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Abstract 

Calcium phosphate coatings produced on the surface of Ti6Al4V by plasma electrolytic 

oxidation (PEO) using different concentrations of hydroxyapatite (HA) in a 0.12 M Na3PO4  

(NAP) electrolyte solution was investigated. It was found that the amount of calcium 

phosphate particles infiltrated into the coating layer as well as the thickness and the surface 
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roughness of the coating increased with increasing HA concentration. The porosity of the 

ceramic coatings indicated an inverse relationship with the concentration of HA particles 

dispersed in the NAP solution. The result also demonstrates that higher scratch adhesive 

strength was achieved using 1.5 g/L HA solution, producing a critical load of 2099 mN, while 

0 g/L HA only produced a critical load of 1247 mN. The adhesion becomes independent of 

thickness when the concentration of HA exceeds 1.5 g/L. The failure of the coating was 

characterized by large periodic hemispherical chipping, while intermittent delamination was 

noticed with the coating embedded with HA particles. This study demonstrate the viability of 

using PEO to produce a thin layer of HA ceramic coating on Ti6Al4V suitable for biomedical 

applications.   
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1. Introduction 

Titanium (Ti) and its alloys have been the material of choice for orthopaedic and 

dental implants because of its excellent properties, including high strength to weight ratio, 

corrosion resistance, bioinert and the passive oxide layer formation on the surface of Ti 

possesses superior chemical stability. However, this native oxide film, which is of the order 

of a few nanometres, exhibits poor biological bonding with the surrounding tissues [1]. 

Titanium-based materials do not form a good chemical bond to the bone tissues because of its 

non-bioactive characteristics [2]. Owing to this, enhancement of its bioactivity has been the 

key research focus.  

One of the viable means to improve the bioactive properties of Ti is by altering its 

surface chemistry through the incorporation of a calcium phosphate (CaP) on the implant 
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surface [3]. The deposition of CaP on Ti surface facilitates the direct bone formation and 

differentiation of bone forming cells on the implant surface. For the past few decades, several 

coating techniques have been experimented to deposit CaP on the surface of metallic 

implants including sol-gel [4], plasma spray [5], and electrophoretic deposition [6]
.
 However, 

there are several drawbacks associated with these techniques which include poor adhesion of 

the coating on the substrates, non-uniform coating formation over geometric complex 

surfaces, and low crystallinity as reported by Tahmasbi Rad et al. [7], from their research 

work of bio-physical performance of HA coating using electrophoretic deposition method. 

Hence, there has been an increasing demand in recent years to develop other viable coating 

technique [8]. 

 Plasma electrolytic oxidation (PEO), also known as micro-arc oxidation has been 

gaining popularity as a unique surface engineering technique to produce a highly adherent 

bioactive and micro-porous layer on implant surfaces [9]. PEO is a relatively new 

electrochemical surface treatment using a hybrid of conventional electrolysis and plasma arc 

discharge within an electrolyte solution under high voltage. It is an advanced surface 

engineering coating technique for producing ceramic coating on light materials such as Ti, 

Al, Mg, Zr and their alloys. Among the other advantages of PEO are its simplicity, low cost, 

ability to form complex compounds using eco-friendly solutions and ability to form uniform 

coatings on complex geometries as pointed out by Sandhyarani et al. [10] while investigating 

the effect of treatment time on ZrO2/HA fabrication on zirconium substrate by PEO method.   

In a typical PEO process, the working electrode (anode), together with the counter 

electrode (cathode), usually stainless steel of a larger surface area is immersed into a suitable 

electrolyte of interest. An external power supply is connected to the two electrodes providing 

the energy necessary for the coating process. At a sufficiently high potential difference of a 

few hundred volts, the electrolyte compound dissociates into anions and cations. The anions 
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drift towards the working electrode (e.g. Ti, Al, Zr and Mg) while the cations migrate 

towards the cathode. At the anode, the oxidation of the surface starts by forming an insulating 

layer on the working electrode which causes a slight drop in the applied current. With a 

further increase in the applied voltage, the intense electric field between the electrodes 

generates a micro-arc plasma discharge on the anodic surface, transforming it to a micro-

porous thin oxide layer. The deposition of electrolyte ingredients then follows. The coating is 

formed on the entire substrate (anode) immersed in the electrolyte solution without altering 

the bulk properties of the substrate material. In addition, the composition of the oxide film 

can be controlled by adjusting the components in the electrolyte and the concentration of the 

electrolyte [11]. Some researchers have focused on improving the bioactivity of the Ti alloy 

surface by incorporating Ca and P ions in the surface oxide layer.  For instance, Faghihi-Sani 

et al. [12] demonstrated that chemical treatments of the micro-arc oxidized layer via 

immersion in NaOH solution enhanced the apatite formation ability of Ti alloy. The increase 

in crystallinity of HA was attributed to higher concentration of OH− on the oxide layer 

containing Ca
2+

 and PO4
3-

 ions. Sowa et al. [13] investigated the bioactivity of anodic oxide 

coating on Ti13Nb13Zr by PEO process in a solution containing Ca and P. They observed 

that the thick oxide surfaces were essentially amorphous, with small amount of crystalline 

phases, depending on the PEO process parameters. The obtained oxide coatings were 

reported to improve after 4 weeks of immersion in SBF. The results showed that PEO can 

allow the diffusion of Ca and P ions into the surface of the porous oxide in the form of an 

amorphous phase, and further hydrothermal treatment can successfully transform the 

amorphous phase into crystalline HA. 

Teng et al. [14] studied the feasibility of obtaining HA by pre-immersion of micro-

porous TiO2 layer in a weak base electrolyte, KH2PO4. The growing of Ti-OH bonds on the 

surface of the oxide layer assisted the growth of HA when immersed in simulated body fluid 
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(SBF). Few successful results of HA formation on the surface of PEO layers, either by 

hydrothermal treatment or immersion in SBF, have been reported. Studies have shown that 

the bioactivity of Ti surface can be increased with incorporation of Ca and P ions in the oxide 

film. However, there are few literature reports on how the level of these elements affects the 

PEO-derived oxide film layer. Moreover, the mechanical integrity of the oxide film before 

and after incorporation with Ca and P ions has not been systematically investigated. 

In this study, a single process of PEO was used to produce films incorporating HA, 

and the effect of various HA concentrations in the oxide film on the Ti6Al4V alloy substrate 

were examined. Comparisons were made of the concentration of HA associated with the 

porous oxide film, allowing an understanding of how Ca and P ions are incorporated during 

formation of porous layer. Sodium phosphate (Na3PO4), an inexpensive, benign and familiar 

compound, was chosen as the electrolyte. This selection is based on the fact that PO4
3-

 from 

Na3PO4 has the ability to negatively charge the HA particles during the PEO process. This is 

the first report of the use of Na3PO4 as the solitary electrolyte for HA particle deposition. The 

effect of the HA particle concentration in the Na3PO4 electrolyte solution on the surface 

structure, thickness, roughness, porosity and elemental composition of the coating layer were 

investigated. The adhesion behaviour of coatings produced with different HA concentrations 

was also studied, and the mode of failure of coatings with and without HA particles was 

analysed.  

 

2. Materials and methods  

2.1. Substrate Preparation 

Ti6Al4V (Grade 5) plates (Cenco Sains Special Materials Co. Ltd, Malaysia) were 

used as the substrates in this study. The Ti substrates (20 × 10 × 2 mm
3
) were prepared and 

abraded using SiC emery paper up to 2000 grade. The abraded surface was cleaned with 
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acetone and distilled water in an ultrasonic bath, and finally dried in air. Two stages of 

cleaning were used to ensure that the surface is clean and free from contaminants before the 

plasma electrolytic treatment. 

  

 

 

2.2. Preparation of the electrolyte containing HA particles 

HA aqueous suspensions were prepared by adding commercially available HA 

powder (Sigma-Aldrich) to 0.12 M sodium phosphate solution. The concentrations of HA 

particles in the four suspensions were 0, 1, 1.5 and 2 g/L, respectively. Prior to the PEO 

process, the aqueous HA suspension was stirred using a magnetic stirrer for 1 h and then 

sonicated using an ultrasonic bath cleaner for 2 h to prevent settling and agglomeration of the 

HA particles. 

  

2.3. Fabrication of PEO-coatings on the substrate surface 

For plasma electrolytic oxidation process, the electrolyte prepared was placed into a 

stainless steel container which serves as the counter electrode (cathode), and the working 

electrode (Ti6Al4V substrate) was immersed in the electrolyte to serve as the anode. The 

PEO treatment was carried out at a constant current density of 0.5 Adm
-2

, a voltage of 300 V 

and a deposition time of 5 min using an auto-ranging DC power supply unit (Keysight 

Technologies Deutschland GmbH, Model No: N8957A, Germany) with a maximum voltage 

of 1500 V and current of 30 A capacity. After the PEO process, the coated samples were 

rinsed with distilled water, air dried and kept in a desiccator prior to characterization. The 

electrolyte temperature did not exceed 35 °C during the PEO. The PEO coating parameters 

used in the experiment are summarized in Table 1. The identification code for the PEO 
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treated substrates using the electrolytes with HA particle concentrations of 0, 1, 1.5 and 2 g/L 

hereafter represented as S0, S1, S1.5 and S2, respectively, while the untreated substrate was 

referred to as ‘Ti’.  

 

 

2.4. Surface characterization of TiO2/HA coated samples 

The surface morphology and elemental composition of the samples were analysed 

using a high-resolution field emission scanning electron microscope (FESEM) and an energy 

dispersive spectrometer (EDS) (FESEM-EDS, FEI Quanta 450 FEG). The phase composition 

of the samples was studied by X-ray diffraction (XRD; PANalytical X’Pert High Score 

Empyrean, 45 kV, 40 mA) with a CuKα  (λ=1. 54) radiation over the scanning range (2𝜃) 

from 10
o
 to 80

o 
with a scan speed of 1° min

-1
 and a step size of 0.02°. The roughness of (Ra) 

of untreated substrate (Ti) and coated samples was measured using a Mitutoyo Surftest SJ-

201 profilometer. For every measurement, five samples were tested and average value taken. 

The images of the microstructures taken by the FESEM were analysed using OLYMPUS 

Stream Micro-Imaging Software to measure the percentage porosity of the coated samples. 

 

2.5. Micro-scratch test 

A micro-scratch tester (Micro Materials Ltd., Wrexham, UK) was used to measure the 

adhesive strength of the TiO2/HA coating by applying a load ranging from 0 to 2500 N, 

which generated scratches with a conical Rockwell diamond tip of radius 25 µm. The 

indenter was drawn across the coated surface to be tested under progressive loading at a fixed 

rate of 1.2 μm/s. The scratch length during the scratch test was 1000 μm. In the micro-scratch 

test, critical load (Lc) was used to quantify the adhesive strength of coating/substrate 

combinations and it was defined as the load that caused the coatings to detach completely 
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from the substrate. The critical load value was confirmed by the scratch tracks. The 

chronology of the abrupt changes along the profile determined the critical loads on the 

scratch track, which were defined as (a) Le-p: critical load for the onset of plasticity; (b) Lc1: 

critical load to indicate onset of edge cracking; Lc2: critical load to indicate delamination of 

film from the substrate; Lc3: critical load of total coating failure as indicated by complete 

exposure of the substrate surface. To determine the magnitude of the critical load, the 

frictional curve and penetration depth as a function of critical load were also measured. After 

the scratch test, the scratch tracks were observed using the FESEM and optical microscope to 

evaluate the damage and changes in morphology on the as-deposited coatings.  

 

3. Results and discussions 

3.1. Voltage-time response of PEO coatings 

 Monitoring the voltage-time response is important to understand the electrochemical 

behaviour of the samples during the PEO process. The voltage-time plots obtained during the 

PEO processing of Ti alloy under various electrolyte concentrations are shown in Fig. 1. 

During the first 30-50 s, the voltage rises fast and increases linearly with time at a constant 

rate. This initial rise in voltage is due to dissolution of the substrate and formation of a thin 

oxide layer at the electrolyte/anode interface. 

 

For the sample S0, the dissolution-oxide film formation is observed up to 

approximately 199 V, where dielectric breakdown of the film (normal oxide growth 

terminates) and numerous micro-arc sparks along with fine discharges were noticed on the 

sample surface. This was also accompanied by gas evolution. This behaviour continues until 

a final voltage of 300 V was registered. At this point, no significant increase in the intensity 

of the micro-sparks was observed on the substrate. The emergence of high frequency 
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ascending and descending oscillation of the cell voltage, observed for the S1, S1.5 and S2 

samples, represents the stages of oxide breakdown and regrowth, which maintains the 

thickness of the layer approximately constant. The distinct deviation in the observed 

behaviour of the S1, S1.5 and S2 samples, compared to S0, is due to the electrolyte 

concentrations at the oxide interface. During the PEO process, when a current density flows 

through the anode/electrolyte interface, the charged electrolyte particles (HA) enter the initial 

growing oxide layer and release a current of electrons into the oxide film. The incorporation 

of ions into the oxide film induces a complex high-temperature reaction and causes the initial 

growth layer to lose its oxide coating (initial breakdown). This enables an avalanche of 

electrons injections into the broken spot, thus allowing the locally destroyed film to be rebuilt 

immediately. As soon as the breakdown is eradicated, the anodization proceeds further to a 

new breakdown voltage, when the ionic current in the oxide film predominates. This 

phenomenon continues until a final voltage is reached. It has been shown in Albella and 

Martinez-Duart [15] and  Ding et al. [16] work, that the working voltage and the final voltage 

during the PEO process decrease with increasing electrolyte concentration due to the 

electrolytic composition, and therefore it is not surprising that the highest electrolyte 

concentration, S2, exhibited the lowest final voltage. While the increase in voltage during the 

PEO process up to the point of breakdown voltage is predominantly governed by the 

electrolyte concentration, the further increase in voltage is caused by the growth of the layer 

thickness and coating formation on the substrate surface. The final voltages reached at the 

end of coating of S0, S1, S1.5 and S2 in the present study were 300, 296, 278 and 252 V, 

respectively. 

 

3.2. Morphological and elemental analysis of the PEO coating 
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The surface morphology of the polished substrate surface and of the coatings 

produced by PEO at different HA concentrations are shown in Fig. 2. It is obvious that the 

surface morphology was affected by the HA concentration in the NAP electrolyte solutions. 

Without HA, the coating surface is covered by many discharge channels appearing as 

irregular circular and elliptical spots distributed over the entire film surface (Fig. 2b). The 

spots seem to be associated with the liberation of gaseous oxygen and micro-arc discharge 

occurring on the Ti surface. When the Ti surface was treated with a solitary NAP electrolyte 

solution, a careful observation of micro-arc discharge revealed that oxidation of the surface 

started to occur at ~ 164 V and became more intense with increasing electrolytic voltage (up 

to 300 V). Consequently, the micro-porous rough region started to appear locally due to the 

formation of an insulating TiO2 layer on the Ti surface. The Ti surface which was initially 

smooth (Fig. 2a) became rough with numerous micro-pores due to the high spark discharges 

and gas evolution.  

For sample processed with a lower HA concentration (S1), the film surface was seen 

to be rough and a number of micro-pores were observed. However, the micro-pores are not as 

prominent as those observed without HA addition. The large micro-pores noticed without HA 

addition became slightly smaller. This indicates that the pores have partially been sealed by 

the HA particles. Nevertheless, the surface appeared to maintain the initial surface 

morphology of the PEO-NAP treated layer. A tiny surface crack was found on the surface 

processed with S1 concentration. The residual stress developed during the PEO process due to 

rapid solidification seems to be the main cause of cracking. With a further increase of the HA 

concentration (from 1.5 g/L to 2 g/L), micro-pores were hardly seen on the surface as they 

have been covered with HA particles.  
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In addition, at higher HA concentrations, the electrolyte fluidity increased, and the gas 

evolution, which usually accompanied the PEO process, was suppressed. On the other hand, 

the evolution of gas from the less viscous solution used for the S1 sample during the 

solidification process led to the formation of pores and the electrolyte was not sufficiently 

fluid to fill the pores. The surface chemical composition of the PEO coatings examined by 

EDS is shown in Figs. 2(b-e). The coating is mainly composed of Na, Al, P, Ti and O (Fig. 

2b). This means that substrate and modifying elements from the electrolyte participated in the 

formation of the coatings. The higher content of Ti and O from the elemental composition 

indicates that oxidation of the substrate is predominant during the PEO process. With the 

samples produced in the HA-containing NAP electrolyte solutions, the EDS spectrum showed 

the presence of Ca and P peaks (Figs. 2 (b-e)). This suggested that HA could be deposited in 

the film layers by PEO treatment in an aqueous NAP electrolyte solution. The increase in Ca 

and P concentration in the S1, S1.5 and S2 samples confirm that HA has been incorporated into 

the PEO-TiO2 coatings. The changes in the amount of Ca and P can be attributed to the 

different amount of HA particles in the NAP electrolyte solution. This shows that the HA 

concentration plays an important role in determining the amount of Ca and P incorporated in 

the oxide film. The temperature and pressure inside the porous layer is high enough to cause 

ionization of HA particles via the following reaction:  

 

𝐶𝑎10 (𝑃𝑂4) (𝑂𝐻)2 → 10 𝐶𝑎2+ 6𝐻𝑃𝑂4
2− +  2𝑂𝐻−           (1) 

 

This reaction is considered to be responsible for various content of Ca and P in the oxide film 

layer. The relative amount of Ca and P on the surface of the PEO samples is shown in Table 

2. The result shows that the Ca/P ratio was highest for S2 and that the Ca and P were 

relatively more abundant in the oxide film layer when higher concentrations of HA particles 
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were used. A similar phenomenon was observed by Sowa et al. [13], during PEO process of 

Ti13Al13Nb alloy, in which the incorporation of Ca and P species in the oxide film 

proceeded to a higher extent when higher concentration of calcium phosphates was used. 

However, the research conducted by Yao et al. [17] shows that release of additional ions into 

solution from higher concentrations may lead to a decrease in the content of Ca and P in the 

oxide film layer. This shows how the composition and concentration of the electrolyte 

ingredients can affect the incorporation of Ca and P in the oxide film layer. The EDS 

elemental mapping of the PEO-coated sample (not shown here) revealed that Ca and P 

elements were distributed homogeneously throughout the coating.  

 

  

The XRD patterns of the PEO coatings prepared at different HA concentrations in the 

0.12 M NAP solution are shown in Fig. 3. During the PEO process, the temperature and 

pressure in the discharge channel could reach approximately 10000 K and 100 MPa [18], 

which are high enough to promote the conversion of the Ti substrate into micro-porous TiO2. 

At a 0 g/L HA concentration, there were only Ti and anatase TiO2 phase (Fig. 3a). With the 

addition of HA, the peak associated with HA and tricalcium phosphate (TCP) were detected 

along with anatase (Figs. 3(b-d)). Moreover, as the HA concentration increases from 0 to 2 

g/L, the intensity of the HA and TCP peaks increase. The appearance of TCP at 5 min. 

deposition time has also been reported by Durdu et al. [19], while studying hydroxyapatite 

and calcium apatite based coatings formation on Ti6Al4V alloy surface using PEO method. 

Abbasi et al. [20] inferred that the decomposition of  HAp   phase to TCP is as a result of 

anode temperature surge during PEO process. They found that the HA phase appeared at a 

deposition time of 3 min. and its decomposition start to occur when treated above 3 min. 

deposition time. 



13 
 

 

3.2.1. Surface roughness, micro-porosity and thickness of TiO2 /HA coating 

The surface roughness (Ra) of untreated Ti and the coated S0, S1, S1.5, and S2 samples 

are presented in Table 3. The Ra of the PEO treated layers is significantly higher than that of 

untreated Ti. When the Ti was micro-arc oxidized with the electrolyte with no HA additions, 

the surface roughness increased steadily. The surface roughness of the S1.5 and S2 samples 

were much higher than the oxidized surface (S0). With a further increase in the HA 

concentration above 1.5 g/L, only a slight increment in roughness was observed, which 

indicates that HA addition did not alter the roughness significantly.  

 

 

The polished cross-sectional views of PEO-coated surfaces of the samples prepared 

with different HA concentrations are shown in Fig. 4. The average coating thickness (Table 

3) revealed that the thickness of the PEO-coated layers also depends on the HA content in the 

electrolyte. With increasing concentration of HA particles in the electrolyte during PEO 

treatment, a much thicker layer, ranging from 10-17 µm, was formed. The obtained coatings 

were significantly thicker when higher concentrations of HA were used. This finding is in 

agreement with the observation reported by Bai et al. [21] and Simka et al. [22] in their PEO 

treatment of Ti samples. They found that the thickness of oxide film was higher when larger 

amount of Ca and P were deposited into the porous oxide film. A significant amount of 

closed pores were also observed due to CaP enrichment in the porous oxide layer.  

 

 

This morphological change is attributed to the dielectric breakdown of the enriched 

oxide layer. It can be inferred that during the PEO process, an intense micro-arc discharge 
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appears on a local area of the substrate to form micro-pores. As the micro-pores are formed, 

more openings are created for the entrance of electrolyte-borne particles. The micro-porous 

layer becomes filled with Ca and P ions. As the TiO2 layer enriched with Ca and P becomes 

thicker, the resistance of the layer increases and more energy is required to break the 

dielectric layer. Owing to a series of thermochemical reactions and subsequent formation of 

complex compounds on the substrates, the roughness and thickness increase. The roughness 

and thickness of the PEO-coated layers depend on the electrolyte concentration and the 

coatings were significantly rougher and thicker when higher concentrations of HA were used. 

The porosity of the PEO coatings was examined using OLYMPUS Stream Micro-

Imaging Software. The results, given in Table 3 show that the porosity decreases with 

increasing HA particle concentration in the oxide films. The PEO coating processed with 0 

g/L HA had a large percentage of pores. These pores are characteristic features of the PEO 

coating and their formation is related to gases produced during the PEO process. The NAP 

solution (without HA addition) is less viscous, and the entrapped gases produced during the 

PEO process formed pores on the re-solidified Ti surface (Fig. 2d). On the other hand, the 

PEO processed with the electrolytes with the HA addition had high fluidity due to the 

concentrations of HA particles. The evolved gases can escape during the solidification or 

sintering process when the electrolyte solution is sufficiently fluid. It is believed that the PEO 

coatings with HA addition yielded high fluidity liquids which assisted these gases to escape. 

The porosity level of the sample code S2 decreases due to the HA incorporated into the film 

layer (Fig. 2e).  

 

3.3. Mechanisms of TiO2/HA coating formation 

The deposition of HA in the Na3PO4 solution was performed using an anodization 

process, and a TiO2/HA layer is created on the Ti surface. In the PEO process, when the 
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applied voltage is higher than the breakdown voltage, the micro-arc discharges rapidly build 

up on the anode surface which leads to the dissolution of Ti metal. According to Eq. (2), Ti 

plate has a strong tendency to release electrons to produce Ti
4+ 

ions. 

 

𝑇𝑖 → 𝑇𝑖4+  + 4𝑒−               (2) 

 

At a sufficient potential difference, the water molecules in the aqueous electrolyte solution 

dissociate and produce hydroxyl (𝑂𝐻−). The 𝑂𝐻− ions migrates towards the anode and 

produces O2 gas via the following chemical reactions.  

 

2𝐻2𝑂 → 𝐻3𝑂
+ +  𝑂𝐻−                         (3) 

4𝑂𝐻− → 𝑂2 + 2𝐻2O + 4𝑒−               (4) 

Thus, the main reactions occur on the anode via the combination of equations  

(2 and 4) as follows: 

 

𝑇𝑖 + 4𝑂𝐻− → 𝑇𝑖𝑂2 + 2𝐻2O +4𝑒−             (5) 

  

In the next stage of the PEO process, the Na3PO4 compound in the electrolyte can 

ionize to Na
+ 

and PO4
3-

. The anion (𝑃𝑂4
3−

) is not bound to any particular atom during the 

PEO process and are free to drift throughout the entire electrolyte bath, which finally form a 

sea of electrons on the HA particles. The 
  𝑃𝑂4

3−
 ion charges the HA particles negatively. 

The negatively charged HA particles in the electrolyte are attracted to, and migrated towards, 

the anode under the strong electric field and get deposited into the microporous oxide layer 

grown via the PEO process. The HA particle is thereafter sintered onto the anodic surface by 

the high micro-arc plasma discharge produced at the anode. Thus, the incorporation of 
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charged HA particles into the porous oxide film will occur concurrently, thereby forming the 

TiO2/HA layer.  

During the PEO process, the high temperature generated inside the micro-porous layer 

would promote migration of Ca and P ions from the inner porous layer into the outer layer 

and form tricalcium phosphate according to the following reaction: 

 

3𝐶𝑎2+ + 2𝑃𝑂4
3-   → 𝐶𝑎3 (𝑃𝑂4) 2             (6) 

 

According to reaction equations (2-6), TiO2 is produced in the anodic coatings, and Ca and P 

elements are incorporated into the oxide films. In addition, anatase, TCP and HA are present 

in the PEO coatings.  

 

3.4. Adhesive strength of PEO coated surfaces 

Adhesion of the coatings to the substrates is critical to their function and determines 

the stability and durability of films. Many studies have used scratch test method to examine 

the adhesion of coating to substrate [23]. Though Bull and Berasetegui [24] explained that 

several failure modes may occur during the scratch test, the actual failure mechanism is still 

unclear. Nevertheless, scratch test method has been demonstrated as an effective method to 

obtain the critical loads that are related to the adhesion properties of coatings [25]. To detect 

the widest possible range of coating failure modes, scratch tests were performed on PEO-

coated surfaces. To assess the effect of the HA concentration of the coating, all the scratches 

were examined using both an FESEM and an optical microscope, and the load at which the 

uncovered substrate was conspicuously visible along the scratch tract was used to define the 

critical load.  
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 Fig. 5 shows the surface of the coating after the diamond indenter is drawn over the 

surface with a linearly increasing load (0-2500 N) until failure occurs at the critical load 

(Lc2). At the onset of the test, the coating was in the elastic-to-plastic region (Le-p). As the 

normal load progressively increases, the indentation tip gradually sinks into the coated layer, 

indicated by a nearly linear change of penetration at the beginning of the test (Figs. 5 (a-d)). 

Consequently, spalled regions of coating removed laterally from the edges of the scratch 

track grooves were observed. With the sample processed without the HA addition (S0), it is 

observed that at a scratch length of approximately 200 μm (Fig. 5a) S0 started to experience 

cohesive failure indicated by large periodic localized hemispherical chips, which remain 

attached to the coating at the outside edges of the trackside, indicating a weak cohesive 

strength of this sample. Such film failure is clearly seen as an increase in scratch depth and 

subsequent fluctuation of the frictional force as the indenter tip encounters broken film (Fig. 

5a). This was subsequently followed by detachment of the coating and subsequent failure of 

the coated layer through complete exposure of the substrate material. A complete removal of 

the coating in the scratch track occurs at Lc2 of 1247 mN (at a scratch length 390 μm). It is to 

be noted that S0 has the lowest coating thickness and a high level of porosity (Table 3), which 

are thought to be responsible for the low adhesive strength. The presence of the porous thin 

layer led to faster degradation of the adhesive strength and early fracture under the applied 

load. The stylus tip could penetrate the porous thin layer more easily and thus the durability 

of the oxide film coating was reduced. Therefore, the failure of S0 can be attributed to the 

presence of a micro-porous thin layer on the surface of this sample which weakens the 

interface layer. It is believed that the contact area between the pore-containing oxide film and 

the Ti surface is reduced due to the presence and arrangement of the pores.  
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Comparing the samples processed without HA (S0) with those processed with HA 

addition (S1, S1.5 and S2), the scratch length between the chipping region and the point of 

delamination suggests that the coatings processed with HA addition have adequate adhesive 

strength. The failure mode depicts different surface features. The first sign of failure observed 

with the samples processed with HA addition was intermittent delamination of the coating 

layer along the scratch path (Figs. 5 (b-d)). This is also reflected by the intense penetration 

depth and fluctuation of the frictional force during the test. As the load progressively 

increased, the coating was seen to completely fail from the substrate surface. The extent of 

delamination along the scratch path is more pronounced with the highest HA addition (S2). It 

is clear from the scratch test results presented here that the intermittent delamination and the 

area of uncovered substrate is greater and extends beyond the limit of the scratch track (Fig. 

5d) for sample S2, while the S1.5 sample only had a small amount of exposed substrate that 

was confined within the track (Fig. 5c).  

Adhesive strength obtained at the same scratch length revealed that the coating on S2 

begins to delaminate when it reached a scratch length of 398 μm (Lc1) and this intermittent 

distortion or delamination continues until it reached a scratch length of approximately 610 

μm at 1739 mN critical load (Lc2), when it finally failed. At the same scratch length, the 

coating on sample S1.5 was still intact, and only began to experience chipping film failure at a 

higher scratch length of 418 μm (Lc1). The complete failure of the coating occurred at a 

scratch length 835 μm, corresponding to a critical load of 2099 mN (Lc2). However, the 

coating on sample code S1 failed at a scratch length of approximately 512 μm and critical load 

of 1514 mN.  

The reason for the detrimental effect of the highest HA concentration is related to the 

morphological change of the TiO2 film. The TiO2 film enriched with the highest 

concentration of HA was not well formed due to the higher level of Ca and P in the anodic 
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oxide film (Fig. 2d). The incomplete breakdown of the anodic oxide/micro-arc discharges 

film due to high levels of Ca and P elements may have resulted in a poor network of micro-

pore channel through the oxide section of the increased layer thickness (Fig. 4d). Owing to 

this, the microstructure surface became irregular (Fig. 2e) as the Ca and P are not uniformly 

distributed in the oxide film. As a result of this, the oxide film became unstable when the HA 

concentration increased beyond 1.5 g/L HA. This is believed to have caused a deterioration of 

the adhesive strength. 

Although, S2 has the highest coating thickness and showed the existence of strong 

intensity of Ca and P, its overall adhesive strength was lower than that of the sample 

processed with 1.5 g/L HA (S1.5) due to instability of the oxide film and higher levels of Ca 

and P in the oxide film. The reduction in Lc of the thickest sample can be attributed to high 

levels of residual stress, which arises from the thermochemical reaction during formation of 

the coating. At a 2 g/L HA concentration at the anodic interface, higher incorporation of ions 

is expected, which will ultimately release larger exothermic energy. The gas generated during 

the reaction causes development of voids area and pores at the interface and centre of the 

cross-section of the thick layer (Fig. 4d). Thus, the adhesive strength decreases when the 

level of residual stresses present in the TiO2/HA film increases. A similar result was reported 

when CaP was produced on Ti surface using the electrochemical deposition method. Higher 

thickness and surface roughness were recorded with low adhesive strength [26]. Of all the 

samples, S1.5 displayed high adhesive strength and cohesive resistance to the applied stress of 

the sliding indenter during the scratch test.  

Further investigation was done to identify the elemental constituents in the scratches 

produced during the scratch test. The elemental profile for the samples prepared with these 

two HA concentrations was also characterized by the FESEM line scan analysis as shown in 

Fig. 6. It can be observed from the spall region area of the scratch test (Fig. 6b) that 
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detachment of the coating in S2 is more pronounced compared to S1.5. For sample S1.5, some 

spallation is noticed on both sides of the scratch area (Fig. 6a). Along the scratch length of 

the test, peaks for Ti and O were detected which indicates the existence of the oxide phase. 

The distribution of the oxide layer can be observed for sample code S1.5 almost along the 

entire scratch length of the test. However, for sample code S2, as the relative intensity of Ca 

and P ions increased, the peak of Ti decreased up to a certain limit, and this marks the 

beginning of the instability of the oxide film (Fig. 6b). This may be associated with the 

incorporation of more HA particles from the NAP electrolyte aqueous solution.  

 

 

3.4.1. Scratch hardness of PEO-coated surfaces  

To measure the resistance of the TiO2/HA film to deformation, the scratch hardness 

test was conducted on the PEO-coated samples. This test provides a different combination of 

the surface as the stylus moves tangentially along the coated surface. The method is 

applicable to a variety of engineering materials including ceramics, metals and polymers. It 

involves measurements of the leftover scratch width after the stylus has been removed to 

calculate the hardness number. Owing to the fact that, the stress state at the diamond tip is a 

function of the contact area and applied force, the scratch hardness depends solely on the 

diamond tip radius and applied load [27]. The hardness is obtained by dividing the applied 

load on the diamond tip by the projected area of the contact scratching surface. In the present 

work, a constant normal force is applied by the stylus and track formed by relative movement 

of the stylus against the coated surface. The average width of the scratch track was measured 

with the aid of optical microscope. The scratch hardness 𝐻𝑆𝑃   was determined following the 

specification of ASTM G171-03  [28]: 
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𝐻𝑆𝑃 =
8𝑃

𝜋𝑤 2                (7) 

 

where 𝐻𝑆𝑃  is the scratch hardness number, P is the normal force (N) and w is the scratch 

width (mm).  

 The scratch hardness measured for the PEO-coated Ti processed at different HA 

concentrations was 5.03, 4.07, 4.96 and 3.34 GPa for the S0, S1, S1.5 and S2 samples, 

respectively. The results show that the oxide film layer had the highest resistance to 

scratching than coatings produced with HA addition. The relatively lower hardness obtained 

with HA addition could be associated with the brittle nature of HA, residual stress generated 

at the coating interface and the inconsistent formation of the oxide layer. 

 

3.5. Failure modes of PEO coatings 

In general, the failure modes mechanism observed in thin coatings is influenced by a 

number of internal and external factors. The internal factors are related to the testing 

conditions and are scratch test-dependent such as loading rate, indenter shape, scratch speed, 

machine calibration and others. The external factors are categorized as substrate material, 

coating properties, surface roughness, friction coefficient and testing environment [29]. 

Previous studies revealed the existence of a number of failure mode mechanisms, making the 

resulting behaviour of coatings subjected to the scratch test having a complex array of 

interaction of these factors [30]. 

In this study, the failure mechanism is divided into two stages. For the sample 

processed without HA addition, a chipping failure mode was observed, which implies that the 

TiO2-PEO films on the Ti surface influence coating adhesion. The failure was seen to occur 

within the substrate, which leads to chipping and loss of coating along the scratch trackside 

(Fig. 5a). This may be due to the interaction of the coating and the substrate. The oxide film 
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is known to be brittle while Ti is ductile. As the diamond indenter contacts the coating during 

the scratch test, hemispherical chipping, which propagates outward from the centre line of the 

trackside, occurred due to compressive stresses generated ahead of the moving diamond 

indenter. Trackside chipping occurs due to compressive stresses that have been built up ahead 

of the moving diamond indenter. The stresses experienced by the coating are relieved through 

hemispherical chipping on both sides of the track.  

For the sample produced with HA addition, the coating failure is characterized by 

partial and intermittent delamination (Figs. 5(b-d)). The stresses responsible for the coating 

delamination are a combination of the stresses remaining in the coating and the localized 

tensile stresses generated by the diamond indenter stylus. The failure mode occurred ahead of 

the moving indenter. The shear force scrapes the coating off the substrate. The tensile crack 

first forms at the weak coating/substrate interface ahead of the moving indenter due to 

compressive shear stress. This is usually accompanied by the rise and fall of diamond 

indenter penetration depth. The continued forward movement of the indenter tip increases the 

stress and leads to the growth of an interfacial tensile crack (Fig. 5c). Prior to failure mode, 

the space between the scratch widths becomes constant and the interfacial tensile crack 

decreases. At this particular point, the high compressive stress that had built up disappears 

and no delamination will be observed. Eventually, the spallation is then replaced by chipping 

and detachment of the coating along the trackside. The spalled regions are usually smaller 

with a lower number of cracks. As mentioned earlier, the adhesive strength of TiO2/HA was 

2099 mN. Conversely, a value 1247 mN was recorded with the microporous oxide film on Ti 

surface. These results show that by infiltrating Ca and P in the porous oxide film, the 

adhesive strength can be increased by about 68%. 

 

4. Conclusions 
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The enrichment of the PEO-TiO2 layer on Ti6Al4V surface with HA particles was 

successfully performed in a solitary Na3PO4 solution using PEO in a single step approach. 

The coating morphology, structure and adhesion were notably influenced by the HA 

concentration. The content of Ca and P incorporated into the oxide film increased with the 

HA concentration in the PEO-TiO2 coatings; the coating thickness and surface roughness 

have a positive correlation with the HA level dispersed in the Na3PO4 solution. The thickness 

of the PEO-layer varied from 10-17 μm depending on the HA content. An inverse 

relationship was seen between the porosity and the HA concentration of the suspensions. 

With increasing HA concentration from 0 g/L to 2 g/L, the porosity level decreased 

dramatically. The surface composition of the Ca and P embedded in the PEO - oxide film was 

critically affected when treated with suspensions with an HA concentration above 1.5 g/L.  

The adhesive strength of the enriched layer was significantly affected by the 

concentration of Ca and P in the film. As the HA concentration increased, more Ca and P 

infiltrated into the oxide film and eventually led to deterioration of the adhesive strength of 

the layer. However, by varying the concentration of HA, an adhesive strength up to 2099 mN 

for the film prepared with an HA concentration of 1.5 g/L was achieved, compared to 1247 

mN for the film prepared with no HA.  

A maximum scratch hardness of about 5 GPa was obtained for the coatings. The 

failure phenomenon for the sample processed with HA is different from that prepared without 

HA. The failure without HA addition was characterized with substantial periodic 

hemispherical chipping as the loading force increased, whereas intermittent delamination was 

observed for HA coated surfaces. 
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Table 1. Process parameters for PEO coatings. 

PEO parameters Quantity 

HA concentration (g/L) 0-2 

Na3PO4 (M) 0.12 

Voltage (V) 300 

Current density (Adm
-2

) 0.5 

Treatment time (min) 5 

 

 

Table 2.  Chemical composition of the PEO hydroxyapatite coatings. 

 Sample code 

 S0 S1 S1.5 S2 

Ca, at.% - 13.43 17.57 22.84 

P, at. % 9.86 11.93 14.52 17.58 

Ca/P ratio - 1.13 1.21 1.30 

 

 

Table 3. Variation in surface roughness, porosity and thickness of PEO coatings as a function 

of HA concentration. 

Sample code HA (g/L) Ra (μm) Porosity (%) Thickness (μm) 

Ti - 0.16 - - 

S0 0 1.47 80.8 9.8 

S1 1.0 2.11 59.0 11.5 

S1.5 1.5 2.18 55.5 13.6 

S2 2.0 2.20 54.1 16.7 



29 
 

Fig. 1. Voltage-time plots obtained during the PEO process in different electrolyte 

concentration. 

 

Fig. 2. Surface morphology of (a) Ti6Al4V and PEO ceramic coated samples for (b) S0, (c) 

S1, (d) S1.5, and (e) S2, with their corresponding EDX.    

 

Fig. 3.  XRD patterns of the PEO ceramic coatings obtained in NAP electrolyte solution with 

different HA concentrations (a) S0, (b) S1, (c) S1.5, and (d) S2  

 

Fig. 4. FESEM cross-section images of the PEO coated samples for (a) S0, (b) S1, (c) S1.5, and 

(d) S2.  

 

Fig. 5. Optical images of PEO hydroxyapatite coated surfaces during scratch test for (a) S0, 

(b) S1, (c) S1.5, and (d) S2, along with their corresponding load, depth and frictional force as a 

function of scratch length.   

 

Fig. 6. FESEM images of the scratch test produced using the PEO process in the NAP 

electrolyte solution with HA concentration for (a) S1.5 and (b) S2, along with their 

corresponding line scan analysis. 
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