to the fact that the increase in deygle would lead to stronger discharges on the surface

at a lower spatial density.

This section has demonstrated that the PUP voltage mode can improve the surface

morphology by interrupting the discharge and controlling energy dissipated in the coating.
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Moreover the Minkowski functionals provide a useful tool with high sensitivity for the

morphological analysis of PEO coatings.
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Figure 27 SEM micrographs of coatings produced using pulsed unipolar voltage mode (V+=450V)

with duty cycles of (a,d) 90, (b,e) 50 and (c,f) 20% and correspgridinkwoski functionals (g)
C(y), L(J)XX5 and E(}
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Figure 28 SEM micrographs of coatings produced using pulsed unipolar voltage mode (V+=460V)
with duty cycles of (a,d) 90, (b,e) 50 and (c,f) 20% and respective Minkwosttidoals (gi ) C( J ) ,

L(1)X5 and 10E(J) X10
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Table9 Chemicalcomposition of PEO coatings produced at different duty cycles

The elemental composition of the coatings produced at different duty cycles and voltages is
displayed inTable9. Results show similar Ca/P ratio for all coatings, with a trend of Ca and

P content to increase as the duty cycle increases.cdhibe explained by the increase in the
attraction of the negatively chayphosphate aniorisy electrostatic forces as the duty cycle
increases. P ions can be transported under the high electric field towards the positively
charged substrate, moreover can transport through the discharge channel towards the inner
layer as e treatment progress. It can be speculated thatdghditionfavours the formation

of CaP chemically in the electrolyte at approximate region and precipitate on the surface.

In essencehis section hademonstrated the use of PUP PEO mode can ireptoy surface
morphology of the coatings produced by interrupting the discharge duration. However,
formation of crystalline HA on the surface still remains an issue. Therefore further research
exploring the effects of electrical parameters is requirearebver, it has demonstrated the
sensitivity of the Minkowski functional for analysis of PEO coatings, which ensure its

potential use in this application.
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