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Abstract: A fluorine-doped hydroxyapatite (FHAP)/micro-arc oxidation (MAO) composite coating was deposited on commercially 

pure titanium (CPTi) surface through micro-arc oxidation and electrochemical deposition (ED) technique. Simulative Hank’s 

solution was used to test the electrochemical corrosion resistance of uncoated CPTi substrate and coated samples. The effect of MAO 

interface layer on the micro-structure, mechanical property, and electrochemical property of the coating was studied. Results show 

that the deposited HAP/Ti, FHAP/Ti and FHAP/MAO/Ti coating samples dramatically improve the anticorrosion of the CPTi 

substrate in the simulative Hank’s solution. However, the mechanical properties testing shows that FHAP/Ti coating has a poor 

bonding strength of 10.7 MPa compared to FHAP/Ti coating with a MAO interface layer (18.1 MPa). Furthermore, the contact angle 

of the FHAP/MAO/Ti coating with deionized water is approximately 35.8°, which is more beneficial to promoting cell attachment 

and proliferation. 
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Commercially pure titanium (CPTi) and titanium alloys are 

the most generally used metal material for medical implants in 

the field of orthopedic and dental applications because of their 

good biocompatibility, acceptable mechanical properties, and 

high resistance to corrosion

 [1]

. However, it has been reported 

that these implants cause an avascular fibrous tissue 

inflammatory response that encapsulates the implants

[2]

. 

Therefore, various bioactive coatings have been proposed to 

improve the osseointegration and stability of CPTi or titanium 

alloys. Hydroxyapatite (Ca

5

(PO

4

)

3

OH, HAP) is the preferred 

coating to assist the osseointegration of these implants with 

surrounding tissues and it can prevent inflammation by 

improving the chemical bonding between HAP film and 

regenerated bone

[3,4]

. However, the dissolution rate of pure 

HAP coating is high in a biological environment, which has a 

strong negative effect on the stability of the implants and 

makes HAP films gradually fail and flake off

[5,6]

. Therefore, 

fluorine-doped hydroxyapatite (Ca

10

(PO4)

6

(OH)

2-x

F

x

 (0<x<2 ), 

FHAP) has been widely researched as a promising candidate 

for replacing HAP coatings due to its significant dissolution- 

resistant property and good alkaline phosphatase activity in 

cell culture

[7,8]

.  

Various techniques and methods of depositing HAP or 

FHAP on the surface of CPTi and its alloys have been studied, 

including plasma-spraying

[9]

, collosol-gelling method

[10]

, 

electrophoretic deposition

[11]

, and electrochemical methods

[12]

. 

Plasma-spraying is a commonly used technique. However, the 

high working temperature can lead to decomposition and 

phase transformation of HAP

[13]

, and this method also has 

some underlying problems, including the presence of residual 

stress in HAP coatings, exposure of substrates to high 

temperature, and the inability to coat the parts with 

complicated cavities

[14]

. Electrochemical deposition (ED) is 

regarded as one of the effective methods for the surface 
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modification because of low processing temperature, porous 

or complex shapes of substrate and low-cost equipment

[15]

. 

Nevertheless, HAP coating prepared by ED has a relatively 

high dissolution rate and a poor interface bonding strength 

between HAP and Ti, which restricts the further application of 

ED. In particular, the composite coating of HAP/MAO is 

often proposed as an effective way for improving corrosion 

performance and cellular integration in biological environ- 

ment

[16,17]

. Micro-arc oxidation (MAO) can effectively 

improve the corrosion resistance by forming a ceramic coating 

on metals. Previous studies have suggested that MAO can 

allow the incorporation of Ca and P into the surface oxide 

when suitable electrolytes are used

[18,19]

. Therefore, porous 

MAO film provides adequate support for the adhesion of HAP 

particles to improve their mechanics performance for 

biomedical applications in the structure of HAP/MAO. 

CPTi was used as the substrate material for supporting the 

HAP/Ti, FHAP/Ti, and FHAP/ MAO/Ti coatings due to its 

excellent mechanics performance, and the functional FHAP/ 

MAO composite coatings were fabricated through a 

combination of MAO and ED technique. The corrosion 

behavior and mechanical properties of FHAP/MAO composite 

coating were investigated to improve dissolution-resistant 

property and to get some basic and essential information for 

the development of FHAP/MAO bioactive coating as medical 

implants. 

1  Experiment 

1.1  Coating preparation 

CPTi sheets with a size of 10 mm×10 mm×2 mm were  

used as the substrate material. The CPTi discs were   

polished by different grinding papers (600#, 800#, 1000#, 

1200#), and etched in 20% (v/v) solution of hydrofluoric acid 

for 30 s. After treatments above, the samples were ultraso- 

nically cleaned in anhydrous ethanol and acetone for 15 min, 

washed twice with distilled water and finally dried in air. A  

MAO operating unit (DSM35F) was used to prepare ceramic 

coating. The MAO film was fabricated in 10 g/L 

Na

3

PO

4

·12H

2

O, 10 g/L Na

2

SiO

3

·9H

2

O, 1.5 g/L CaF

2

, and 2 

g/L NaOH solution under constant current mode of 20 

mA/cm

3

 for 20 min at 20~30 °C. After the MAO process, the 

samples were ultrasonically cleaned in distilled water and 

dried in air. 

FHAP/MAO films were deposited by an electrochemical 

deposition method. The electrolyte includes 0.042 mol/L 

Ca(NO

3

)

2

, 0.0008 mol/L NaF and 0.025 mol/L NH

4

H

2

PO

4

. 

The pH value of the electrolyte was adjusted to 4 using dilute 

nitric acid solution, and the electrodeposition was performed 

at the temperature of 65 °C and a current density of 0.49 

mA/cm

2

 for 90 min. Electrochemical deposition was carried 

out by electrochemical workstation (IVIUMSTAT). The MAO 

coated samples served as the cathode, a saturated calomel 

electrode (SCE) served as the reference electrode, and a 

platinum sheet served as the counter electrode. After 

electrochemical deposition, the coated samples were rinsed 

with deionized water and dried at room temperature for 24 h. 

The coated samples were then annealed at 550 °C for 2 h in 

the argon atmosphere (heating rate=10 °C/min, argon flow 

rate= 200 cm

3

/min). For comparison, FHAP/Ti and HAP/Ti 

coated samples were designated as control samples. 

1.2  Coating surface analysis 

The construction and the relative crystallinity of as-received 

samples were detected by X-ray diffraction (Panalytical 

X’pert PRO). The surface morphology and the thickness of 

coated samples were examined using scanning electron 

microscopy (TESCAN VEGA3). In addition, the micro- 

hardness and elastic modulus of coated samples were 

determined using a nano-indenter (Nano Indenter G200). The 

contact angles of coated and uncoated samples with deionized 

water were measured by Dataphysics OCA30 angle 

measurement system. 

1.3  Electrochemical corrosion measurement 

The electrochemical experiments include electrochemical 

impendence spectroscopy (EIS) and potentiodynamic 

polarization measurement (PDP). All the tested samples were 

tested in Hank’s solution (8 g/L NaCl, 0.4 g/L KCl, 0.25 g/L 

NaH

2

PO

4

·H

2

O, 0.19 g/L CaCl

2

·2H

2

O, 0.35 g/L NaHCO

3

, 0.06 

g/L Na

2

HPO

4

·2H

2

O, 0.06 g/L MgSO

4

·7H

2

O and 1 g/L glucose, 

pH=7.8) at room temperature. The electrochemical 

measurements were carried out by electrochemical 

workstation. A saturated calomel electrode (SCE) was used as 

the reference electrode, the sample with an exposed surface 

area of 3.14 cm

2

 was used as the working electrode, and a 

platinum sheet was used as the counter electrode. Before the 

electrochemical measurements, the samples were immersed 

into the electrolyte for 30 min at open circuit potential (OCP) 

in order to maintain electrochemical stabilities. The PDP test 

was measured at a scanning rate of 1 mV·s

-1

, and the potential 

was increased from −2.0 V to 1.0 V (vs. SCE). The EIS 

measurement was researched in a frequency range of 10

5

~10

-2

 

Hz with the perturbation amplitude of ±10 mV. 

1.4  Adhesion strength testing 

The bonding strength of coated samples was measured by 

ASTMC633

[20]

. The uncoated surface of the CPTi discs was 

polished and glued to the stubs and the coated surface of the 

CPTi discs was glued to metal rod by high performance epoxy 

resin. The schematic diagram is shown in Fig.1. Two stubs 

were aligned vertically and the bonding strength of the coated 

samples was tested by a tensile machine (Instron 8801, 

American) at a tensile rate of 0.1 mm/min. The critical load F 

was recorded when the coatings were desquamated. The 

tensile strength (σ

F

) can be obtained by Eq. (1): 

F

2

4

π

F F

σ

S d

= =

 

                                (1) 

where d represents the diameter of CPTi disc. In addition, each 

testing was repeated three times and the data were averaged. 
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Fig.1  Schematic diagram of the bonding strength test 

 

2  Results and Discussion 

2.1  Surface topography analysis 

Surface morphologies of MAO/Ti, HAP/Ti, FHAP/Ti, and 

FHAP/MAO/Ti on CPTi substrates are shown in Fig.2. Fig.2a 

shows that small porous structures (<10 µm in diameter) form 

on the surface after MA treatment. The SEM image of HAP/Ti 

coating shows that the substrates are covered by an HAP film 

with homogenous and dense structure. In addition, the HAP/Ti 

coating shows that the microstructure of the HAP layer is a 

typical needle-like crystal with a growth direction 

perpendicular to the substrate surface and some cotton-like 

HAP appears above the needle-like HAP layer (Fig.2b). 

According to the analysis of He et al

[21]

, the formation of the 

cotton-like HAP can be attributed to the precipitation of the 

needle-like HAP crystal during electrochemical deposition 

process. The density of the needle-like HAP crystal is low and 

some interspaces are formed in the surface of HAP layer at the 

beginning of the deposition, which would make 

electrochemical reactions more likely to take place in these 

gaps. The pH value near gaps increases as the stronger 

electrochemical reaction progresses, thus accelerating the 

increase trend of new nucleation and eventually promoting the 

development of the cotton-like HAP. The FHAP/Ti consists 

mainly of nano-hydroxyapatite crystals in needle-like 

appearance, and the magnified image shows a flower-like 

structure. FHAP/MAO/Ti coating exhibits similar morphology 

(inset in Fig.2c and 2d). The needle crystals of HAP are sparse, 

and the FHAP/Ti and FHAP/MAO/Ti are relatively thin and 

dense. The flower-like structure of FHAP/Ti is more obvious 

than that of FHAP/MAP/Ti, and is more numerous. Its number 

is larger, but its size is smaller. This is because MAO surface 

is rough, and more flower-like structure can be formed during 

growing, while they squeeze each other so it is hard to form a 

flower-like structure. 

2.2  Cross-sectional SEM and EDS analyses 

The cross-sectional SEM images of the HAP/Ti, FHAP/Ti 

and FHAP/MAO/Ti are displayed in Fig.3. The thickness 

range of HAP/Ti, FHAP/Ti and FHAP/MAO/Ti coatings is 

8~10 µm. The section morphology of all the samples is similar, 

needle-like HAP and FHAP crystal are perpendicular to the 

substrate, and the arrangement of the needle-like crystal is 

close. The insets in Fig.3a~3c show the EDS spectra of HAP 

or FHAP layer on CPTi substrate. It clearly shows the 

percentage of P, Ca, O etc in HAP, FHAP and FHAP/MAO 

films. The Ca/P atomic ratios of the HAP coated sample is 

about 1.73, higher than the standard value (1.67), indicating 

that the HAP/Ti coated sample is P insufficient. With the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Surface morphologies of MAO/Ti (a), HAP/Ti (b), FHAP/Ti (c), and FHAP/MAO/Ti (d) 
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Fig.3  Cross-sectional morphologies and EDS analysis of CPTi (a), 

FHAP/Ti (b), and FHAP/MAO/Ti (c) 

 

addition of fluorine in the HAP coating, the percentages of Ca 

increased from 38.67 wt% to 46.7 wt%, and the percentages of 

P decreased from 17.19 wt% to 14.58 wt% (Fig.3a and 3b). 

The Ca/P atom ratio increased from 1.73 to 2.47, and the 

signal increase of 44% in Ca/P atom ratio indicates the surface 

composition change with the addition of fluorine in the HAP 

coating. However, the Ca/P atom ratio of FHAP/MAO/Ti 

composite coating decreased from 2.47 to 1.88 (Fig.3c), which 

indicates that the intermediate MAO layer results in a 

significant promotion in the formation of HAP compared to 

the direct FHAP coating on CPTi without MAO treatment.  

2.3  XRD analysis 

Fig.4 shows XRD patterns of the HAP/Ti, FHAP/Ti and 

FHAP/MAO/Ti. It shows that all diffraction peaks can be 

indexed readily to the standard HAP, FHAP, and Ti patterns. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  XRD patterns of HAP/Ti, FHAP/Ti and FHAP/MAO/Ti 

 

The Ti (002), Ti (101), and Ti (102) substrate diffraction peaks 

come from HAP/Ti and FHAP/Ti coatings, and the appearance 

of Ti in HAP/Ti and FHAP/Ti indicates that X-ray can 

penetrate through the whole thin coatings deposited on the 

pure Ti. After MAO layer is coated, Ti diffraction peaks 

disappear. Similarly, no typical titanium oxide peaks were 

found in the FHAP/MAO/Ti. The peaks at 25°~37° are the 

main characteristic peaks of HAP phase. The FHAP/Ti 

diffraction peaks are composed of the FHAP phase and the 

hcp-Ti phase, and the appearance of FHAP reflections existing 

in FHAP/Ti and FHAP/MAO/Ti indicates that F ions are 

incorporated into the crystal structure of HAP by replacing the 

H with F, thereby forming FHAP

[22]

. Fig.4 also shows that 

fluorine ion doping in a small quantity can effectively improve 

the crystallinity of hydroxyapatite. 

2.4  Potentiodynamic test 

Fig.5 shows the polarization curves of uncoated CPTi and 

modified samples (MAO/Ti, HAP/Ti, FHAP/Ti and FHAP/ 

MAO/Ti) in Hank’s solution. The corrosion current density 

(i

corr

) and corrosion potential (E

corr

) of the coated samples can 

be calculated by the mean of linear polarization, as sum- 

marized in Table 1. i

corr

 and E

corr

 values show that the uncoated 

CPTi and modified CPTi samples have different corrosion 

rates. The E

corr

 values of the uncoated CPTi and MAO/Ti are 

−573 mV (vs. SCE) and −467 mV (vs. SCE), respectively. 

Compared with MAO/Ti, the uncoated CPTi has a more 

negative E

corr

. This result is similar to previous research 

results

[23,1]

. The MAO coating is composed of thick outer 

loose layer and thin inner compact layer, and the inner layer 

can considerably inhibit the corrosion of substrate when 

samples are immersed in chloride solution

[24]

. In addition, a 

significant increase in the E

corr

 from −467 mV (vs. SCE) to 

−407 mV (vs. SCE) was observed after uniform FHAP coating 

was formed on MAO film. This indicates that the incorpora- 

tion of uniform FHAP layer improves the corrosion resistance 

of the MAO coating. As the dense FHAP layer was formed on 

MAO coating, more pores were blocked, which can obviously 

improve the corrosion resistance of the FHAP/MAO/Ti. 

9 µm 
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a 
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Fig.5  Potentiodynamic polarization (PDP) curves of CPTi, MAO/Ti, 

HAP/Ti, FHAP/Ti and FHAP/MAO/Ti 

 

Table 1  Electrochemical parameters of the samples obtained 

from the polarization curves 

Sample E

corr

/mV i

corr

/µA·cm

-2

 

CPTi −573 1.269 

MAO/Ti −967 2.822 

HAP/Ti −392 0.464 

FHAP/Ti −331 0.147 

FHAP/MAO/Ti −407 1.087 

 

Furthermore, compared to that of the uncoated CPTi, the E

corr

 

of HAP/Ti, FHAP/Ti increased from –573 mV (vs. SCE) to 

–392 mV (vs. SCE) and –331 mV (vs. SCE), respectively. The 

i

corr

 of HAP/Ti, FHAP/Ti decreased from 1.269 µA/cm

2

 to 0.464 

µA/cm

2

 and 0.147 µA/cm

2

, respectively. Thermodynamically, a 

higher corrosion potential indicates higher chemical inertness 

and better corrosion resistance

[25]

; thus, the anticorrosive 

properties of the specimens follow the order: FHAP/Ti> 

HAP/Ti>FHAP/MAO/Ti>MAO/Ti>CPTi. This results suggest 

that all the coatings provide a good protection and the 

FHAP/Ti shows better corrosion resistance. 

2.5  Electrochemical impedance spectroscopy measurements 

The Nyquist curves and Bode plots of uncoated CPTi, 

MAO/Ti, HAP/Ti, FHAP/Ti and FHAP/MAO/Ti of are shown 

in Fig.6 and Fig.7, respectively. As can be seen, the Nyquist 

curves (Fig.6) show a single semicircle for all the specimens. 

The real axis interception in the Nyquist curves can be 

ascribed to the solution resistance (R

s

) and the charge transfer 

resistance (R

ct

) due to the lower frequencies

[26]

. The impedance 

spectra of MAO/Ti, HAP/Ti, FHAP/Ti and FHAP/MAO/Ti are 

bigger than that of the uncoated CPTi, indicating an improved 

corrosion resistance of uncoated CPTi. The corrosion 

resistance of FHAP/MAO/Ti was significantly improved 

compared with that of the MAO/Ti, which shows that FHAP 

layer can significantly improve the corrosion resistance of 

MAO/Ti. This result is also consistent with the results of the 

polarization curve. Bode plot (logf versus phase angle, Fig.7b 

for CPTi shows a fairly single peak, indicating only one 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  Nyquist plots of CPTi, MAO/Ti, HAP/Ti, FHAP/Ti and 

FHAP/MAO/Ti 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  Bode plots of CPTi, MAO/Ti, HAP/Ti, FHAP/Ti and FHAP/ 

MAO/Ti: log|Z| vs. logf (a) and phase angle vs. logf (b) 

 

time constant existing at the interface between substrate and 

electrolyte (substrate/electrolyte). However, the curves of the 

MAO/Ti, HAP/Ti, FHAP/Ti and FHAP/MAO/Ti in Fig.7b 

show two peaks, which implies that there are two interfaces 

existing between substrate and electrolyte (coating/electrolyte 

and substrate/electrolyte) due to some micro-cracks and tiny 

pores on the surface of coatings. Moreover, the peaks at the 

low and high frequency regions correspond to equivalent 

capacitance of coatings (C

coat

) and double layer capacitance 

(C

dl

), respectively. Fig.7a shows that the log|Z| varies with the 

log frequency. The absolute impedance value increases in the 
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following order: FHAP/Ti>HAP/Ti>FHAP/MAO/Ti>MAO/ 

Ti>CPTi, which implies that the FHAP/Ti exhibits higher 

corrosion resistance. 

The equivalent electric circuit for uncoated CPTi and coated 

samples is shown in Fig.8. The equivalent electric circuit in 

Fig.8a was used to fit the impedance spectra of uncoated CPTi. 

It consists of a double layer capacitance (C

dl

), a charge transfer 

resistance (R

ct

), and a solution resistance (R

s

). The rate of the 

electrochemical processes is controlled by the R

ct

 which is the 

key factor in determining the corrosion resistance

[27,28]

. The 

constant phase element (CPE) was introduced to replace C

dl

 in 

the proposed model. The admittance of CPE is defined as

[29]

: 

CPE 0 0 0

π π

( j ) cos j sin

2 2

n n n

n n

Y Y ω Y ω Y ω= = +         (2) 

where j is the imaginary unit ( j 1= − ), and ω is the angular 

frequency (ω=2πf, f is the frequency). The coefficient Y

0

 is an 

adjustable parameter used in the non-linear least squares 

fitting, and the coefficient n is between 0.5 and 1. 

When the coated samples are soaked in the electrolyte, 

micro-cracks and tiny pores on the surface of coatings provide 

the direct diffusion path for the corrosive media. The 

galvanic-type corrosion cells are formed in this process, and 

the localized corrosion plays a dominant role in the corrosion 

process. In this situation, electrochemical interface can be 

divided into two sub-interfaces (electrolyte/coating and 

electrolyte/substrate). The impedance spectra was fitted using 

different equivalent electric circuits for such a system, as 

illustrated in Fig.8b, where R

coat

 is the coating resistance and 

C

coat

 is the equivalent capacitance of coating, R

s

 is the solution 

resistance, R

ct

 is the charge transfer resistance and the constant 

phase element (CPE) is also introduced to replace C

coat

. Table 

2 shows the values deduced using the equivalent circuit along 

with goodness of fit for both the CPTi and coated samples. 

The fitted results show that the sample prepared by MAO has 

low R

coat

 and R

dl

. The value of R

coat

 decreases as the content of 

residual electrolyte inside the pores increases. After FHAP 

film was deposited on the MAO layer, the values of R

coat

 and 

R

ct

 increased from 454 Ω·cm

2

 and 30.3 kΩ·cm

2

 to 840 Ω·cm

2

 

and 223.3 kΩ·cm

2

, respectively. This result indicates that the 

addition of FHAP decreases the porosity of MAO layer and 

improves the anticorrosion ability of CPTi. For FHAP/Ti and 

HAP/Ti, the value of R

ct

 is three orders of magnitude higher 

than that of the uncoated CPTi. This result indicates that the 

interface layer between the FHAP (HAP) layer and the 

substrate is primarily responsible for protecting the Ti 

substrate from electrical corrosion. In addition, the R

ct

 

increases in the following order: HAP/Ti>FHAP/Ti> 

FHAP/MAO/Ti>MAO/Ti>CPTi, which also shows that the all 

the coatings provide effective protection for the Ti substrate. 

2.6  SEM analysis after potentiodynamic polarization test 

Fig.9 depicts the SEM micrographs of the surface of 

HAP/Ti (Fig.9a and 9b), FHAP/Ti (Fig.9c and 9d), and 

FHAP/MAO/Ti (Fig.9e and 9f) after PDP test in the simulated 

Hank’s solution at 37 °C. From Fig.9a and 9b, breakages and 

micropores (marked by white circles) are clearly detected on 

the surface of HAP/Ti, which is because PDP test accelerates 

the release of hydrogen and formation of cracks. As shown in 

Fig.9c and 9d, the FHAP/Ti shows less corroded areas and 

cracks than the HAP/Ti, indicating that the presence of F 

improves the corrosion resistance of HAP. In addition, the 

FHAP/MAO/Ti retains the original surface morphology 

without corrosion pits after the PDP test (Fig.9e and 9f). 

Compared with HAP/Ti, it can be noticed that FHAP/Ti and 

FHAP/MAO/Ti show more intact surface than HAP/Ti, 

indicating that FHAP has better corrosion resistance than HAP, 

which is also in agreement with the PDP analysis. 

Uncoated CPTi contacts the corrosive media directly, so it has 

a low corrosion resistance. MAO/Ti is soaked in the electrolyte, 

and corrosive media can permeate into substrate through outer 

loose layer. FHAP film was formed on MAO layer surface, then 

pores were filled and corrosion resistance was further improved. 

When FHAP or HAP film was deposited on CPTi surface, it can 

protect substrate from direct contact with electrolyte. Moreover, 

compared with HAP film, FHAP film can provide a lower 

dissolution rate and lower solubility in the body fluid

[30]

, and 

FHAP layer can be more stable in electrolyte. 

 

 

 

 

 

 

 

 

 

 

Fig.8  Equivalent circuit for uncoated CPTi (a) and coated samples (b) 

 

Table 2  EIS data obtained by equivalent circuit simulation of uncoated and coated pure Ti samples 
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Fig.9  SEM images of HAP/Ti (a, b), FHAP/Ti (c, d) and FHAP/ 

MAO/Ti (e, f) after potentiodynamic polarization in the 

simulated Hank’s solution 

 

2.7  Bonding strength, micro-hardness and modulus analysis 

The bonding strength values between modified substrate 

and HAP coating of HAP/Ti, FHAP/Ti and FHAP/MAO/Ti 

coatings are reported in Fig.10a. The measured bonding 

strength of FHAP/MAO/Ti is about 18.1 MPa, which is higher 

than that of HAP/Ti (10.7 MPa) and FHAP/Ti (8.9 MPa). This 

result indicates that the bonding strength increases when a 

MAO layer is installed between the Ti substrate and FHAP 

layer because the pore configurations of MAO layer accelerate 

the migration and diffusion of ions, and the apatite nuclei will 

be formed when the ions are supersaturated on the 

three-dimensional porous structure surface

[31]

. Consequently, a 

great deal of apatite crystals are formed on the surface of 

porous MAO layer and the cohesive strength between MAO 

layer and HAP layer becomes higher. Fig.10b shows the 

elastic modulus and nanoindentation hardness of prepared 

uncoated CPTi and coated specimens. It is clearly observed 

that MAO/Ti has a higher nanoindentation hardness value (7.3 

GPa) than other coated samples, while the hardness of coating 

obviously decreases with the addition of FHAP outer layer in 

the MAO coating. Furthermore, elastic moduli of the HAP/Ti 

(20.1 GPa), FHAP/Ti (25.7 GPa) and FHAP/MAO/Ti (17.7 

GPa) coatings are similar, which are consistent with the 

reported elastic modulus of cancellous bone of 10~40 GPa

[32]

. 

The results suggest that the FHAP (HAP) deposited film on 

CPTi or single MAO layer surface can significantly improve 

biological integration and adjust the mechanical properties to 

comply with the natural bone system. In addition, analyses 

indicate that the FHAP/MAO/Ti has a better mechanical 

property than other samples. 

2.8  Wettability test 

The contact angles for HAP/Ti, FHAP/Ti, FHAP/MAO/Ti 

and uncoated CPTi are shown in Fig.11. Clearly, the coated 

specimens have smaller contact angles than CPTi (85.6°, 

Fig.11a). The value of contact angle decreases in the following 

order: CPTi>HAP/Ti>FHAP/Ti>FHAP/MAO/Ti, which indi- 

cates that FHAP/MAO/Ti has a lower contact angle. It also 

suggest that the hydrophobic surface of CPTi becomes 

hydrophilic after being coated with FHAP/MAO double layer, 

HAP coating (76.4°, Fig.11b) or FHAP coating (71.6°, 

Fig.11c). This result is attributed to the uneven FHAP/MAO 

interface and porous top surface of the FHAP with porous 

MAO as an interlayer (Fig.2d), which in turn can lead to an 

decrease in contact angle because of its increased roughness

[33]

. 

Kunzler et al

[34]

 studied the cell response of osteoblasts to 

surface roughness by continuous variation in roughness values, 

and with the increase of surface roughness, osteoblasts 

showed a significant increase in proliferation rate. 

Bakhsheshi-Rad et al

[35]

 showed that cell adhesion increases as 

the roughness of HAP coating increases. Similar report

[36]

 

shows that mammalian cells can be easily attached to the 

surface with small water contact angle (hydrophilic surfaces). 

Thus, the double-layer FHAP/MAO/Ti with higher hydro- 

philicity is more favorable for the cell attachment and 

proliferation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.10  Bonding strength of the coatings estimated according to 

ASTM-C633 (a); elastic modulus and nanoindentation 

hardness of the uncoated CPTi substrate and coated spe- 

cimens (b) 
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Fig.11  Contact angle of CPTi (a), HAP/Ti (b), FHAP/Ti (c), and 

FHAP/MAO/Ti (d) 

 

3  Conclusions 

1) The incorporation of F ion into the HAP structure 

induces an increase in the crystallinity of HAP and other 

phases. All the coating dramatically increases the corrosion 

resistance of CPTi, and FHAP/Ti has the best corrosion 

resistance of −331 mV (vs. SCE) in the Hank’s solution.  

2) The corrosion resistance of FHAP/Ti is also higher than 

that of other coated samples and CPTi, which indicates that 

the incorporation of the FHAP layer enhances the corrosion 

behavior of the MAO coating significantly. The bonding 

strength values between modified substrate and FHAP coating 

increase when a MAO layer is installed between the Ti 

substrate and FHAP layer.  

3) FHAP/MAO/Ti exhibits better mechanical property than 

other samples. The elastic modulus of HAP/Ti (20.1 GPa), 

FHAP/Ti (25.7 GPa) and FHAP/MAO/Ti (17.7 GPa) are 

similar, which are also consistent with the reported elastic 

moduli of cancellous bone of 10~40 GPa. The contact angle of 

the FHAP/MAO/Ti is approximately 35.8°, which is more 

beneficial to promoting cell attachment and proliferation. 
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