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Abstract 

Plasma electrolytic oxidation (PEO) attracts increasing interest in biomedical applications as 

it can form porous TiO2 coatings incorporated with Ca and P on Ti alloy substrates.  

However, the formation of PEO coatings containing crystalline apatite phases using a single 

stage PEO process is difficult.  The aim of the present study was two-fold. Firstly, to expand 

the cyclic voltammetry (CV) approach into high anodic potentials to achieve a better 

understanding of the electrochemical behaviour 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 potential ranges 

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 electrolytes and during this 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 additives of hydroxyapatite (HA).  

Coatings produced were examined using scanning electron microscopy (SEM), electron 

dispersive spectroscopy, X-ray diffraction analysis and glow discharge optical emission 

spectroscopy.  Minkowski functionals were used to analyse the morphological features in the 

surface-plane 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 (MC3T3-E1) cells cultured on 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 during 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 different aspects 

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

 The use of implants dates back into ancient civilisations where gold was used as bone 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 [1].   

The basic building block of bone is the organic component of collagen extra-cellular matrix 

(ECM) and the inorganic component which is largely made up of calcium phosphate (CaP) in 

the form of hydroxyapatite (HA, Ca10(PO4)6(OH)2) along with a large quantity of water [2, 

3].  Compared with synthetic HA, naturally occurring biological apatite is non-stoichiometric 

and contains ions other than its base component, such as carbonates, sodium and silicon ions.  

The osseointegration property of HA has been suggested to be a result of the HA dissolution 

and precipitation of the apatite layer which leads to ion exchange as well as absorption and 

incorporation of biological molecules.  These improve adhesion of osteoblasts (matrix-

producing cells) on the surface and differentiation, extracellular matrix formation and 

mineralization of the cells.  Unfortunately, the inherent brittle characteristics of HA limits 

their use as implants in load-bearing applications.   

Today, titanium is considered to be a biocompatible material which has been used in the field 

of orthopaedic and orthodontic implants for a long time to replace joints, stabilise fractures 

and reduce pain.  In order to reduce the issues of corrosion and release of metal ions into the 

tissue inflicting additional problems with bare metal implants, surface coatings are widely 

used.  Although synthetic HA is not identical to biological apatite, it is still the most 

commonly used for coatings in the orthopaedic and orthodontic field.  The use of HA coating 

on metallic substrate combines the advantage of the strength provided by the metal and 

ability to form a direct bond with living bone tissue [4].  Furthermore, after implantation, the 

órace for the surfaceô between bacterial colonization and tissue integration [5] can be shifted 

towards the latter, which marks the success of the implant.  The application of a bioactive 

layer which enhances the cell adhesion can reduce implant infection and loosening.   

1.1 Aim and Objectives 

The overall aim of this project is to deepen understanding of electrochemical behaviour of 

ómetal electrode ï electrolyteô systems over a wide range of anodic potentials and develop on 

this basis novel electrolytic plasma 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 (PEO) process 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 studied electrochemical system over a wide range of anodic potentials, 

including a high-voltage 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 using a single-stage 

treatment, without compromising the process stability.   

3. Evaluate in vitro biological response of the coatings 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 of the PEO process and associated mechanisms with 

emphasis on the types of electrolyte currently used in PEO processes for biological 

applications.  It also overviews current methods to analyse the electrochemical 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 include sample preparation, cyclic voltammetry analysis, general 

plasma electrolytic oxidation process, coating thickness measurements, SEM and EDX 

analysis.  Furthermore, techniques for analysing both the morphological images and the 

biological response to various coatings are presented.   

Chapter 4 introduces the effect of calcium salts in the electrolyte on the characteristics of the 

PEO process and resulting coatings.  The cyclic voltammograms recorded for Ti alloys in 

various calcium based electrolytes are compared and analysed.  The calcium propionate and 

L-lactate based electrolytes are selected for further investigations based on their stability over 

the range of voltages during the cyclic voltammetry analysis. 
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Chapter 5 discusses the use of calcium propionate based electrolytes for PEO treatments of 

cp-Ti and Ti-6Al-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 the Minkowski functionals approach.  Electrolyte 

composition is optimised and the novel two-step control PEO method is developed and 

employed for further investigations.  Selected coatings undergo biological examinations to 

understand the influence of surface morphologies on the osteoblastic-like cell response.   

Chapter 6 discusses the use of the novel calcium L-lactate based electrolytes for PEO 

treatments of Ti alloys and demonstrates success in forming hydroxyapatite (HA) containing 

PEO coatings using the single-stage 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 two-step control PEO treatments on characteristics and the in vitro 

biological response of resulting coatings is examined. 

Chapter 7 compares the effect of HA micro- and nano-powder in the sodium hydrogen-

phosphate electrolyte to the coating produced by pulsed bipolar (PBP) current PEO 

treatments with various frequencies and amplitudes of negative bias.  It concludes that the use 

of HA nano-powder in the electrolyte for PEO treatment shows promising results in terms of 

HA incorporation in the coating.  Coatings produced in both HA micro- and nano-powder 

containing electrolytes exhibit good biocompatibility and bioactivity in 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 electrolytic oxidation process 

Plasma Electrolytic Oxidation (PEO) is a novel surface modification technique for valve 

metals.  The term óvalve metalsô designates a group of metals, including titanium, 

magnesium, aluminium and some others, which form semi-conductive oxide 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 supply is connected 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 the anode-electrolyte 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 progression to 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 is an 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, low cost and environmental friendliness.  The 

development of PEO technique began with the investigation of the spark discharges on the 

metal electrodes under high voltage by Gunterschultze and Betz (1934)[6].  Another well-

known documentation by McNeill and Nordbloom [7], who utilised spark discharges for 

deposition of cadmium niobate on a cadmium anode in a 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 of lab-scale DC power 

supplies, this restricted the upscaling 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 mechanical properties 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 become available.  Thereafter, the potential of the PEO 

process had been recognised and researches from other countries also became involved in this 

field.   

The initial applications of PEO coatings focused on the aerospace and automotive industries 

such as rotors, pistons and gears due to the high wear and corrosion resistance of the coating.  

In the last decades, there has been growing interest in the use of PEO coatings in the 

biomedical field.  Compared with other coating methods commonly used in the orthopaedic 

and orthodontic fields such as sol-gel 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 coatings are known for the 

uniformly porous morphology which is beneficial for cell attachment and proliferation.  

Although considerable research has been done on the PEO process in relation to biomedical 

applications, the results have opened up further questions and the 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 the metal 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 understand the 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 coating formation mechanism and current methods to characterise and understand 

the electrochemical behaviour of the ómetal electrode-electrolyteô system during the PEO 

process.   

Figure 1 displays the currentïvoltage characteristic behaviour of the electrochemical system 

during the PEO treatment proposed by Yerokhin et al [8].  It summarises the range of 

discharge phenomena that occur on the substrate surface in a wide range of voltages.  At a 



22 

 

relatively low applied voltage (<U1), the system complies to Ohmôs law where voltage 

increases linearly with the resistance of the growing oxide film during the process.  At U1, the 

peak marks the point where passive film begins to dissolve.  As the voltage continues to 

increase (U1 ï U2), 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; 

4ÉO 4É τÅ         [2.1] 

4É ς/ ᴼ4É/          [2.2] 

4É Ø/(ᴼ 4É/(         [2.3]  

4É/(  O 4É/( Ø τ/(      [2.4] 

At point U2, the electric field strength in the oxide film reaches a critical value and 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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Figure 1 Current-Voltage diagram for the discharge phenomena during PEO process. [8]  

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 rises and thermal damage 

becomes possible which would cause further defects on the surface.  These events are 

characterised by small sparks moving rapidly across the metal surface. At U3, the mechanism 

of impact ionisation is supported by the onset of thermal ionisation process and short-lived 

but larger arcing discharge is observed.  At the metal oxide interface, Ti is ejected via the 

discharge channels into the electrolyte where it reacts with electrolyte species forming 

titanium oxides and hydroxides that are deposited back onto the surface.  

In the region U3 ï U4, negative charge builds up in the bulk of the thickening oxide film, 

resulting in discharge decaying.  At U4, the arc micro-discharge transforms into powerful 

arcing, which may lead to destructive effects such as thermal cracking of the coating.  This 

summarises the 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 transient with subsequent discharge phenomena and coating 

microstructure developed during PEO process. [9] 

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 treatment.  The 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 for Figure 1, where different stages 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 II), 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 transient curve.  As the voltage 

continues to be forced to increase (Region III), it passes the threshold voltage range and 

results in micro-regional instability across the surface.  In Region IV, the voltage becomes 

stable, and is associated with the micro-arcing stage. When the oxidation process continues, 

disturbance in voltage 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 determined and a quantitative analysis of the 

influence of electrolyte composition and electrical parameters to the coating growth 

behaviour to be provided [10-13].  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 differences 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 solidification effects.  The 

characteristics of 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 related research.  However, the difficulty to 

identify characteristics individual sparks remains a problem and makes it difficult to study.  

Current research in discharge behaviour focuses on understanding the size and spatial density 

of discharge channels by optical imaging.  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 usually grow both inward and outward from the original substrate surface.  The 

inner coating growth can be described as the formation of a nano-crystalline 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 the coating/substrate interface, therefore it had been accepted that 

discharges do not alter the bulk substrate microstructure.  Yerokhin et al [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, the 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 of and 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 discharge 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 micro-discharge 

and the number of sparks on the surface.  Matkyina et al [13, 16] have proposed if the 

number of micro-discharge increases, the current passing through each channel should 

decrease to maintain 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 the circuit, promotes metal passiviation to form a thin 

insulating film which is a pre-requisite for dielectric breakdown and provides oxygen source 

to form an oxide ceramic coating.   

A passive oxide layer is formed on the substrate surface, and depending on the electrolyte 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 allows the use of environmentally 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 importance of electrolyte pH in the PEO process is 

highlighted in [17].  Neupane et 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 the compounds 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 electrolyte pH to the 

desired range.  As a result it is difficult to isolate the discussion of the electrolyte pH from the 

PEO process.  The concentration of the electrolyte is also an important factor to the 

subsequent discharge behaviour.  According to Yerokhin et al [8] the electrolyte 

concentration is related to the breakdown voltage (U2 in Figure 1) Ὗ ḙ ÌÎ , where a 

and b are constants.  C is the electrolyte concentration, z is the elemental charge and ɖ is the 
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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 influence of electrolyte concentration can be explained by the 

óelectrical double layerô model, where a double layer is formed at the coating/electrolyte 

interface.  On one side, there is an 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 

concentration 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 Shi et al [19], where electrolyte 

containing calcium glycerophophate and acetate monohydrate was employed, which showed 

an increase in concentration of both compounds favours the anatase-to-rutile transformation 

and increase in the average coating surface roughness.  This can be assumed to be a 

combination of the increase in concentration gradient 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 electrolyte pH, conductivity, 

concentration and the electrochemical response of the system because these properties can 

influence the current-voltage characteristics, and favour various processes, e.g. surface 

passivation or anodic dissolution, which would have opposite effects on the coating 

formation process.   

2.6 Effect of electrolyte composition  

Another major factor of the electrolyte would be the chemical composition.  Yerokhin et al 

[8] categorised electrolytes that can be considered for the PEO process as; 

1. Electrolytes that provide fast dissolution of metal 

2. Electrolytes that provide slow metal dissolution 

3. Electrolytes providing metal passivation in a narrow range of voltages 

4. Electrolytes promoting weak passivation of the metal 

5. Electrolytes promoting strong metal passivation 
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It was further discussed that electrolytes from groups 3-5 allow sparking voltage to be easily 

reached therefore are beneficial for the PEO process.  These electrolytes were classified in 

consideration of biomedical application 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 sections discuss the research trends with and limitations 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 open porous structure, as shown in Figure 3 

and show enhanced osseointegration and anchorage with surrounding bone [20-22].  When 

compared to other commercially available TiO2 based implants such as Osseotite implants, 

they appear to enhance the removal torque and new bone formation [23].   

 

 

Figure 3 Surface morphology of TiO2 implant by TiUnite. 

Phosphate based electrolytes are commonly used to produce TiO2 PEO coatings [14, 24, 25], 

because of their ability to promote passivation and provide ïOH 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.  TiO2 PEO coatings have the potential to attract Ca2+ ions 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 reaches 1.67 [26].  The TiO2 

PEO coatings have been suggested to have negatively charged ïOH groups incorporated, 

which improves the hydrophilic ability of the surface, which is beneficial for protein 

adsorption thereby cell adhesion [27-29].  By changing processing parameters, the surface 

roughness of the coating can be tailored, which has been shown to play a significant role in 

anchoring cells and shorten the healing period.   

During the PEO treatment, it is assumed that the PO4
3- ions in the electrolyte would be 

adsorbed onto the positively charged substrate at a low voltage range.  As the voltage 

increases, the PO4
3- would transport by óshort circuitô to the substrate-coating interface by 

migrating through discharge channels under high electric field effect.  As a result, a layer 

enriched with P is commonly observed at the coating-substrate interface [30].  It had been 

proposed that Ti reacts with the PO4
3-

 
 as follows; 

3Ti4+  + 4PO43- Ą TiP2 + 2TiP + 8O2ᴻ  Å      [2.6] 

At the same time, Ti would form TiO2 phases in the coating via a range of reactions described 

in Equations [2.1 ï 2.5].  The two TiO2 phases commonly observed on PEO coatings are the 

metastable anatase and the stable rutile phase.  The ratio and content of these two phases in 

the coating depends on the processing parameters such as applied voltage and treatment time.  

The increase in applied voltage would result in stronger discharge intensity, therefore this 

would increase thermal and stress effects; this can therefore be assumed to facilitate the 

anatase-to-rutile transformation.   

Some studies proposed that crystal structure of anatase is particularly suitable for apatite 

formation, resulting in a comparatively higher bone-bonding strength during the post-

operative period [26, 31, 32].  Meanwhile, others suggest rutile based coatings can enhance 

the proliferation and ALP activity of osteoblast cells in vitro and improve bone growth in 

vivo [33, 34].  Yang et al [35] proposed the biological response of TiO2 coatings is due to the 

thickness rather than the crystalline structure of the coating, which was supported by 

Kossenko et al [36] who also suggested that the ability of TiO2 surface to nucleate HA is 

dependent on the number of hydroxyl groups present on the coating.  Despite numerous 

studies investigating the benefits of anatase [37, 38] and rutile [39] to osteoblastic behaviour, 

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

been taken into consideration, therefore 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 the PEO 

coating has become one of the great advantages in the biomedical field.  It potentially allows 

the incorporation of Ca and phosphate ions in the electrolyte and formation of crystalline HA 

phases in the coating.  Therefore numerous studies have focused on formation of CaP 

containing PEO coatings in aim to improve the osteoconductivity and 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 calcium (Ca ɓ-glycerphosphate, calcium 

phosphate) or sodium phosphates [40-42].  Many studies uses ethylenediamine tetra acetic 

acid (EDTA) or other strong complexing agents to prevent precipitation of Ca- and P-

containing compounds in the electrolyte [43-46].  However results have shown the use of 

EDTA and other complexing agents can inhibit the crystallisation of TiO2. 

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 of Ca2+, PO4
3- and/or PO4

2- and/or HPO4
2- and OH- ions in the 

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

 TiO2 + 2OH- + Ca2+  Ą CaTiO3 +H 2O+e-      [2.7] 

Ca2+ + OH- Ą CaO + H+         [2.8] 

10Ca2+  + 6PO43- + 2OH- Ą Ca10(PO4)6(OH)2 +3e -     [2.9] 

Furthermore, repeated melting and re-solidification processes occur during the treatment, 

which can transform the amorphous calcium phosphate phases into crystalline phases [47].  It 

is proposed that the incorporation of HA and formation of TiO2 phases occur 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 that reveal a large range of 

calcium phosphate phases such as TCP, CaTiO3 [14, 22, 48, 49] shown in Figure 4a.  The 

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

to a range of research into the use of post-treatments 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 samples [50], moreover 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 surface to form 

crystalline HA during the hydrothermal treatment.  Although the use of post-treatment 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.    

 

Figure 4 Surface morphology of PEO coatings (a) as formed and (b) after hydrothermal treatment at 

190oC for 15h. [50] 

Another branch of studies demonstrated the success in direct formation of HA containing 

coatings, however HA tends to agglomerate on the surface [51], as shown in Figure 5.  Ni et 

al [52] proposed the formation of HA layer to be a result of continuous re-melting during the 

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 aim to improve the surface 

morphology while enhancing the crystallinity of HA on the PEO-treated surface.   
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Shi et al [19] used a range of Ca-GP and calcium acetate electrolytes and showed the increase 

in concentration would increase the number of micro-pores present in and the average 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 research.  The 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 discussed in later sections. 

 

 

Figure 5 Surface morphology of PEO coating formed on Ti-6Al-4V alloy in the electrolyte containing 

calcium acetate monohydrate and ɓ-glycerophopshate. [51] 

As the demand for improvement continues to increase, it makes researchers to explore the 

potential of producing PEO coatings containing HA added with trace elements such as Sr2+, 

Mg2+ due to natural bone is not stoichiometric HA.  Strontium is clinically used for 

osteoporotic patients [53], therefore the introduction of Sr into the coating can potentially 

depress osteoclast proliferation [54].  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 mechanism [55], although some studies suggest the ability to form 

porous PEO coatings, coarse features correlated to powerful arcing can be observed [56].  
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Chung and Long [57] reveal visual images of coatings that have regions of coating peeled off 

(Figure 6), deposited and re-growth, 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 acetate based electrolytes.  Despite that, 

the success is still limited, as the formation of crystalline HA appears to proceed at the 

expense of the uniformly porous morphology.  Therefore it is important to return to the 

fundamental principles of the electrochemical 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 Sr/(Sr + Ca) ratios of (a) 

0%, (b) 3%, (c) 7%, (d) 15%, (e) 25%, (f) 50%, (g) 75%, and (h) 100%. [57] 

2.6.2 Suspensions providing particles that contribute to the coating composition 

The issue with the balance of crystalline HA 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 EPD+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 cation.  Therefore 

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 treatment [58], where a previously formed porous PEO coating 

was placed in an HA suspension to be treated at a high voltage for 5-10 min.  The resulting 

coating features a dense HA/TiO2 layered structure, although results reveal excellent 

adhesion between the HA and the TiO2 layer, the favourable porous structure is lost.  

Furthermore, additives such as EDTA are required to stabilise the suspension and prevent 

sedimentation of HA particles in the electrolyte.  It must be stressed that the long-term 

influence of EDTA to the electrochemical process and the in vivo response is still unknown, 

therefore a simple alkaline electrolyte would be preferred.   

Nevertheless, the investigation of the single-step approach began in aim to produce HA 

containing PEO coating.  The mechanism of hybrid EPD+PEO processing takes advantages 

of the alkaline based electrolyte required for 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; 

Ca10(PO4)6(OH)2 + nOH- Ą Ca10(PO4)6(OH)2.nOH-    [2.10] 

Coating growth mechanism in the PEO treatment relies on the anodic regime, threfore 

negatively charged HA particles will be attraced to the substrate. Simulateneously, TiO2 is 

produced at the surface as described in Equations [2.2] to [2.5].  The coating formation 

mechanism in a slurry electrolyte can be assumed to vary from that in the electrolyte based on 

soluble salts discussed above.  This could be a result of particle addition and may not have a 

significant influence over the electrolyte electrochemical and phsyical properties.  

Furthermore during the inital stage of PEO treatment, (<U1 in Figure 1) negatively charged 

HA particles would migrate towards the substrate in the form of individual particles.  As the 

treatment continues, the number of HA particles 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 threshold point, 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 micro-discharging activity at 
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the surface.  In the later micro-arcing stage, the longer life sparks result in a looser coating 

and despite HA particle could deposit witin the porous structure. According to literature, the 

incorporation of HA particles in the PEO coating is more complex.  Gas evolution at the 

anode would obstruct the HA particles attacting to the surface and lead to suspension 

destabilisation [58-60].   

Kim et al [59] and Bai et al [61] suggested the addition of high zeta potential chemicals such 

as ethanol is required in the electrolyte to prevent HA particles settling due to gravity.  

Coatings were produced in a ɓ-glycerophosphate pentahydrate based electrolyte with NH4OH 

and HA particles. These electrolytes showed the ability of incorporating HA particles onto 

the coating without compromising the porous structure, however XRD spectra of the coating 

produced shown weak HA peaks, suggesting limited HA particles were incorporated onto the 

coating.  Furthermore, Shin et al [62] proposed the low HA content in the coating could be 

attributed to HA particles reacting with phosphate ions in the electrolyte or titanium oxide 

and decomposing as treatment time and/or temperature increase as follows; 

3Ca10(PO4)6(OH)2 +2PO4
3- + 6H+ Ą 10Ca3(PO4)2 + 6H2O    [2.11] 

Ca10(PO4)6(OH)2 +TiO2 Ą CaTiO3 + 3Ca3(PO4)2 +H2O    [2.12] 

Furthermore, the thermal and structural stress caused by the HA particles have shown to 

destroy the coating.  As a result of these studies it was proposed to use polymer additives to 

reduce the thermal and structural differences [63]. 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 charge 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 formation mechanism.  Shin et al [62] proposed that a change in the 

concentration of the HA particles in the electrolyte would trigger a different coating growth 

mechanism. Figure 7 shows the surface morphology of the coating produced in the HA 

containing slurry electrolyte.  It reveals a porous structure as shown in Figure 7 (region A) 

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

particles would not react with the phosphate ions or TiO2, instead 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 concentration to the coating mechanism.   

 

Figure 7 Surface morphology of the coating produced on cp-Ti substrate in the electrolyte with HA 

powder addition. [62] 

The electrophoretic velocity of the charged particle can be described as; 

Ö              [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 particle size becomes the major factor affecting the 

movement during the treatment.  Furthermore, it can be assumed that larger particles are 

more susceptible to settling in the electrolyte due to gravity, therefore it is comparatively 

more difficult to attain a uniform deposition [64].  As a result the use of nano particles has 

been extensively investigated.  It was observed that the use of HA nano-powder can reduce 

the mismatch in thermal expansion [65].  HA nano-powders 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 EDTA still remains, moreover results suggest the apatite forming 
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ability of resulting coatings is poor [66], with chemical treatment required to enhance the 

surface bioactivity.   

Additionally, methods to minimise 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 well-established anti-microbial 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 DNA chain and disable its replication ability, which will eventually kill the 

micro-organism.  As a result, some research has looked into incorporation of nano-Ag 

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 nano-Ag include the particle size, concentration, pH 

and zeta potential.  It had been proposed at pH 12.6, the zeta potential 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 density at 3 A/dm2 indicate that it is feasible to 

form Ag incorporated PEO coatings [69].  Necula et 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/dm2 on Ti alloy substrate (Ti-6Al-7Nb).  The results suggest addition of Ag nano-particles 

does not significantly influence the surface morphology and coatings have shown to provide 

good osteoblast viability.  Alternatively, some researchers synthesise AgHA nano-particles 

[71] for PEO treatment, and showed AgHA deposition on PEO coating as a layer of dense 

matrix, this brings back the issue of compensating the 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 

electrophoretic 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 is useful to study 

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 surface and 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. 

Hussein et al [11]  proposed that discharge formation process differs depending on the meal 

composition and results from Jovovic et 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 PEO [74].  Duan et al [75] used AZ91D alloy to investigate the influence of substrate alloy 

microstructure to the PEO coating growth process and found higher coating growth rate on Ŭ-

phase than those on ɓ-phase, which suggests a higher content of Mg in the Ŭ-phase attributes 

the higher 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 silicate [76], while others obtained opposite results on Mg 

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

microstructure and chemical composition of substrate materials. 

In the orthodontic and orthopaedic industry, the two most commonly used Ti alloys are cp-Ti 

and Ti-6Al-4V.  The former contains alpha Ti phase only, while Ti-6Al-4V is an alpha-beta 

alloy; -hphase has a hexagonal close-packed structure, whereas ɓ phase has a body centred 

cubic structure.  Alloying to stabilise both a solid solution and b phase in the (h Ҍ ɓ) structure 

increases the alloy strength.  Studies comparing the coatings produced using cp-Ti and a 

newly developed titanium-zirconium (Ti - 12-15% Zr) alloy, showed inconsistencies between 

the surface morphology and the wettability of the coating [78].  Metikos↑-Hukoviĺ and Piljac 

[79] suggest the passive film on Ti-6Al-4V alloy is formed by diffusion of vacancies on the 

oxide layer due to dissolution of vanadium oxide.  Blackwood et al [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 applied in PEO, the 

influence on the electrochemical behaviour would be more apparent.  This also complies with 

theory from Sato [81], where it was proposed the breakdown of the passive film to be 

sensitive to the chemical composition of the substrate and the anion adsorption.   

http://www.sciencedirect.com/science/article/pii/S0142961203002527
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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 in controlling voltage within 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 drop across 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 approach 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.  Thereafter the voltage transient is 

recorded over the treatment for further analysis.  Shin et al [82] used AC conditions for 300s 

at current density from 100 to 250 mA/cm2.  Their results show as the applied current density 

increases pit-like pores become dominating on the surface, a larger variation in pore size was 

observed and the coating thickness increased from 4 to 13 µm.  Results show an 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 resulting coating 

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 developed which allow better control of 

discharge characteristics during the process.  The following section discusses the effect of 

electrical parameters to the coating formation mechanism and the subsequent coating 

characteristics. 
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Figure 8 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 to the limited control over 

discharge energy, resulting in development of long-lived micro-discharges at the surface.  

The resulting coatings often possess a coarse structure with defects, which is associated with 

the thermal ionisation at the surface and therefore local over heating [15, 83].  As the 

treatment continues, the increase in the net resistance of the dense layer would weaken the 

micro-discharge activity.  The use of DC-PEO process allows a high rate transfer of 

negatively charged PO4
3- ions to the positively charged substrate, which results in formation 

of Ti-OH groups on the surface.  Furthermore, it is likely that calcium phosphate would 

precipitate in the electrolyte near the electrode, where the local combination of pH change 

induced by electrochemical processes with high concentration of Ca and phosphate ions 

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

Despite this, the prolonged discharge during DC-PEO 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 unipolar mode had been explored.  The positive pulse promotes the 

growth of the passive oxide film, while the introduction of off-time not only reduces energy 

consumption by interrupting discharges but can also allow cooling to occur thus reducing 

local overheating.  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 defined as  

ɿ            [2.15] 

where t+
on is the pulse on time and ttotal is the total time for the selected frequency.   

An increase in the duty cycle would therefore result in stronger discharges [84], therefore it is 

commonly associated with greater pore size.  On the other hand, reduction in the duty cycle 

would result in weaker but more populous discharges [13, 16].  The increase in 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 negative 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.  Sah et 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, therefore reduces the crack formation.  It is interesting to note that 

studies have suggested AC mode would result in a loss of inner coating material [86], 

however further investigation 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 advantages, the use 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 

shown to 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 morphology [87].  

The use of PBP mode has therefore attracted a great interest as it allows independent 

adjustment of different current pulse parameters which can further help tailoring the 

characteristics of micro-discharge events and thereby the coating morphology.  It was 

suggested that the higher frequency current pulses allow formation of shorter and more 

energetic micro-discharge events, which can enhance the micro-hardness of the coating.   
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It can be assumed that the positive pulse plays a crucial role in the micro-discharge events 

and the formation of the coating microstructure. Meanwhile the negative pulse would 

interrupt the spark discharge and allow the surface to cool, whereas the negatively charged 

calcium phosphate and HA particles as well as hydroxylated metal ions Me(OH)m
n- formed in 

alkaline electrolytes will be repelled from the surface.  During the negative pulse, gas 

liberation such as hydrogen and oxygen would be generated.  This would have two-fold 

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 melting and re-

solidification process of the outer layer [11, 88].  In calcium and phosphate containing 

electrolytes, it can be assumed the use of PBP mode allows the attraction of both Ca2+ and 

PO4
3- 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 investigation 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 section, for some applications surface porosity is not favourable as it reduces the 

coating stiffness and the wear and corrosion resistance because it allows penetration of 

corrosive liquid through the pores.  In contrast, for orthopaedic and orthodontic applications, 

this characteristic favours osteoblast attachment and enhances osseointegration by allowing 

body fluid transport through the pores and sufficient bone ingrowth [89].  Nevertheless, the 

optimum surface morphology and pore size are still unclear.  

Shin et al [90] used current density ranging from 100 to 250 mA/cm2 to form porous 

coatings. Treatments at 100 mA/cm2 resulted in porous coatings featured areas of dense 

matrix and craters, whereas the coatings formed at 250 mA/cm2 appear to be smooth with 

larger pores.  The results suggest smaller crater-like pores with diameter ~2 ˃m are suitable 

for cell anchoring, but omits the differences in pore shape.  Meanwhile Teixeira et al [91] 

suggest surfaces with 62 ˃m 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 of the porous 

structure is as important as the pore size itself.   

The most common image analysis approach used in PEO research consists of measuring the 

average pore size and corresponding statics (standard deviations or pore size distributions) 

[92] or evaluation of its fractal dimension [93, 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 is difficult use 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 measure the 

heterogeneity of the surface and had also been shown to be useful in quantifying the structure 

of naturally occurring objects such as trabecular bone [95] and seeds [96].  Since 

development of traditional 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 self-similarity on an image.  The concept of self-similarity 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 surface [97]. 

Therefore, in relation to PEO research, fractal dimension is often associated with average 

coating roughness.   

There are various fractal methods, however the box-method is most suitable and therefore 

most often used to assess PEO coatings.  This approach uses a number of óboxesô with grid 

size r to cover the image, and the total number of squares along the image is N(r). A log-log 

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

defined as Ὀ ÌÉÍ
ᴼ

.  Since PEO coatings occupy a large volume and have a rough 

surface, the single value of resulting fractal dimension is in the range of 2 to 3, with lower 

values corresponding to smoother surfaces and the higher ones (~3) to more irregular 

surfaces.   

Many factors affect the fractal dimension, for example fractal analysis is highly 

magnification dependent, as the óroughnessô and óbranchingô of the pore at a particular 

magnification, may appear to be different in 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 circular pores from grooved-like 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 are grey-scale, 

however this method requires to convert these grey-scale images to binary (black and white), 

which could potentially lose details of some surface features.   

While there is a strong link between the pore size and coating óself-similarityô to the coating 

formation process and/or resulting 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 these shortcomings, a new approach that allow simple and quick analysis of PEO 

coatings using a range of grey-scale images and taking into account the pore shape would be 

preferable.   

2.10 Summary on PEO  

Plasma Electrolytic Oxidation (PEO) is an attractive surface 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 parameters, these are focused onto effects of one or two variables influencing the 

discharge behaviour and/or correlation between the two parameters to provide desired PEO 

coating morphology and phase composition.  These narrowly focused studies lack 

manufacturing value in terms of advancing the use of PEO technology for commercial 

applications.  A means to provide insights into electrochemical behaviour of materials during 

PEO processing is therefore highly important to allow better understanding of the 

fundamental aspects of this technology.  This can advance the scientific understanding of the 

PEO process, which could allow better design and exploration PEO treatments and 

resulting coatings. 
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Chapter 3: Materials and General Methods 

3.1 Materials 

Thermally annealed commercially pure ASTM Grade II 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 bar form, leading to axially elongated microstructures.  While 

these may have recrystallised under the annealing treatment, the possibility of anisotropy in 

the grain structure cannot be discounted.  The composition of the materials is shown in Table 

1.  The bars were cut into disks of 7 mm thickness and 1cm diameter, polished using abrasive 

paper with 240 to 1200 grit to achieve surface finish of Ra Ғ 0.1 m˃.  The samples were 

cleaned in acetone, isopropanol and distilled water, then air dried.   

Table 1 Composition of Ti alloys used in this experiment. 

 

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 II 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 voltage probes and logged into PC through a NI-PXI-5922 card.  The voltage and current 

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

The schematic diagram of the set-up is displayed in Figure 9.  A cylindrical stainless steel 

tank (Ø 160 x 140 mm) was used in the system to contain the electrolyte and act as the 

counter electrode.  Electrolyte temperature during the PEO treatment was carefully monitored 

and regulated by the water cooling system 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 in the range of 25±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 electrolyte 

circulation and enhance the cooling process. 

 

 

Figure 9 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 of the process are presented in the related chapters.  In 

short, the chemicals used were weighted using an electronic balance (DENVER Instrument 

MXX -2001) with precision of ±0.1g.  The electrolyte conductivity and pH were measured 
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using a conductivity meter (HANNA HI9835) and pH meter (HANNAH pH 211), 

respectively. 

3.2.2 Coating characterisation  

3.2.2.1 Measurement of coating thickness,  surface roughness and wettability  

The coating thickness was analysed using an Electrometer 355 Coating Thickness Gauge 

equipped with N4 standard anodisers probe with an accuracy of ±1 µm.  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 substrate, which 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 thickness from 10 randomly selected places 

with standard deviation.   

A Veeco Dektat 1500 profilometer operated in standard scan mode with resolution of 

minimum 0.40µm/sample. A force of 3 mg applied to stylus with radius of 12.5 µm was used 

to examine the average surface roughness of coatings produced.  Six measures were made per 

coating, and the results are displayed as the mean average ± standard deviation (SD) values of 

roughness. 

The surface wettability of the coatings was measured with distilled water at the central 

regions of the samples using a Rame-Hart angle goniometer.  Three measurements were 

taken per coating surface, with the resuls displayed as the average ± standard deviation (SD) 

values of contact angle (°). 

3.2.2.2 X-ray diffraction analysis 

The phase composition of the coatings was examined by X-ray diffraction (XRD) using a 

Siemens D5000 diffractometer operated with Cu KŬ radiation (ɚ=1.54A) at a 40kV 

acceleration voltage and 30 mA filament current. Normal coupled ɗ - 2ɗ scans were 

performed with step size of 0.02 and dwell time 2 s/step. The patterns obtained were analysed 

using PDF-4+ software, which is designed for phase identification.  This allows identification 

of different calcium phosphate and TiO2 phases present in the coating.   
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3.2.2.3 Analysis of coating morphology and elemental composition  

The surface and cross sectional morphologies of the coatings were analysed by Scanning 

Electron Microscopy (SEM) using JEOL 6400 and FEI Inspect F SEM instruments operated 

at an accelerated voltage of 15-20 kV.  For cross-sectional 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 conductivity 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 compositions were analysed using a semi-quantitative analysis method 

known as energy dispersive X-ray (EDX) spectroscopy using appropriate detectors attached 

to the SEM.  The obtained EDX spectra were used to evaluate atomic percentages of 

elements detected. 

3.2.2.4 Image analysis using Minkowski Measures 

Surface plane 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 functionals were calculated as a function of the image binarization threshold 

(ɟ), this allows detailed information to be obtained about the structure of the coating from the 

grey scale images.  The features present in the image between thresholds can vary drastically, 

therefore application of Minkowski functionals can eliminate the 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 characteristic (E), which 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, suggesting the feature becomes elongated.  These 

quantities have been calculated in MATLAB using the source code developed by Salerno and 

Banzato [98].  As these functionals would vary between images, they were normalised.   

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 within each 

image is normalised to 1.  The boundary length (L) measure can also 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 loss of the relative intensity Lmax.  For images with i-j pixel, 

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

The Euler (E) measure is also a dimensionless quantity, but it accounts for the analysis of the 

surface area, therefore it is normalised to the total number of pixel (ij) of the SEM image.  

Due to the subtle variations obtained for the L(ɟ) and E(ɟ) curve could represent various 

surface morphology, therefore the resulting functional curves are displayed as C(ɟ), 5L(ɟ) 

and 10 E(ɟ).   The Cflex, Lmax and Emin were identified in the curves, and the corresponding ɟ 

values were noted.   

3.2.3 Biological testing using osteoblast-like cells 

The success or failure of the implant is highly dependent on the biocompatibility of 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 

using in vitro cell culture method.   

3.2.3.1 Materials 

1. MG63 human osteosarcoma cells  

2. MC3T3-E1 mouse osteoblast cells 

3. MG63 basal culture media consists of Dulbeccoôs Modified Eagleôs Medium (DMEM) 

(Biosera, East Sussex, UK) supplemented with 10% Fetal Calf serum (FCS), 1% 2mM L-
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Glutamine (L-g) and 1% 100mg/ml penicillin and streptomycin (P/S) (All obtained from 

Sigma, UK).   

4. MC3T3-E1 basal culture media consist of Dulbeccoôs Modified Eagleôs Medium 

(DMEM) (Invitrogen) supplemented with 10% FCS (PAA Laboratories). 

5. Osteogenesis Media (OM) for MG63s: basal media supplemented with 50µg/ml AA, 

5mM ɓGP and 100nM Dexamethasone (Dex) (Sigma, UK). 

6. Osteogenesis Media (OM) for MC3T3-E1: -hMEM supplemented with 10% FCS, 

50µg/ml AA, 5mM ɓGP (Sigma, UK). 

3.2.3.2 General cell culture condition 

All cells were cultured in T75 flasks using appropriate basal media and incubated at 37ɕC 

with 5% CO2. Media was changed every 2-3 days 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 PBS twice before 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 suspension 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 flasks.  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 stored at -80 ɕC for 24 h before moving 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 incubator at 37ɕC and 5% CO2.  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.   

3.2.3.3 Sample preparation and seeding  
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Selected PEO samples were 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 containing 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 the centre of the sample.  

The cells were allowed to attach for at least 60 min before scaffolds were submerged in fresh 

media.  The samples were transferred to new well-plates 24 h after seeding, and replenished 

with fresh media with the required supplements added. 

When the cells are introduced to a surface, they attach to the surface via non-specific 

electrostatic forces, which had been suggested to be influenced by surface roughness.  This is 

followed by cell spreading, proliferation and differentiation.  Although the time scale for 

these processes can vary between cell lines and passage number it is commonly accepted that 

cell attachment can be measured up to 24 h after seeding and proliferation can be measured at 

7 and 21 days [99]. 

3.2.3.4 Assessing cell viability  

PrestoBlue Cell (Invitrogen, UK) viability assay is a rapid evaluation method to measure the 

viability and proliferation of cells.  The assay is resazurin based, where the reagent is reduced 

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 min at 37 ɕC with 5% CO2. The fluorescence of 

the resulting solution was determined using a 96-well plate reader at 590 nm, with excitation 

wavelength of 560 nm. 

3.2.3.5 Alkaline phosphatase (ALP) assay 

Alkaline phosphatase is an early marker of osteogenic differentiation using a colorimetric 

assay involving the conversion of p-ntrophenol phosphate substrate to p-nitrophenyl 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 three times, the re-suspend in 

200 ml of 0.1% Triton X-100, 10 mM Tris-Cl (pH = 7.5), 1 mM MgCl2 and underwent 4 
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cycles of freeze-thaw and sonication. After that, 100 ml of p-nitrophenyl phosphate (pNPP) 

was added to 10 ml of cell lysate followed by incubation for 30 min at 37 oC. 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 of p-nitrophenol liberation from p-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. 

3.2.3.6 Morphometric analysis 

Cells were fixed by formaldehyde after 24 h and was examined using an Axiplan microscope 

(ZEISS) equipped with 40³ objective and Olympus DP-100 camera.  ImageJ software was 

used to determine the average area of individual cells cultivated on the samples, 30 cells in 

total were analysed per sample. 

3.2.4 Statistical analysis 

To test whether differences were statistically significant, one-way ANOVA was performed 

followed by Tukeyôs post-hoc test.  Unless otherwise is stated, the graphs are plotted as the 

mean average value ± SD, with significant differences marked p < 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 calcium salts for PEO processing of Ti 

alloys.  It discusses the main preliminary work that was performed to study electrolyte 

characteristics and the electrochemical behaviour of titanium alloys using the cyclic 

voltammetry (CV) method.  The CV approach is a well established technique in 

electrochemistry, 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 common calcium 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 surface [40, 41, 100].  The reasoning behind using calcium acetate based 

electrolyte for PEO treatment is still unclear. Apart from the use in PEO treatment, calcium 

acetate 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 to the interest 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 with reasonable 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 solubilities are 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 commonly known as 

Vitamin C, which plays a crucial role for human to promote healthy skin, teeth and bone 

[101].  Low level of Vitamin C will result in scurvy. Calcium formate has been suggested to 

be used as dietary supplement for prevention and management of osteoporosis [102].  

Moreover, it is currently 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 D-gluconate are used as nutritional supplement 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 health [8, 104, 105] as it has shown to be able to 

increase remineralization of tooth enamel.   

Table 2 List of calcium salts of interest. 
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Figure 10 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 economic perspective calcium ascorbate is 

highly expensive (~ £48 for 100 mg) and therefore it is not commercially viable for PEO 

treatment as a large quantity is required.  From the perspective of chemical compound 

behaviour, calcium D-gluconate contains a gluconic 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 chain length of the compound [104], and therefore when 

compared to other calcium compounds containing hydroxyl groups, calcium D-gluconate 

shows inferior property.  Other calcium sources such as oxalate and citrate which also contain 

oxygen and carboxyl groups, respectively were not considered here due to the toxicity and 

low solubility of the compounds. 

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

processing of Ti alloys, the electrolyte concentration is chosen to be the same (0.2 M of 
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calcium salt and 0.1 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 the effects of chain length in the 

compound on 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 potentially be 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 calcium 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 the studies of the formation mechanisms from electrochemistry point of view [8], 

taking into account discharge characteristics, e.g. by using in-situ impedance spectroscopy 

which allows understanding discharge events and their effect on the coating formation [106] 

However, the results are still inconclusive due to the complexity of both the analytical 

technique and the PEO process itself. 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 stages can be categorised [14, 107]. 

A vast amount of work is conducted to understand discharge phenomena and the growth 

mechanism 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 methods that 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 as the underlying metal-electrolyte interactions.  CV is a common technique 

used to investigate mechanisms and kinetics of electrochemical processes [108-110].  It is 

conventionally conducted by sweeping between two potentials at a relatively narrow range 

(approximately -0.2 to 1.5 V) using Pt as anode.  In our work, CV technique is adapted to 

understand the complexity of the coating formation mechanism involved during the PEO 

process.  Therefore a large voltage range is used in CV experiment employing cp-Ti and Ti-
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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 throughout the range of 

voltages used for PEO treatment.  The electrochemical behaviour of both cp-Ti and Ti-6Al-

4V alloys in various electrolytes is examined, as there is a surprising lack of studies 

addressing the influence of substrate alloying elements on the coating 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 metal [8, 80, 81, 111].  Yet, 

current studies appear to cross-reference the results deducted on the formation of bioactive 

coatings from one alloy to another. 

Single cycle voltammetry (SCV) was conducted as positive sweep only, starting at 0 V and 

moving into the anodic direction to 500 V, followed by a short halt, and returning back to 0 

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 examine the mechanisms 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 voltammograms were recorded at a single scan rate 

of 2 V/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 as electrochemical behaviour of chemicals in aqueous 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 and 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 salt on the electrolyte characteristics 

Table 3 The effect of calcium salt in the electrolyte on the electrolyte properties. 

 

Table 3 displays the influence of calcium salt on the electro-physical properties of 

electrolytes in the temperature range from 15 to 30 °C, which is the typical electrolyte 

working temperature during the PEO treatment. It had been proposed that the Ca content has 

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 electrolyte was set at 2 

for simplicity.   

Results in Table 3 show that all electrolytes are mildly alkaline, meanwhile the calcium 

propionate based electrolyte is weakly alkaline. The calcium L-lactate based electrolyte 

shows a comparatively stronger alkalinity.  This could be attributed to the presence of the 

hydroxyl group (-OH) in the calcium L-lactate (shown in Figure 10f), which could potentially 

increase the alkalinity of the electrolyte. 
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4.2.2 Influence of calcium salt in the electrolyte to the cyclic voltammetry behaviour of 

Ti anodes 

 

Figure 11 Cyclic voltammogram of cp-Ti and Ti-6Al-4V substrate in calcium formate and acetate 

based electrolytes, the direction of arrow represent the direction of scan. 
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Figure 12 Cyclic voltammogram of cp-Ti and Ti-6Al-4V substrate in calcium propionate and L-

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

Figure 11 and 12 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 range of anodic potentials.  The CV 

curves can be categorised as the forward (voltage increasing) and reverse (voltage 

decreasing) scans.  The direction of arrows represent the direction of the scan.  It is hoped 

that the peaks in the scan can give an indication of the reactions occur at the surface of the 

anode within the electrolyte.  In the forward scan, a small peak I at approximately 20 V was 

observed in all curves, this peak was suggested to be related to the electrochemical adsorption 

of phosphate ions from the electrolyte [112]. 

A sharp peak in the voltammogram at approximately 80 to 150 V which 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 profile at the anode surface.  Instead, it 

could be a result of oxygen generation during anodising.  Habazaki et al [113] and Teh et al 

[114] proposed that anodic processes occurring at around 20 to 50 V correspond to oxygen 

generation during amorphous to crystalline transition in the oxide film during anodising of Ti 

alloy.  In our study, among the sharp peaks observed at around 80 to 150 V, those developed 

on the cp-Ti anode appear to locate at a higher voltages compared to the Ti-6Al-4V anode.   

Peak II is observed in the voltammograms in the range from 130 to 220 V; this peak was 

suggested to be related to a multi-electron oxidation process [109, 110]. This could be 

associated with dissolution of previously formed passive film resulting in a reduction of the 

systemôs resistance [8].  It may be that within this voltage range, defects are formed on the 

surface, contributing sites for subsequent dielectric breakdown.  The intensities of peaks II 

are higher on Ti-6Al-4V anodes than on cp-Ti.  This could be explained by the comparatively 

higher resistance to the migration of O2- and OH- ions at the metal/oxide interface at the 

initial stages of the treatment due to the microstructure of Ti-6Al-4V alloy [113, 115, 116]. 

The fact that peak II is located at higher voltages when Ti-6Al-4V anode was used confirms 

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

passive film [8].   

A plateau region III can be observed in the cyclic voltammogram for both anodes when 

calcium acetate, propionate and L-lactate based electrolytes were employed.  This region 

corresponds to the occurrence of micro-arcing and is observed from approximately 200 V on 

cp-Ti anode, while it is varied from 150 to 300 V on Ti-6Al-4V.  Beyond region III, the 

current increases up to the final peak IV which is observed in the high voltage range (350 to 

500 V).  It can be assumed that the high current growth rate in that region corresponds to 

more vigorous reactions associated with PEO treatments.  Peak IV is defined as the region 

above which powerful arcing would occur, which would lead to intense rupture and spallation 

of the oxide film, which would at least partly destroy the coating.  Its location appears to be 

dependent on both electrolyte 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 surface during the 

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 (200 ï 210 V for cp-Ti and 150 ï 200 V 
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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 low as 150 V, 

and therefore is not suitable for the PEO treatment, which usually operates in a high voltage 

range.  When Ti-6Al-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 containing electrolyte, the current-voltage behaviour showed features 

consistent with irreversible electrochemical processes when cp-Ti anode was used, while 

reversible behaviour was observed on the Ti-6Al-4V anode.  This further confirms the 

influence the substrate alloy has a to the PEO process.  The cyclic voltammogram of cp-Ti 

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 L-lactate was used in the electrolyte, a well-defined peak V can also be noted 

in the voltammogram, pointing to the reversibility of the anodic 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.  When cp-Ti anode was used in the calcium L-lactate 

electrolyte, the shape of peaks IV and V becomes broader than those observed on the Ti-6Al-

4V anode.  This suggests more than one electrochemical process may be occurring at the 

anode [110].  Meanwhile, barely defined peaks II on the voltammograms of both anodes 

suggests the possible adsorption of electrolyte ions at 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 II on the cp-Ti anode and a higher 

peak voltage when the Ti-6Al-4V anode was used, which indicates significant influence of 

substrate material on the PEO process, implying the oxidation is facilitated on the cp-Ti 

compared to the Ti-6Al-4V anode. 
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Figure 13 XRD spectra of coatings formed in calcium formate, acetate, propionate and L-lactate based 

electrolytes on (a) cp-Ti and (b) Ti-6Al-4V substrates.  (A, anatase; R, rutile; Ti, titanium and alloy; 

T, tri-calcium phosphate; CT, calcium titanate; H, hydroxyapatite) 
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Figure 13 reveals phase compositions of coatings produced using the CV technique on cp-Ti 

and Ti-6Al-4V substrates in the electrolytes with the studied calcium salts.  Figure 13a and b 

illustrate the impact of alloying 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 cp-Ti 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 III and IV 

observed for the cp-Ti substrate in Figure 11 and 12, allowing longer micro-arcing region to 

enhance nucleation of rutile [118].  In general, it can be noted that coatings produced on the 

cp-Ti substrate feature more crystalline phases compared to those produced on the Ti-6Al-4V 

substrate.  This could be a result of the presence of aluminium in the latter, which is known to 

suppress the nucleation and growth of crystalline oxide of the TiO2 phase [113]. 

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 Ti-6Al-4V anode.  A comparatively broader peak in the region 2ẽ=30-

34° suggests presence of crystalline HA with amorphous CaP constituents in the coating on 

the Ti-6Al-4V alloy.   

When calcium propionate based electrolyte was used, TCP and CaTiO3 peaks were detected 

in the XRD spectrum of the coating produced on the cp-Ti substrate, meanwhile for the 

coating produced on the Ti-6Al-4V substrate, the peaks matching the HA phases were 

observed.    

Peaks that correspond to HA can be observed on the coating produced in calcium L-lactate on 

both cp-Ti and Ti-6Al-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 cp-Ti (Figure 13a) is systematically higher than those of the coating 

produced in the same electrolyte on Ti-6Al-4V (Figure 13b).   

Overall, it appears that the cp-Ti substrate is more favourable for formation of crystalline 

phases than Ti-6Al-4V; this confirms the influence of substrate alloying elements to the 

coating phase composition.  The above results suggest that calcium L-lactate based 

electrolyte is highly favourable for the formation of crystalline HA phase in the coating, but 

this would 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 in Figure 14 and Figure 15.  Results indicate that substrate alloying elements 

influence the surface morphology as well as the phase composition.   

The coating produced on the cp-Ti substrate in the calcium formate 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 correlate with 

dehydration of the coating (marked by the blue circle).  When the Ti-6Al-4V substrate was 

used in the same electrolyte, the coating exhibits areas of re-melting.  Small porous features 

are observed sparsely located on the surface, with the majority of the area covered by a dense 

layer of translucent matrix.  The surface morphology of the coatings produced on both alloys 

in the calcium formate based electrolyte suggests development of destructive powerful arcing 

during the treatment.  Figure 14 reveals the coatings produced in the calcium acetate based 

electrolyte on both cp-Ti and Ti-6Al-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 comparatively denser translucent matrix is observed on the 

coating produced on Ti-6Al-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 suggests variations 

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

in the coating produced on cp-Ti; moreover there are doughnut-like features which indicate 

development of powerful arcing during the treatment.  Open pores are also detected in the 

coating produced on Ti-6Al-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 cp-Ti. 

A porous morphology was also observed for the coating produced on cp-Ti in the calcium L-

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 (Figure 15). 
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Figure 14 Surface morphology of coatings produced on cp-Ti and Ti-6Al-4V substrates in calcium 

formate and acetate based electrolytes. 
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Figure 15 Surface morphology of coatings produced on cp-Ti and Ti-6Al-4V substrates in calcium 

propionate and L-lactate based electrolytes. 
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Table 4 Relative atomic percentages of elements on the surface of the coatings produced on (a) cp-Ti 

and (b) Ti-6Al-4V substrates. 

 

Table 4 presents the elemental composition of coatings produced using the CV technique on 

cp-Ti and Ti-6Al-4V substrates 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 calcium content in the coatings produced using calcium acetate based electrolyte on cp-

Ti and Ti-6Al-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.  Similar behaviour 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 as 2 at%.  This leads to a comparatively higher overall Ca/P ratio of 

the coating (Ca/P = 4).  For the coatings produced using calcium L-lactate based electrolyte, 

the P content appears to be similar with a vast difference in the Ca content between the 

coatings produced on cp-Ti and Ti-6Al-4V substrates.  This results in the overall Ca/P ratio 

of the coating formed using calcium L-lactate based electrolyte on the Ti-6Al-4V substrate to 

be doubled that in the coating produced on cp-Ti substrate.  Although limitations of EDX 

analysis in quantitative detection of light elements such as O and C, must be born in mind, 

the data can provide an indication of possible burning occurring on the sample surface. 

4.3 Discussion 

Results presented in the chapter have demonstrated the effect of alloying elements in the 

substrate on the 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 coatings using 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 during 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 undergo the electro-chemical reactions as mentioned in 

Equations [2.1] to [2.5] during the PEO treatment as discussed in Chapter 2.  Soares et al 

[119] suggest the 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 micro-arcing.  However, the voltammogram 

behaviour observed in Figure 11 and Figure 12 suggests alloying elements in Ti substrate 

have a significant influence on their electrochemical behaviour in the whole range of studied 

potentials.  Furthermore, the EDX results displayed in Table 4 indicate Al and V are present 
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at the surface of some coatings, which confirms the hypothesis that the alloying elements 

play a role in the coating formation. 

Moon and Jeong [120] proposed that the oxide film formation on aluminium involves the 

following reactions; 

AlAl (ox) =  Al3+  (aq)+ V3 Al (ox)       [4.1] 

H2O+ V2+ O (ox) =  OO(ox)+ 2H+  (aq)      [4.2] 

OH  =  OO (ox)+ 2/ 3V3 Al(ox)+ H+  (aq)      [4.3]  

OH + V2+ O (ox) =  OO(ox)+ H+  (aq)       [4.4] 

Since Al3+ (aq) is not stable in alkaline solution it favours the reaction [4.3], which is 

consistent with the presence of a high intensity peak II on those recorded on Ti-6Al-4V 

substrate.  Furthermore it is interesting to observe when both Al and V are detected on the 

surface of the coating produced in calcium acetate and propionate based electrolyte, a 

distinctive peak II 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 of Al2O3, the presence of Al in the Ti-

6Al-4V alloy could cause formation of Ti-Al 2O5 crystals [121] which can be assumed to lead 

to differences in the coating formation mechanism compared to those produced on cp-Ti.   

In higher voltage range where peak IV is observed in the voltammogram, it can be seen that 

the peak in the system with Ti-6Al-4V anode exhibits a sharper shape compared to that in the 

system with cp-Ti. The broader peaks in the latter imply more than one electrochemical 

process may be occurring at the anode at high voltage ranges [110].  This finding complies 

with the detection of higher intensity of crystalline phases in the coatings produced on cp-Ti 

than those on 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 spallation 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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2H2O + 2e- Ą H2 + 2OH-        [4.5] 

4OH Ą 2H2O + O2 + 4e-
        [4.6] 

Presence of aluminium in the substrate could potentially assist oxygen evolution [120], which 

is consistent with a more vigorous current response observed in the post-peak IV region of 

the forward scan in the CV curves obtained on the Ti-6Al-4V anode.  It must also be noted 

that the differences in the electrolyte pH would also have a certain impact on the 

electrochemical response during the process.  However, at this stage it is difficult to isolate 

the correlation between the solubility, pH and conductivity and their impact on the 

electrochemical behaviour 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 calcium-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 cp-Ti and Ti-6Al-4V substrates in the calcium formate electrolyte 

reveals a comparatively low stability of the anodic oxidation 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 acid/CO2 redox couple is -0.25 V [122], but the electro-

oxidization takes place at potentials that are 0.6 V higher than the reversible thermodynamic 

potential of Pt [123].  It is important to emphasize in this study that sodium orthophosphate 

was also added to the electrolyte and the anode materials are cp-Ti or Ti-6Al-4V.  Therefore 

it can be speculated that the combination of the differences in the anode material and 

electrolyte conductivity [124], and that formate is less readily oxidised on Ti compared to Pt 

would result in the shift in this behaviour to a higher range of potentials.   

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

proposed that it can proceed via two routes [4.7] and [4.8a-c] ; 
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ς(#//  
ȟ
ựự #/ ᴻ ( ᴻ  Å        [4.7] 

(#// ς0ÄO0Ä (#// O 0Ä #// 0Ä (    [4.8a] 

0Ä #// ᴼ#/ ᴻ 0Ä Å        [4.8b] 

ς0Ä(ᴼς0Ä(          [4.8c] 

In relation to our work, TiO2 is also a catalyst which could be used for decomposition of 

calcium formate.  Therefore the highly reversible and high current wall observed in Figure 11 

can be attributed to the decomposition of formate anions which generates H2 and CO2.  

(#// ς4É  ς/ ᴼς4É/ (#// O 4É/  #// 4É/ (   [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 lower (-0.4 to 

1.4V) and the anode material 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 recorded on cp-Ti and Ti-6Al-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 decomposes at the surface, where hydrogen and CO2 are 

evolved [126].  Breiter [127] proposed anodic oxidation of formic acid leads to discharge of 

formate ions and produces an intermediate HCOO· radicals, as shown below. 

ς(#// + Hᴼς(#// (   Å       [4.10] 

The formate species is chemisorbed onto the surface, where the chemisorbed process is 

enhanced under polarisation [128]. This behaviour is similar to the Kolbe reaction which is 

referred to anodic oxidation of a carboxylate structure with subsequent de-carboxylation and 

coupling to produce a hydrocarbon or a substitute derivation corresponds to the alkyl function 

in the carboxylate reactant [129].   

The most well-known example would be the reaction of acetate ions, where the overall 

process is suggested to be; 
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ς#(#//  O #( ς#/ ςÅ       [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 in 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.  However 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 2RCOO- Ą R-R + 2CO2 + e.  Therefore it can be 

speculated that anodic oxidation of propionate anions will involve the following steps; 

ς#(#//  O ς#(#/ϽςÅ       [4.12] 

#(#/Ͻ O #( Ͻ #/        [4.13] 

#( Ͻ  #( Ͻ O #(  #(        [4.14] 

The equations [4.12] and [4.14] suggest the formation of ethyl and propioxy radicals is 

possible, furthermore it can be assumed that decomposition according to reaction [4.13] 

would result in further formation of gaseous products.  On the other hand, formation of 

ethane from radical reaction shown in [4.14] is also feasible. 

Vassilev [130] proposed that 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, calcium L-lactate 

has an ïOH 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. Imprey [131] have 

proposed that it consists of the following steps;  

2CH3CHOHCOO- Ą 2CH3CHOHCOO· + 2Å      [4.15] 

2CH3CHOHCOO· + H2O Ą 2 CH3CHOHCOOH + O     [4.16] 

CH3CHOHCOO- + ½ O2 Ą CH3COCOOH + H2O     [4.17] 
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CH3COCOO- + H+  Ą CH3COCOOH (pyruvic acid)     [4.18] 

CH3 COCOOH + ½ O2 Ą CH3COOH (acetic acid)  + CO2    [4.19]  

It can be speculated that recombination and decomposition of the radicals and anions resulted 

in the complex reversible behaviour observed in the voltammogram. Equations [4.15] to 

[4.19] suggest that large quantity of gaseous products would be liberated during the anodic 

oxidation process. Furthermore, protons released at the anode (shown in Equation [4.18]) can 

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 interactions between 

the radicals result in the specific fingerprint in the CV curve observed in Figure 11 and 12.   

Furthermore, Kolbe reactions proposed the liberation of gaseous products, such as CO2 and 

protons such as H+ during the reactions, which suggests that electrolyte pH should become 

comparatively lower throughout the experiment. This is discussed in more details for 

individual electrolytes in subsequent Chapters.    

It must be noted that the calcium phosphate system is very 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 different chemical reaction in the formation of calcium phosphate 

phases.   

The molar concentration of these salts is fixed at 2 M, therefore 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 and OCP [132, 133].  

Furthermore, Eliaz [134] have proposed when the concentration 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 spectra of the 

coating produced in calcium L-lactate based electrolyte on both cp-Ti and Ti-6Al-4V anode 

(Figure 13).    

Eliaz and Sridhar [135] 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 reactions which 
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does not favour production of H+ ions 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 behaviour 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, oxide 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 of substrate appears 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 form HA coating using the calcium acetate 

based electrolyte.  Meanwhile the analysis of Ti alloy behaviour in the electrolytes containing 

various calcium salts has opened up a new range of electrolyte compositions potentially 

suitable for PEO treatments.  In particular, the findings in this chapter have demonstrated that 

calcium propionate and L-lactate can be considered promising sources of calcium in the PEO 

treatment to form bioactive coatings.   
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Chapter 5: PEO treatments of Ti alloys in the calcium propionate 

containing electrolytes and resulting coatings 

5.1 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 present study is the first to examine in 

detail the 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 concentration 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 undergo further 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 

Table 5 Effects of calcium propionate concentration to electrolyte properties. 

 

Table 5 displays the influence of calcium propionate concentration to the pH and 

conductivity in the temperature range from 15 to 30°C.  All the electrolyte solutions prepared 

by dissolving calcium propionate and sodium orthophosphate in distilled water with the 

concentrations of sodium orthophosphate set at 0.1 M and the calcium salt at 0.5, 1.0, 1.67 

and 2 M.  Different calcium propionate concentrations 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 the alkalinity 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 appear to have a significant influence on the electrolyte 

conductivity.   
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Figure 16 Cyclic voltammogram of cp-Ti and Ti-6Al-4V anodes in the sodium orthophosphate 

electrolyte with various calcium propionate content, directions of arrows represent the direction of 

scan. 

Figure 16 reveals 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 I to V are labelled similar to those in Figure 11and 

Figure 12 in Chapter 4.  The shape of the voltammogram is much more complex than those 

observed in conventional CV studies [136, 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 limited data reported on this matter, but the influence of Ca 

content in the electrolyte and substrate alloying to the current response shown in Figure 16 

has demonstrated the sensitivity of the electrochemical system to the conditions of CV scan.   
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Table 6 The peak locations deducted from the cyclic voltammogram of cp-Ti and Ti-6Al-4V anodes 

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

 

A small peak I in the forward scan can be observed in all curves, as discussed in Chapter 4.  

Peak II is observed in the voltammogram for the cp-Ti anode in the Ca/P 0.5 at 

approximately 158 V, but becomes barely defined as the Ca/P ratio in the electrolyte 

increased.  When the Ca/P ratio of the electrolyte increased to 2, peak II can be observed.  It 

is interesting to note that peak II can be observed in all the curves on Ti-6Al-4V anode, with 

peak intensities exhibiting a similar trend.   

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

pH value it would lead to defects formation in the surface layer.  The intensity of peak II is 

higher on Ti-6Al-4V anode than on cp-Ti, which could be explained by the influence of 

aluminium in the substrate to the oxide film formation (Equation [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 break down the dielectric barrier and enhance the 

change of CaP phase nucleate near the metal electrode.   

The cyclic voltammograms of cp-Ti anodes in Figure 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 range.  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 higher voltage 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 display a peak in the 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 compounds [117, 138, 139], where a decrease in 

electrolyte pH would increase the voltage and current 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 surface. [18].  These findings comply with the 

dramatic increase in current response observed in the voltage range of 300-320 V, when the 

electrolyte is strongly 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 the Ti-6Al-4V anode shows different current response 

behaviour than that observed when cp-Ti anode 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 in the location and intensity of peaks II when Ti-6Al-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 current-voltage behaviour of the 

system during the forward and reverse scans is not favourable for the PEO process and it 

indicates the ease of shifting the type of reactions occurring at the substrate surface. 

Iknopisov [140] have proposed the increase in electrolyte conductivity, which can 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 II in the voltammogram when Ti-6Al-4V anode is used.   

The findings in this section have demonstrated the dominating influence of substrate alloying 

on the electrochemical behaviour of the anodes over the range of potentials in calcium 

propionate based electrolyte.  Further, it shows the increase in calcium propionate content in 

the electrolyte enhances the stability of the electrochemical system which is reflected by the 

plateau III in the voltammogram.   This could be explained by a combination of pH 

influencing the dissociation of calcium propionate in the electrolyte, therefore affecting the 
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chemisorption of the propionate ions during the treatment and/or th influence 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. 

 

Figure 17 XRD spectra of coatings formed on cp-Ti substrate in calcium propionate containing 

electrolytes with different 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 tri-calcium phosphate) 

Figure 17 shows the phase composition of coatings produced on cp-Ti anode 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 observed on the pattern of the coating 

produced in the electrolyte with Ca/P = 0.5.  The pattern has a relatively broad scattering 

hump in the range of 20Á to 35Á 2ẽ indicating presence of amorphous constituent in the 

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 electrolyte appears 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 abundant in the coating. Peaks corresponding to tri-
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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 from 1.67 to 2 did not favour formation of crystalline HA in the 

coating, instead peaks that correspond to tri-calcium phosphate are observed in the pattern.   

The pattern of the sample treated in the electrolyte with Ca/P ratio of 0.5 contains peaks 

corresponding 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 with Figure 16 where the location of peak IV appears 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 TiO2 phase which is transformed 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 is formed 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 scan (Figure 

16).  This complies with previous discussion where the region between peaks III and IV is 

related to sparking, and the slow increase in current growth rate over the voltage range 

observed in the voltammogram promotes the 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 increase of current towards peak IV as observed in Figure 16.  In 

particular, when the Ca/P ratio in the electrolyte is low, a reversible behaviour is observed.  

This complies with the broad regions of amorphous scattering under the peaks for patterns of 

the coatings produced using electrolytes with Ca/P ratios of 0.5 and 1.   
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Figure 18 Surface and cross-sectional morphology of coatings produced on cp-Ti substrate using 

calcium propionate electrolytes 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 on cp-Ti substrate using 

electrolytes with various Ca/P ratios.  Figure 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 correlated with the 

result of CV analysis (Figure 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 passive film instead of entering into the micro-arcing stage as reflected by 

the dense outer region of the coating observed in Figure 18e.   

 Surface morphological features such as globular matrix formation can be observed for the 

coating produced in the electrolyte with Ca/P ratio of 1 (Figure 18b), Compared to those 

produced using Ca/P ratio of 0.5, the surface structure reveals compact coral like structure.  

This could be a combination 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 

coating, suggesting high energy discharge during the treatment producing excessive oxygen. 

The highly uneven surface thickness observed in Figure 18f indicates vigorous reactions 

occur at the surface.   

The dense inner layer 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 Figure 16.  It can be speculated that a thick barrier 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 400 V, the occurrence 

of sparking, caused by dielectric breakdown of the barrier oxide immediately undergoes the 

chain reactions of repassivation, oxidation, and as a side-product, excessive oxygen evolution 

due to a combination of anodic reactions of propionate and Ti oxidation described by 

Equations [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 in the coatings, along 

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

the treatment.  The micrographs displayed in Figure 18g and h reveal relatively uniform 

surfaces, whereas the crest-like 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 

features associated with controlled sparking, is related to the plateau peak III and irreversible 

electrochemical behaviour observed in Figure 16.  

Table 7 Relative atomic percentages of elements in the surface of the PEO coatings produced using 

electrolytes with various Ca/P ratios. 

 

Table 7 displays relative atomic percentages of elements in the coatings formed in the 

electrolytes with different Ca/P ratios.  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 section 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 of current towards peak IV; 

- 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 parameters, as it allows a large 

voltage range for stable and controllable sparking, moreover the anodising voltage would be 

sufficient to promote essential phase transformations, such as anatase-to-rutile, and 

crystallisation of HA.  Out of all the concentrations tested, the electrolyte with Ca/P=1.67 

exhibited the most favourable current-voltage 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 understand 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 treatment of cp-Ti in 

calcium propionate containing electrolytes.  The purpose of this section is to study in more 

detail the coating formation process in characteristic voltage regions as outlined by the 

current-voltage diagram and corresponding coating microstructures developed during the 

PEO process.  The surface and cross-sectional morphology, phase and chemical compositions 

of the coatings produced are also examined.   

The voltammogram of the process carried out in the electrolyte with Ca/P=1.67 shown in 

Figure 16 suggests that stable micro-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 cp-Ti substrate.  Figure 19 displays the optical 

microscopic images of the coatings produced for 3 min at 440, 450 and 460 V.  It is 

interesting to note a colour variation on the coating surface as the applied voltage 

increased.  The coatings produced at 400V have a comparatively uniform surface appearance, 

however as the applied voltage increased to 450V, white dots start appearing distributed on 

the surface, indicating non-uniform discharges.  Coatings produced at 460V exhibit 

discolouration which is an indication of non-uniform coating process. 
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Figure 19 Visual inspection of coatings produced on cp-Ti substrate by 3 min PEO treatment in the 

calcium propionate electrolyte at 440, 450 and 460 V. 

 

Figure 20 SEM micrograph of PEO coatings produced on cp-Ti substrate in calcium propionate based 

electrolyte with Ca/P ratio 1.67 at 440 V (a,d), 450 V (b,e) and 460 V (c,f) in Ca/P 1.67 for 3 mins. 
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SEM images in Figure 20 reveal surface and cross-sectional morphologies of the coatings 

produced for 3 min at 440, 450 and 460 V.  Figure 20a which corresponds to the coating 

produced at 440 V reveals a region of dense matrix (indicated by the arrow in the 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 wall of a discharge channel.  These features 

point to insufficient energy for evenly distributed discharges to occur at the surface.  The 

surface is dominated by pores that are filled with matrix; this feature is correlated to melted 

oxide products that solidify at 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 

granulated appearance of the coating matrix displayed in Figure 20d.  When the applied 

voltage increased to 450 V, the number of open pores increases, with no apparent regions of 

dense matrix remaining.  The increase in the number of open porous 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 channel.  Figure 20e 

presents the cross sectional morphology of the coating produced at 450 V. Distinctive 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 be caused by 

gas entrapment in the matrix around the discharge channel. 

Figure 20c reveals the surface morphology of the coating produced at 460 V. It corresponds 

to the region just before a sudden increase in current growth rate towards 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 doughnut-like feature 

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 indicate that applying DC 

potentiostatic mode at 460 V produces coatings under conditions of powerful discharge, 

which should be avoided as discussed in the previous section.   



90 

 

. 

 

Figure 21 Surface EDX spectrum of the coating formed on cp-Ti substrate in the calcium propionate 

based electrolyte with Ca/P ratio of 1.67 at 450 V for 3min. 
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Table 8 Relative atomic percentages of elements in the surfaces of PEO coatings produced in the 

calcium propionate based electrolyte with Ca/P=1.67 at 440, 450 and 460 V for 3 min. 

 

The elemental composition of coatings produced at 440, 450 and 460 V is displayed in Table 

8.  Results suggest the applied voltage does not have significant influence on the 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 tetra-calcium phosphate (Ca/P ~2) [141].  Nevertheless, the 

results show as the applied voltage increases, the calcium content in the coating also 

increases; this is especially noticeable when the voltage exceeds 450 V.  Along 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, forming a thick Ca rich layer on the 

surface.  This is confirmed by the data from Figure 22 where the elemental composition of 

the doughnut feature is shown to have a particularly high level of Ca content.   
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Figure 22 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 doughnut-like shape feature. 

 

Figure 23 XRD spectra of coatings on cp-Ti 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 composition of the coatings produced on cp-Ti substrate at 440 

and 450V for 3 min.  The coating produced at 460 V was not inspected due to the high degree 
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of burning, suggesting the regime is not suitable for production of high-quality coatings.  

Peaks corresponding to 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 coating.  Interestingly, 

when the applied voltage increased to 450 V the peaks of rutile do not appear to be 

systematically higher.  A small bump can be observed in the 2ẽ ranging from 31 to 33Á when 

the applied voltage is set at 440 V.  However, when it increased to 450 V, the intensity of the 

bump increases significantly, indicating abundant precipitation of amorphous CaPs.   

Overall, this section provided preliminary results correlating the systemôs current-voltage 

behaviour to the coating formation process.  It showed that the CV method represents a useful 

means for rapid identification 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 inspections 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 appearing these adverse 

features.   

5.2.5 Optimisation of electrical parameters using cp-Ti 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 micro-arcing to occur.  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 over the discharge behaviour by the 

introduction of the pause between current pulses.  Compared to DC potentiostatic control, the 

óoff-timeô can interrupt prolonged discharges, providing a better control over the 

microstructure and composition of the coating.   

Results from the previous section have also shown the coating produced using the 

potentiostatic DC mode at 450 V have 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 to 460 V, 

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 of cp-Ti in the calcium propionate 

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 

460 V in the electrolyte with Ca/P ratio of 1.67 for 3 min. The pulsed unipolar mode was 

employed with f of 600 Hz and duty cycle varied from 20 to 90%. Pulse frequency and duty 

cycle were defined as f= 1/(t on + t off) and ɿ =t on/(t on +t off), respectively.  Typical 

oscillograms of electrical waveforms were recorded as discussed in Chapter 2 and the 

examples are shown in Figure 24. The waveform shows deviation from the ideal rectangular 

pulse shape with voltage reduce gradually during the off-time.  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 the stress 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, Gao et al [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.   



96 

 

 

Figure 25 Current density transients recorded during PEO treatments of cp-Ti in the calcium 

propionate based electrolyte with Ca/P=1.67 using PUP voltage with various duty cycles and 

magnitude set at (a) 450V and (b) 460V.  
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Figure 26 XRD spectra of coatings produced using pulsed unipolar mode (a) 450V and (b) 460V in in 

calcium propionate electrolyte with Ca/P ratio set at 1.67 with various duty cycles. (A, anatase; R, 

rutile; Ti, titanium and alloy; H, hydroxyapatite; T, tricalcium phosphate) 
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The XRD patterns of coatings produced at different duty cycles with applied voltage of 450 

and 460V are presented in Figure 26.   

As shown in Figure 26a, anatase and rutile are the dominant crystalline phases in the coating 

produced at 450 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 expected, as with the 

duty cycle increasing, the subsequent discharge duration becomes longer, leading to an 

increase in the temperature and pressure which enhances the anatase-to-rutile transformation.  

The XRD spectra of the coating produced with 90% duty cycle display a broad scattering 

hump between 28° and 32° 2ẽ, 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 to those observed when DC mode was applied 

(Figure 23).   

When the applied voltage increased to 460V, anatase and rutile remain dominant in the 

coating regardless of duty cycles (Figure 26b); the results are similar to those observed when 

the voltage was 450 V.  When the duty cycle is set at 90%, a broad bump can be observed in 

the region of 28° and 32° 2ẽ, along with weak peaks corresponding to tri-calcium phosphate 

and HA.  Moreover, the intensity of rutile peaks is systematically higher than those observed 

for the coating produced at 450V with the same duty cycle. This is due to the fact that the 

increase in applied voltage would increase the pulse energy which favours the anatase-to-

rutile transformation.  Accompanied with that, the increase in local discharge temperature 

appears to favour the reaction between Ca2+ and PO4
3- ions resulting in formation of 

crystalline CaP phases such as TCP and HA [142]. It can be assumed that as the local 

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 of anatase.  This could be a result of comparatively higher 

currents observed for both current transients in Figure 25. 

5.2.6 Morphological analysis of coatings produced with different duty cycles 

Surface morphologies of PEO coatings produced using PUP voltage mode at 450 and 460 V 

with various duty cycles are shown in Figure 27 and 28, respectively.  It had been found that 
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in PEO coatings produced using galvanostatic mode, the average pore size and distribution 

are frequency dependent [92, 143].  Results from this study suggest the applied voltage 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) and the Eulerôs number (E), which corresponds to the amount of pores 

(dark) and surface (bright), length of boundaries and the connectivity of the features, 

respectively.  The variation in the curve shape and especially the Cflex, Lmax and Emin points 

are used to analyse the coating characteristics. 

Figure 27(a and d) reveals the surface morphology of the coating produced using ŭ = 90% at 

450 V. A combination of porous structure, such as pore-in-pore and pin-hole pores, is 

observed on the surface, with the average pore size in the coating being 2.75±1.26 m˃.  This 

is consistent with the flex in the length (L) curve observed at low height threshold in the 

respective functional plot.  When the duty cycle was set at 50%, a number of pin-hole pores 

becomes more apparent, with the average pore size of 3.11±0.92 m˃.  The pin-hole pores are 

developed due to accumulation of excessive gaseous products evolved in discharge channels, 

leading to gas entrapment in the neighbouring region.  When 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 peak observed in the current transient in Figure 25.  For the 

coatings produced using ŭ = 50 and 90%, cracks on the surface become more apparent than 

the coating produced using the potentiostatic DC mode (Figure 20).  This could be a result of 

internal stress generated by a combination of electrostriction and double-layer charging at the 

beginning of each pulse [92]. 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 reduced to 20% the surface morphology (Figure 27c and f) reveals 

distinctive traces of discharge channels, which is consistent with the relatively high Cflex 

value in the corresponding Minkowski functional plot.  This suggests the surface 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 between Emin 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 suggests distances 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 stronger tendency for formation of a more dispersed porous structure.  Figure 28 

reveals the surface morphology of coatings produced using the PUP voltage mode at 460 V 

with various duty cycles.  Results confirm the use of the PUP mode can significantly 

improves the surface morphology compared to that formed using the potentiostatic DC mode, 

wherein features consistent with appearance of powerful arcing can be observed Figure 28c.  

Trends in coating morphology similar to that shown in Figure 27 can be observed as the duty 

cycle increased.  When the duty cycle is set at 90%, the surface morphology reveals a 

combination of pore-in-pore and closed pore structures.  The pore shapes deviate from 

circular shape, which is reflected in the significant distortion of the L curve.  The average 

pore size was found to be 2.59±1.23 m˃, the broad range is consistent with the width of L 

peak observed.   

When the duty cycle reduced to 50%, the pore shape appears to be more circular which is 

consistent with the reduction in the distance between Emin and the corresponding value of L 

measure at that height threshold.  When compared the coating produced at 450 V (Figure 

27b,e), the number of pin-hole pores reduces, this is also shown by a reduction in the flex in 

the L curve at low height threshold.  This could be explained by the higher discharge energy, 

so the subsequent discharge destroys the morphology created by the previous event, leading 

to surface re-melting.  The average pore size observed in the coating is 3.11±1.11 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 450 V.  Instead, the surface appears to have 

undergone re-melting 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 duty cycle 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.  



101 

 

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 corresponding Minkwoski functionals (g-i) 

C(ɟ), L(ɟ)X5 and E(ɟ)X10. 
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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 Minkwoski functionals (g-i) C(ɟ), 

L(ɟ)X5 and 10E(ɟ)X10. 
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Table 9 Chemical composition of PEO coatings produced at different duty cycles. 

 

The elemental composition of the coatings produced at different duty cycles and voltages is 

displayed in Table 9.  Results show similar Ca/P ratio for all coatings, with a trend of Ca and 

P content to increase as the duty cycle increases.  This can be explained by the increase in the 

attraction of the negatively charged phosphate anions by electrostatic forces as the duty cycle 

increases.  PO4
3- 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 the treatment progress.  It can be speculated that this condition favours the formation 

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

In essence, this section has demonstrated the use of PUP PEO mode can improve the 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 required. Moreover, it has demonstrated the 

sensitivity of the Minkowski functional for analysis of PEO coatings, which ensure its 

potential use in this application.   

 

 












































































































































































































































