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Abstract. In order to better understand the specific effect of process parameters on porous titanium 

micro-arc oxidation coating. In this paper, TiO2 membrane layer was prepared on porous titanium matrix 

with 67 % porosity by microarc oxidation method (MAO), which use a phosphoric acid solution as 

electrolyte. The samples were characterized using XRD and SEM. The results showed that the samples 

prepared under the experimental parameters of 350 V and 30 min had a good surface morphology and 

could provide a higher specific surface area. After soaking in SBF for 7 days, the formation of 

hydroxyapatite (HA) can be induced, indicating that porous titanium after micro-arc oxidation 

modification has good biological activity. 
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Introduction 

Titanium (Ti) and its alloys are widely used as hard tissue repair materials in clinics 

owing to their high biocompatibility (Choi and Kim, 2016; Nune et al., 2016; Thanh and 

Do, 2018). However, their far larger elastic moduli and the mismatched mechanical 

properties compared to human bones would lead to post-implant stress shield and finally 

to the loosening and failure of implants (Nomura et al., 2005; Shrestha and Baral, 2018). 

Nevertheless, the emerging porous structures can efficiently improve the mechanical 

properties of Ti to the levels of human bone tissues. Moreover, porous Ti has high 

biocompatibility, and (Hao, 2018) its unique structures are favorable for the body fluid 

transmission and tissue regeneration / reconstruction and accelerate the healing process. 

(Zhang et al., 2017). Generally, a higher porosity offers a larger space for tissue growth, 

which is favorable for the inward growth of peripheral cells and the growth of new 

bones and strengthens the bio-fixation with bone tissues (Wen et al., 2001; Ali et al., 

2018). 

However, Ti is a biologically inert material that can hardly bind with bone tissues to 

form bone bonding (Wang et al., 2014; Rahim et al., 2018), which limits its further 

application in the medical field (Das et al., 2016; Qiao, 2018). Thus, surface 

modification is required to improve the biological performances of porous Ti. The 

emerging microarc oxidation surface modification in recent years can be used to prepare 

porous ceramic coating layers on surfaces of Ti and thereby to largely improve its 

properties (Chien et al., 2017; Gautam et al., 2019). The phases and morphology largely 

affect the bioactivity of porous ceramic films (Zhao et al., 2014), but there is rare 

research on microarc oxidation coating of porous Ti. Thus, the microarc oxidation 

technology was used to prepare porous coatings on the porous Ti matrix. The effects of 

anode voltage and oxidation time on the surface morphology and phases of the coatings 

were systematically studied (Chen et al., 2017; Dali and Kamarudin, 2018). The 

findings offer some reference for subsequent research. 
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Materials and Method 

Preparation of porous Ti 

The 300-mesh commercial pure Ti powder and NH4HCO3 (granularity=100-300 µm) 

as the pore-forming agent were mixed at the mass fraction ratio of 1:1, uniformly 

stirred, and placed (Zhang et al., 2018; Masri and Samsudin, 2018) into a mold, which 

was pressed by a miniature hydraulic press at the pressure of 80 MPa. The molded 

specimens were preserved in an ordinary muffle furnace at 100ºC for 5 h in order to 

completely remove the pore-forming agent, then heated to 1300ºC in a vacuum sintering 

furnace (< 10-3 MPa), heat-preserved for 2 h and naturally cooled, forming the porous Ti 

substrate. 

Preparation of surface TiO2 films on porous Ti via microarc oxidation 

The sintered porous Ti was cut into sheets (Φ10 mm × H2 mm), which were 

ultrasonically washed with ethanol and deionized water and then dried. (Zhang et al., 

2018). The porous Ti sheets were used as the anode, graphite sheets as the cathode, and 

a 0.5 mol/L H3PO4 solution as the electrolytic solution in the microarc oxidation 

experiments at the time of 5 - 30 min and voltage of 250-450 V. When the electrolytic 

solution was controlled below 30ºC, porous Ti MAO films were formed and the 

oxidized specimens were washed in distilled water and dried. 

Characterization of TiO2 films 

Morphology was observed under a Quanta200 scanning electron microscope (SEM) 

and phases were analyzed under an X’Pert Pro MPD X-ray diffractometer (XRD). 

Bioactivity experiments 

A simulated body fluid (SBF) was made according to the composition by Tadashi 

Kokubo. The specimens after the above microarc oxidation were soaked in the SBF at 

37ºC. The SBF was changed once every day. After 7 days, the specimens were taken 

out, rinsed with deionized water and air-dried. 

Results and discussion 

Effects of electrode voltage 

Effects on the surface morphology of microarc oxidized film layers 

The figure below (Fig. 1) shows the surface morphology of the oxidized films 

prepared after 30 min of oxidation at different electrode voltages. Clearly, (Kang et al., 

2017) numerous fine micropores (1-2 μm) were formed on surfaces at the constant 

voltage of 250 V (Fig. 1a). At the voltage of 300 V, however, the specimen surfaces 

were uneven, with irregularly-shaped heaves in some places and irregular porous 

surfaces in other places, and the micropores were minor, unevenly-sized and 

nonuniformly distributed (Fig. 1b). At the voltage of 350 V, the surface oxidation films 

were rough, and the number of micropores significantly increased, but the sizes and 

distributions were uniform, and the pore sizes were enlarged to 4 - 6 μm (Fig. 1c). At 

the voltage of 450 V, the micropores on their surface oxidation films were significantly 

enlarged, but the numbers considerably decreased, and a part of the micropores fused 
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and the walls were broken (Fig. 1d). The above results suggest that the pores in the 

surface films are gradually enlarged and the numbers decline along with the increase of 

electrode voltage. 

This was because due to the overly low voltage, the resulting oxidation films were 

very thin and weak and could be easily punctured, (Kai et al., 2018; Babaranti et al., 

2019) and together with the low discharge quantity, the resulting micropores were large 

in number and small in size. At high voltage, the enlarged discharge channels due to 

intense discharge led to the enlarged pores. Thus, when constant-voltage 250 V was 

applied, the low voltage, small discharge and gentle surface reactions made it easier to 

puncture the surface thin films, and consequently, a large number of small-sized 

micropores were formed. At voltage 300 V (Yang et al., 2019), the relatively low 

voltage and small discharge decelerated the metal surface oxidation, and thus decreased 

the numbers of micropores on the oxidation films. The slow oxidation led to less heat 

release and nonuniform oxidation, and irregular convexes and irregular micropores were 

formed on the oxidation film layers. As the electrode voltage rose to 350 V, the voltage 

and discharge increased and the metal surface oxidation was quickened, (Zeng et al., 

2018) which led to the increased amount of uniformly-distributed micropores on the 

oxidation films. At the voltage of 450 V, the excessive voltage led to intense discharge, 

while the released high-energy caused micropore melting and enlarged the discharge 

channels and micropores. 

 

Figure 1. Surface morphology of specimen under different voltage treatment 

(a) 250V; (b) 300V; (c) 350V; (d) 450V 

 

 

Moreover, (Sheng et al., 2018) the film thickening or densening reduced the 

conductivity, thereby decelerated the metal surface oxidation and decreased the amount 

of micropores on the oxidation film layers (Zhu et al., 2008; Pazand and Hezarkhani, 

2018). At the electrode voltage of 450 V, evident cracks appeared at the oxidation film 

surfaces and between pores (Fig. 1d). The possible reason was that at higher voltage, 

the discharge quantity increased and the melting led to the formation of more oxides, 

(Tang et al., 2019) but during the sudden cooling under the action of external 

electrolytic solutions, the melts gradually clustered together rather than slowly 

dispersing or solidifying, leading to the formation of internal stress inside the structures. 

As the microarc oxidation proceeded, (Xiao, 2019) the inner stress was gradually 

intensified and finally was macroscopically embodied as local forced cracking on the 

oxidation films, which explained the formation of microcracks. 
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According to the basic principles of microarc oxidation, as the microarc oxidation 

reaction proceeds, the electrode voltage, after exceeding the critical level, will puncture 

the relatively weak parts on the surfaces of the anode specimens. At the early stage of 

microarc oxidation, the newly- formed oxide layer is very weak and is likely to be first 

penetrated, and the short-term overly high temperature subjects the locally-discharged 

anode to splashed melting, forming current channels for discharge, and after a certain 

period of external cooling, the penetrated oxidation film layer and the current channels 

are all reserved. At the same place of puncturing, the new matrix is oxidized into a new 

oxidation film layer, and the weak parts are punctured again. Thereby, this procedure 

circulates and consequently the oxidation film layer accumulates and thickens, forming 

a porous film structure on specimen surfaces in which large pores cover small pores 

(Fig. 1c). In this structure, the film layers and the matrix are mutually inlayed and bond 

more firmly, which also enlarge the specific surface areas. After 30 min of oxidation, 

when the constant voltage is 350 V, porous microarc oxidation films with rough surfaces 

and more micropores are formed on specimen surfaces, and the large pores in the 

micropores cover the small pores. Under this condition, the specific surface areas are 

the largest, and the oxidation film layers bond firmly with the matrix. It is deduced that 

microarc oxidation for surface processing of porous Ti would form the most ideal 

microarc oxidation films under this condition. 

Effects of electrode voltage on the phases of the microarc oxidation films 

The following figure shows the XRD images of the surface oxidation films formed 

from microarc oxidation at different electrode voltages. Clearly, the diffraction peaks of 

Anatase TiO2 are very obvious (Fig. 2), suggesting the surface oxidation films formed 

from microarc oxidation under different conditions are all rich in Anatase TiO2, 

(Selvaraj, 2017) which is the major component of the oxidation film layers. 

 

Figure 2. X-ray diffraction (XRD) patterns of microarc oxide film with different electrode 

voltage 

 

 

Moreover, the diffraction peaks of the base material -- pure Ti are also very strong, 

but the peaks of Rutile TiO2 are very weak and only appear at a part of the electrode 

voltages. These XRD results imply the major phase of the oxidation films formed under 

different oxidation conditions is anatase TiO2, and Rutile TiO2 did appear under certain 



Fan: Effects of process parameters on microarc oxidation film layers of porous titanium 

- 8635 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17(4):8631-8641. 
http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1704_86318641 

 2019, ALÖKI Kft., Budapest, Hungary 

conditions, but no rules concerning its concentration were found. This is because rutile 

TiO2 has higher activation energy than anatase TiO2, and the conversion from anatase 

TiO2 to rutile TiO2 relies on very high temperature. Thus, the reason why the rutile TiO2 

concentration did not increase with the rising electrode voltage was deduced. 

Specifically, the temperature during the microarc oxidation was controlled by the 

cooling in an ice-water mixture, which was hard to reach the high-temperature needed 

for the formation of rutile TiO2. As a result, in the surface oxidation film layers after the 

microarc oxidation under different conditions, the rutile TiO2 concentration did not 

change regularly and was very low. 

Effects of time 

Effects of time on surface morphology of microarc oxidized films 

The figure below shows the surface morphology (500) of the oxidation films 

prepared under electrode voltage of 350 V and different time durations (Fig. 3). 

Compared with the blank group (Fig. 3a), when the microarc oxidation proceeded under 

the constant voltage of 350 V, surface porous film layers were formed and the surface 

roughness was significantly intensified with the reaction time prolonged from 5 to 

30 min. At this magnification factor, the specimen surfaces after 5 min of oxidation 

became rough and contained numerous fine micropores (Fig. 3). The surface roughness 

decreased after 15 to 30 min of oxidation. After 30 min of oxidation, porous film layers 

containing numerous evenly-distributed and large-sized pores were evidently formed 

(Fig. 3d). Clearly, the numbers and sizes of micropores in the film layers both changed 

at the same electrode voltage and after different durations of oxidation. 

 

Figure 3. Low ploid morphology (500 ×) of microarc oxide film surface at different oxidation 

times  

(a) 5 min; (b) 15min; (c) 25 min; (d) 30 min 

 

 

The figure below shows the surface morphology (3000) of the oxidation films 

prepared under the same electrode voltage of 350 V and different time durations 

(Fig. 4). During the microarc oxidation at the constant voltage of 350 V, very rough 

porous oxidation film layers were formed after 5 min of oxidation, which contained 

numerous micropores below 5 μm and were obviously melted (Fig. 4a). After 15 min of 

oxidation, the surface roughness decreased significantly and the numbers of micropores 

decreased, and the porous film layers contained size-varying and unevenly-distributed 
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micropores, and the pore sizes decreased, the small pores were in size of ~ 500 nm and 

the large pores were about 3 μm (Fig. 4b). After 25 min of oxidation, the surface 

oxidation film layers were relatively even, and the sizes (1-2 μm) and distribution of 

micropores were relatively uniform (Fig. 4c). After 30 min, the surface oxidation films 

were very regular and formed a complete porous structure of small pores in large pores, 

but the micropores significantly decreased in number and considerably enlarged to 

about 6 μm (Fig. 4d). Clearly, with the prolonging of time before 25 min, the surface 

roughness gradually decreased, and the micropore distribution in the oxidation film 

layers became uniform, but the pore sizes decreased slowly. At about 30 min, the 

micropores were significantly enlarged in size and obviously decreased in numbers, and 

the porous layer structure of small pores in large pores was the most regular. Thus, at a 

constant voltage of 350 V was applied, the porous oxidation film layers formed from the 

micro-arc oxidation were optimized when the oxidation time was 30 min. 

 

Figure 4. The surface of the micro-arc oxide film has a high multiple morphology(3000 ×) 

(a) 5 min at different oxidation times; (b) 15min; (c) 25 min; (d) 30 min 

 

 

According to the fundamental principles of oxidation, at the early stage of reaction 

after 5 min of oxidation, a weak oxidation film layer that could be easily punctured was 

first formed on the surfaces of the base material. At the voltage of 350 V, the discharge 

and energy were very large, but the corresponding discharge channels were very small, 

and numerous fine-sized micropores were formed. However, the instant high-energy 

release would melt the walls of a part of the surface fine micropores, locally forming 

large-sized micropores (Fig. 4a). With the oxidation time prolonged from 15 to 25 min, 

the oxidation film layers thickened, reducing conductivity and making the films 

unpuncturable, but the residual discharge channels were gradually narrowed. The 

micropores formed at this moment decreased in size, while the residual energy 

accumulated inside the porous layer structures and would not easily released, leading to 

the gradual decrease of surface roughness (Fig. 4b,c). After 30 min of oxidation, due to 

the small discharge channels and the gradual energy accumulation, the relatively high 

energy caused the ablation of film layers and the consequent local melting of micropore 

walls, forming a smaller amount of larger-sized micropores. At this moment, the 

oxidation, dissolution and solidification speeds were relatively balanced and thus, 

regular porous layer surfaces with large pores containing small pores were formed 

(Fig. 4a). It was deduced that as the oxidation time was prolonged, surface ablation 

would be intensified and thereby more micropores were melted, and consequently, the 
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oxidation film layers might be punctured and locally shed (Yan et al., 2010). Thus, the 

time of microarc oxidation should be controlled within a reasonable range. 

Effects of time on the phases of the microarc oxidation film layers 

The figure below (Fig. 5) shows the XRD images of the surface oxidation films 

formed from different time durations of microarc oxidation. Clearly, the diffraction 

peaks of Anatase TiO2 are very obvious (Fig. 5), suggesting the surface oxidation films 

formed from different time durations of microarc oxidation are all rich in anatase TiO2, 

which is the major phase of the oxidation film layers. 

 

Figure 5. XRD patterns of microarc oxide films at different oxidation times 

 

 

Effects of modification on bioactivity 

The figure below (Fig. 6) shows the morphology of porous Ti (30 min of oxidation at 

350 V, or without oxidation) after soaking in SBF for 7 days. After the non-oxidized 

porous Ti was soaked in the SBF, new substances were formed (Fig. 6a), but in the 

oxidized porous Ti, the surfaces were fully covered by a sediment after 7 days of 

mineralization (Fig. 6b). XRD patterns confirm this sediment is apatite (Fig. 7). 

 

Figure 6. Morphology of biomimetic mineralization of SEM(a) and(b) before and after microarc 

oxidation after 7 days of soaking in SBF with porous titanium oxidized by 350V voltage, 

respectively 

 

 

Microarc oxidation, also called plasma electrolysis oxidation or anode sparkle 

oxidation, is a relatively convenient technique to prepare oxide layers on metal surfaces. 

Compared with common anode oxidation, its major difference is the higher oxidation 
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voltage. After microarc oxidation, surface coatings can form on porous metals or 

irregularly-shaped metals that have complex geometric morphology. The principle of 

this method in activating Ti and its alloys is attributed to the effect of microstructures on 

biological reactions. Chen et al. (2010) created different crystal forms of TiO2 coatings 

atop β Ti alloys by regulating the microarc oxidation voltage and investigated the effects 

of crystal forms on osteoblast growth. 

 

Figure 7. XRD map of different samples 

a) Porous titanium prepared by vacuum sintering; b) is a sample of porous titanium that has not 

been treated with microarc oxidation after being soaked in SBF for 7 days; c) is a porous 

titanium after microarc oxidation (voltage 350V, oxidation time 30 min) and then soaked in SBF 

for 7 days 

 

 

They found the TiO2 after microarc oxidation possessed the bioactivity and Ca 

deposition ability like cells. Bayati et al. (2010) found with the increasing oxidation 

voltage, the surface pore sizes and roughness both significantly increased, but the 

number of pores first rose and then declined, while the contact angle first decreased and 

then enlarged. Furthermore, the variation of hydrophilicity was caused by mainly two 

factors, including the existence of surface oxidation films and the variation of specific 

surface (Yang et al., 2019). Since we conducted microarc oxidation on surfaces of 

porous Ti, the oxidation parameters were different from those of dense Ti. Firstly, the 

films formed under our experimental conditions were all porous and were TiO2 films, 

and these film microstructures were favorable for the formation of the precipitate HA. 

Secondly, the hierarchical microstructures formed from porous Ti oxidation increased 

the specific surface areas and hydrophilicity. The enlarged specific surface areas 

enhanced the specific surface energy and surface activity of porous Ti, which created 

more sites for apatite nucleation. The more hydrophilic surfaces were more likely to 

contact and bind with polar ions in SBF, which accelerated the apatite nucleation and 

crystallization. The different mineralization results in our study can be explained from 

two reasons. The first reason is the change of surface morphology, since the increase in 

pore number and specific surface area offer more sites for the nucleation of precipitates. 

The second reason might be related to the phases of post-oxidation surface film layers. 

The above analysis suggests the surface activity can be enhanced by surface-modifying 

the porous Ti through microarc oxidation. Thus, microarc oxidation may be used to 

modify the surface activation of porous Ti. 
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Conclusions 

(1) When the time of oxidation was constant, the pores in the surface oxidation film 

layers gradually increased in size and decreased in number with the increment of 

electrode voltage. The oxidized film layers contained both rutile TiO2 and anatase TiO2. 

(2) When the voltage was constant, with the prolonging of oxidation time within 5 

and 25 min, the surface roughness gradually decreased, the micropores on the oxidation 

film layers became uniformly-distributed and decreased slowly in size. At about 30 min, 

the micropores were significantly enlarged in size and obviously decreased in number, 

and the porous layer structure of small pores in large pores was the most regular. The 

oxidation film layers were mainly composed of anatase TiO2. 

(3) After 30 min of oxidation at voltage 350 V, the oxidized film layers on pore walls 

of porous Ti became uniform micropore structures in pore size of ~ 6 μm, and these 

structures had large specific surface areas, which were the optimal experimental 

parameters under the tested conditions. 

(4) The porous Ti modified by microarc oxidation induced apatite generation and was 

more bioactive compared with the porous Ti surface without microarc oxidation. 

In the future, when the porous Ti micro-arc oxidation film is applied in specific 

fields, all the parameters in this paper can provide beneficial value. 
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