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Abstract

To form bioactive microarc oxidized (MAO) coatings on titanium, the exploration for introducing various elements into the TiO2-based MAO

coatings has been continually noticed. In this work, novel MAO coatings containing Si, Ca and Na (SCN) elements were prepared on titanium. The

elemental composition, mechanical properties, corrosion resistance and apatite-forming ability of TiO2-based MAO coatings containing SCN were

investigated. The surface hardness, elastic modulus, elastic recovery and corrosion resistance of the MAO coatings containing SCN were improved

obviously by increasing the applied voltages. And the effect of applied voltage on the wetting ability of MAO coatings containing SCN is not

significant. The current results indicated that the MAO coating containing SCN possesses good apatite-forming ability. The apatite-bonding

structure is highly dependent on the chemical reactivity of the materials surface in simulated body fluid.
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1. Introduction

Microarc oxidation (MAO) is a relatively convenient and

effective technique to deposit ceramic coatings on the surfaces

of Ti, Al, Mg and their alloys [1]. This technique can introduce

various desired elements into MAO coatings and produce

various functional coatings with a porous structure [1]. Using

MAO technique to deposit bioactive ceramic coatings on

titanium and its alloys has received much attention in recent

years [2–13]. According to the requirements of application

environments, various MAO coatings containing different

elements were fabricated by adjusting the electrolyte composi-

tions. In most studies, Ca and P elements were introduced into

MAO coatings for preparing the bioactive MAO coatings on Ti

and its alloys. Thus various salts containing Ca and P such as

calcium acetate, calcium glycerophosphate and calcium

dihydrogen phosphate were used in MAO treatment process

[2–13].
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The exploration for introducing various elements into the

MAO coatings to form bioactive surfaces has been continually

noticed, such as only adding Ca or P, Sr [14–20]. As well

known, silicon plays an important role in bone mineralization

and formation and is therefore used in a wide variety of medical

implants and bone grafts [21]. And most of the MAO coatings

containing Si are used for engineering applications [1]. In this

work, Si, Ca and Na (SCN) were doped into MAO coatings by

using electrolytes containing sodium silicate, calcium acetate,

EDTA-2Na and sodium hydroxide to form MAO coating on

titanium for biomedical application, which has less been

reported. This work reported the structure, mechanical

properties, corrosion resistance and apatite-forming ability.

2. Experimental procedure

2.1. Sample preparation

In the MAO experiment, Ti plates (10 � 10 � 1 mm3) were

used as anodes and stainless steel plates were used as cathodes

in an electrolytic bath. The plates were ground with 400, 800

and 1000# abrasive papers, washed with acetone and distilled

water, and dried at 40 8C. An electrolyte was prepared by the

dissolution of reagent-grade chemicals of Ca(CH3COO)2�H2O
d.
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(8.8 g/l), Na2SiO3 (14.2 g/l), EDTA-2Na (15 g/l) and NaOH

(20 g/l) into deionized water. The temperature of the electrolyte

was kept at 40 8C by a cooling system. To investigate the effect

of voltage on the structure and properties of the MAO coatings,

the applied voltages of 200, 250, 300, 350, 400 and 450 V were

used during the MAO treatment process. The frequency, duty

cycle and oxidizing time were 600 Hz, 8.0% and 5 min.

2.2. Immersion of the samples in a simulated body fluid

The MAO coating formed at 300 V was soaked in 15 mL

simulated body fluid (SBF) [22] (Table 1) immersing for

different time and the SBF was refreshed every other day. The

SBF was prepared by dissolving reagent-grade chemicals of

NaCl, NaHCO3, KCl, K2HPO4�3H2O, MgCl2�6H2O, CaCl2,

and Na2SO4 into deionized water and buffering at pH 7.40 with

tris-hydroxymethylaminomethane ((CH2OH)3CNH2) and

1.0 mol/L HCl at 37 8C.

2.3. Test of mechanical and chemical properties

2.3.1. Wetting angle

Wetting angle of the MAO coatings was measured using the

liquid drop method on a contact angle goniometer (CAM101,

KSV Instruments Ltd, Finland).

2.3.2. Corrosion resistance

The corrosion resistance of the MAO coatings was

investigated by a constant current potentiometer system (EG-

G273, Shanghai Huachen, China) in SBF. In this system, the

MAO samples were used as working electrode, and calomel and

Pt were used as reference and assistant electrodes, respectively.

The measured area of the MAO samples was 100 mm2 and the

scanning rate was set as 2 mv/s.

2.3.3. Nanoindentation test

A nanoindentation testing system (Nanoindenter XP, MTS,

America) with a well-calibrated berkovich diamond indenter

was employed to determine the mechanical properties. The

maximum indentation depth and displacement resolution are

500 mm and 0.01 nm, respectively. The maximum load and

load resolution are 500 mN and 50 nN, respectively. The

change of temperature was kept below 1 8C and diamond tip

drift limit was set at 0.25 nm/s. All continuous stiffness
Table 1

Ion concentrations of the SBF and human blood plasma.

Ion Concentrations (mmol/l)

SBF Blood plasma

Na+ 142.0 142.0

K+ 5.0 5.0

Mg2+ 1.5 1.5

Ca2+ 2.5 2.5

Cl� 147.8 103.8

HCO3
2� 4.2 27

HPO4
2� 1.0 1.0

SO4
2� 0.5 0.5
measurements were carried out under displacement control

mode with tip-displacement rate of 10 nm/s. Load–displace-

ment curves were recorded and elastic recovery was calculated.

Hardness and elastic modulus were determined using the Oliver

and Pharr method [23] for a constant depth of 1000 nm.

2.3.4. Scratch test

Scratch test was performed to investigate the adhesion

strength of MAO coatings on titanium. A constant load of 100

and 200 mN was applied on a diamond tip to draw a line on the

coatings. The scratch surfaces were observed by a scanning

electron microscopy (SEM).

2.4. Structure characterization

2.4.1. X-ray diffraction (XRD)

The phase composition of the sample surfaces were analyzed

by X-ray diffraction (XRD, D/max-gB, Japan) using a CuKa

radiation with a continuous scanning mode at a rate of 48/min,

under an accelerating voltage of 40 kV and current of 50 mA.

2.4.2. Scanning electron microscopy (SEM) and energy

dispersive X-ray spectrometer (EDS)

A scanning electron microscopy (SEM, Quanta 200, FEI

Co., American) was used to observe the surface morphologies

of the MAO coatings after scratch test and SBF immersion. In

addition, the elemental concentrations of the sample surfaces

were detected by an energy dispersive X-ray spectrometer

(EDS, EDAX, American) equipped on the SEM system.

2.4.3. X-ray photoelectron spectroscopy

An X-ray photoelectron spectroscopy (XPS, K-Alpha,

Thermofisher Scienticfic Co., American) was used to detect

the chemical compositions of the coating surfaces. In the XPS

experiment, an AlKa (1486.6 eV) X-ray source was used for

the XPS work under a vacuum of 1.0 � 10�8 mbar. The current

of X-ray beam was 6 mA and the resolution for energy was

0.5 eV with a scanning step of 0.1 eV. The regions of 400 mm2

on the sample surfaces were analyzed. The measured binding

energies were calibrated by the C1s (hydrocarbon C–C, C–H)

of 285 eV. And the chemical states of various elements before

and after Ar+ ions etching for 60 s were analyzed.

3. Results and discussion

3.1. Surface composition of the MAO coatings

The XPS survey results of the MAO coatings before and after

Ar+ ion etching is shown in Fig. 1. The major surface constituents

observed on all the surfaces are Si, Ca, Ti, O, Na and C. Before

etching, the C1 s peak was obviously higher compared to the

etched samples due to the environmental contamination as shown

in Fig. 1a. After etching, the Ca2p, Ti2p and Si2p peaks increased

due to the removing of contaminated C as shown in Fig. 1b. The

Ca2p and Si2p spectra of the MAO coatings are shown in Fig. 2.

The Ca2p spectra reveal a doublet of Ca2p3/2 at binding energy

(BE) of 347.5 � 0.2 eV and Ca2p1/2 at BE of 351� 0.2 eV,
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Fig. 1. XPS survey of the MAO coatings formed at different applied voltages before and after Ar+ ions etching: (a) before etching and (b) after etching.
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Fig. 2. XPS high-resolution spectra of Ca2p and Si2p of the MAO coatings formed at different applied voltages: (a) Ca2p and (b) Ca2p before and after etching, (c)

Si2p and (d) Si2p before and after etching.
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corresponding to Ca2+ [13]. The Si2p spectra reveal a peak at

102.5 � 0.2 eV, corresponding to Si4+. These results indicated

that the applied voltage do not affect the chemical states of the Ca

and Si. In addition, the XRD results indicated that the MAO

coatings contained TiO2 crystal and amorphous phase containing

Si and Ca, et. [24].

3.2. Surface morphology and mechanical properties of the

MAO coatings

Fig. 3 shows the SEM micrographs of the surfaces of

titanium and MAO coatings after scratch test. After MAO

treatment, porous coatings were formed on the titanium
surface, and the pore size increased with increasing the applied

voltage. Under a load of 100 mN, titanium surface shows a deep

groove about 12 mm in width with a steep rim. Compared to

titanium, the groove of the MAO coatings became shallow with

increasing the applied voltage. The MAO coatings formed at

200 and 250 V show some cracks noted by white arrows in

Fig. 3b and c. However, they also bonded with titanium

substrate and did not be damaged completely. Under a load of

200 mN, except of the MAO coatings formed at 200 and 250 V,

no cracks and scaling chips were found on other surfaces as

shown in Fig. 4. Even, the pores were observed in the scratched

regions of the MAO coatings formed at 400 and 450 V, showing

a relatively slight scratch. The most of investigations on the



Fig. 3. SEM micrographs of the surfaces of titanium and MAO coatings formed at various voltages after scratch test with a load of 100 mN: (a) titanium, (b) 200 V, (c)

250 V, (d) 300 V, (e) 350 V, (f) 400 V and (g) 450 V.

Fig. 4. SEM micrographs of the surfaces of the titanium and MAO coatings formed at various voltages after scratch test with a load of 200 mN: (a) titanium, (b)

200 V, (c) 250 V, (d) 300 V, (e) 350 V, (f) 400 V and (g) 450 V.
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Fig. 7. The elastic recovery ratio for the MAO coatings formed at different

applied voltages.
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bonding strength between MAO coatings and substrates,

actually showed high bonding strength compared to other

surface modification techniques such as sol–gel, etc. [25,26].

The results indicated that the increase of applied voltage

could improve the mechanical strength of the MAO coatings,

since the higher applied voltage promoted the formation of a

large quantity of titania, as well as the incorporation of Si,

Ca, etc.

Fig. 5 shows that the MAO coatings possess the higher

hardness and elastic modulus compared to titanium. At the

same time, the hardness and elastic modulus of the MAO

coatings were improved as increasing the applied voltage.

Fig. 6 shows the typical loading–displacement curves in an

identical indentation depth of 1000 nm, and both loading and

unloading curves are nonlinear. The maximum displacement

achieved by the nanoindentation is originated from the elastic

and plastic deformation during the testing process, and the

elastic recovery is produced during the unloading duration.

After MAO treatment of titanium surface, the maximum load

performed on the surface when reaching the depth of 1000 nm

was improved with increasing the applied voltages.
As shown in Fig. 7, the MAO coatings formed at various

applied voltages showed higher elastic recovery compared to

that of titanium. Generally, the residual displacement mainly

depends on the plastic deformation. The ceramics basically

exhibit low plastic deformation compared to metals, resulting

in less residual displacement. Thus, the elastic recovery of

titania ceramics is higher than that of titanium. Then, it was

observed that the increasing applied voltages could increase the

elastic recovery in the MAO coatings, as result of the formation

of much titania at higher applied voltage.

3.3. Corrosion tests and wetting ability

The potentiodynamic polarization curves of titanium and

MAO coatings in the SBF are plotted in Fig. 8. Compared to

uncoated Ti, the MAO coatings show the high corrosion potential

and lowest corrosion current. It was observed that increasing

applied voltages could be favorable for improving corrosion

resistance of the MAO coatings due to the increase of the MAO

coating thickness and the formation of large quantity of titania.

The MAO coatings should act as a barrier to the release of metal
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ions to human body and thus avoid deleterious effects. Fig. 9

shows the wetting angle of the titanium and MAO coating about

the level of 46–558. These results indicated that the applied

voltage slightly affect the wetting ability of MAO coatings.

3.4. Apatite formation on the surface of the MAO coating

Fig. 10 shows the XRD patterns of the MAO coating formed

at 300 V before and after SBF immersion for 2 weeks. It is
Fig. 11. SEM morphology of the MAO coating formed at 300 V after SBF imm

magnification of (c).
evident that the surface of the MAO coating after SBF

immersion show the apatite peaks, presenting apatite-forming

ability. The surface morphologies of the MAO coating formed

at 300 Vafter soaking in the SBF for 2, 3 and 4 weeks are shown

in Fig. 11. Basically, a new apatite layer covered on the surface

after SBF immersion for 2 weeks, except of local small region.
ersion different periods: (a) 2 weeks, (b) 3 weeks, (c) 4 weeks and (d) high
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After immersion for 3 and 4 weeks, the apatite layer completely

covered on the whole surface. The EDS result further indicated

the Ca/P ratio is about 1.57 at 4 weeks. The Ca/P ratio of apatite

is lower than that of HA. The apatite structure is very hospitable

in allowing the substitutions of many other ions. The

biomimetic apatite formed in SBF is similar to synthetic

HA, but they differ from HA in composition, stoichiometry, and

physical and mechanical properties. In fact, most investigations

indicated that biomimetic apatites possess relative low Ca/P

ratios due to the lack of Ca2+ ions in the apatite crystal, since the

Ca2+ ions could be substituted by K+, Na+ and Mg2+ ions, and

the PO4
3� and OH� groups could be substituted by HPO4

2�,

CO3
2�, Cl� and F� ions.

The current results reveal that the MAO coating contain-

ing SCN has good induction capability for the heterogeneous

nucleation and growth of apatite in the SBF. The applications

of bioactive inorganic compounds containing Si, Ca, etc.

such as bioactive glasses are very extensively, since they can

bond to bone tissues well because it can induce a layer of

biologically active hydroxycarbonate apatite spontaneously

under a physiological environment due to the presence of Si,

Ca, Na, etc. It is known that substrates with functionalized

surfaces such as OH, PO4H2, COOH and CONH2-terminated

surfaces could induce the apatite formation in SBF or

solutions containing various ions with respect to apatite

[27].

The formation of apatite could be explained as following.

Firstly, the deposition of apatite could be related with the

formation of hydrated silica gel layer on the surfaces based on

the previous researches [28], which could provide the chemical

stimulus for the apatite deposition. The formation of hydrated

silica gel is via dissolution of Na+ ion from the surface based on

the previous researches [28]:

SiðOSiÞ3ONa þ H2O ! SiðOSiÞ3OH þ Naþ þOH� (1)

SiðOSiÞ3OH ! SiðOSiÞ3O� þHþ (2)

Moreover, the dissolution of Ca2+ ion into the SBF could

also act as similar effect on the formation of OH group

compared to Na+ ion. At the same time, the dissolution of Ca2+

ion could further increase the local supersaturation near the

surface of MAO coatings, promoting the deposition of calcium

phosphates as shown in the following equation [28]:

SiðOSiÞ3O�þ2Ca2þþPðVÞ!SiðOSiÞ3Od�ðCa�O�PO3�CaÞdþ

(3)

Generally, bonelike apatite formation on biomaterial surface in

SBF requires a chemical stimulus. The apatite-bonding struc-

ture is highly dependent on the chemical reactivity of the

materials surface in fluids.

4. Conclusion

The increase of applied voltages improved the surface

hardness, elastic modulus and elastic recovery of the MAO

coatings containing SCN. Increasing applied voltages could be
favorable for improving corrosion resistance of the MAO

coatings containing SCN due to the increase of the MAO

coating thickness and the formation of large quantity of titania.

The effect of applied voltage on the wetting ability of MAO

coatings containing SCN is not significant. The SCN doped

MAO coatings show good apatite-forming ability, which could

be associated with the addition of SCN, involving various

chemical reactivity of the materials surface in fluids, especially

the formation of OH group.
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