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Abstract Fluorapatite (FA) has better chemical and
thermal stability than hydroxyapatite (HA), and has thus
attracted significant interest for biomaterial applications in
recent years. In this study, porous bioceramic layers were
prepared on pure titanium surfaces using a micro-arc oxi-
dation (MAO) technique with an applied voltage of 450 V
and an oxidation time of 5 min. The MAO process was per-
formed using three different electrolyte solutions contain-
ing calcium fluoride (CaF,), calcium acetate monohydrate
(Ca(CH;COO0),-H,0), and sodium phosphate monobasic
dihydrate (NaH,PO,-2H,0) mixed in ratios of 0:2:1, 1:1:1,
and 2:0:1, respectively. The surface morphology, composi-
tion, micro-hardness, porosity, and biological properties of
the various MAO coatings were examined and compared.
The results showed that as the CaF,/Ca(CH;COO),-H,O
ratio increased, the elemental composition of the MAO
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coating transformed from HA, A-TiO, (Anatase) and
R-TiO, (Rutile); to A-TiO,, R-TiO, and a small amount
of HA; and finally A-TiO,, R-TiO,, CaF,, TiP,0s and FA.
The change in elemental composition was accompanied by
a higher micro-hardness and a lower porosity. The coatings
exhibited a similar in vitro bioactivity performance dur-
ing immersion in simulated body fluid for 7-28 days. Fur-
thermore, for in initial in vitro biocompatibility tests per-
formed for 24 h using Dulbecco’s Modified Eagle Medium
(DMEM) supplement containing 10%Fetal bovine serum,
the attachment and spreading of osteoblast-like osteosar-
coma MG63 cells were found to increase slightly with an
increasing CaF,/Ca(CH;COO),-H,0 ratio. In general, the
results presented in this study show that all three MAO
coatings possess a certain degree of in vitro bioactivity and
biocompatibility.

1 Introduction

Titanium (Ti) and its alloys are widely used as biomedical
implant materials due to their excellent mechanical proper-
ties and corrosion resistance [1]. However, Ti together with
its natural oxide thin film TiO, is bio-inert. Consequently,
chemical bonds are not easily formed between the implant
and the surrounding natural tissue, and hence, the osseoin-
tegration required to achieve implant longevity is impeded
[2]. As a result, the literature contains various proposals for
improving the bioactivity of Ti implants through surface
modification of the implant itself, or the deposition of thin
bioactive films on the implant surface [3-8].
Hydroxyapatite (HA, Ca,y(PO,)¢OH,) is one of the
most commonly used materials for implant coatings due
to its similarity to bone apatite and excellent osteoconduc-
tion and bone regeneration properties. However, bulk HA
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is inherently brittle, and cannot, therefore, be used in load
bearing applications. Fluorapatite (FA, Ca,y(PO,)¢F,) has
the same apatite phase and a similar composition as that
of teeth and bones [9]. Thus, as with HA, it also possesses
excellent bioactivity. However, compared to HA, FA has
a higher interatomic bonding strength, a lower dissolution
rate, a better chemical and thermal stability, and a lower
bio-resorption tendency [10-12]. As a result, it has many
advantages over HA as a biomedical coating material,
including an improved physical robustness (i.e., reduced
cracking and flaking) and superior corrosion resistance.
Due to its excellent osteoconductivity, biocompatibility,
and mechanical strength, FA has attracted particular atten-
tion as a coating material for dental applications [13—16].

The literature contains many proposals for the prepa-
ration of HA coatings, including plasma spraying, sol gel
synthesis, pulsed laser deposition, and electrochemical
reaction [17-21]. Various studies have shown that micro-
arc oxidation (MAO) also provides an effective approach
for the deposition of biomedical coatings. In the MAO
process, the high-voltage micro-arc discharge events raise
the specimen surface instantaneously to a temperature of
2000-3000°C, causing the surface to melt and regener-
ate as a thin layer of porous bioactive and biocompatible
ceramic material with a high level of wear and corrosion
resistance [22-27]. Notably, the MAO process is performed
via immersion in an electrolytic bath, and is thus ideally
suited to the surface treatment of complex shaped implants.
Furthermore, compared with plasma spraying techniques,
MAO is simple, easily controlled, and relatively cheap.
As a result, it has many practical advantages as a coating
technique.

This study utilizes the MAO method to deposit FA
porous bioceramic coatings on pure titanium (Cp-Ti) sub-
strates using an electrolyte solution containing three differ-
ent salts, namely calcium fluoride (CaF,), calcium acetate
monohydrate (Ca(CH;COO),-H,0), and sodium phosphate
monobasic dehydrate (NaH,PO,-2H,0). The investigation
focuses specifically on the effects of the electrolyte con-
centration and composition on the surface morphology,
elemental composition, micro-hardness, porosity, and bio-
logical properties of the MAO coatings.

2 Experiments

As described above, the MAO deposition process was per-
formed using an electrolyte solution containing a mixture
of CaF,, Ca(CH;COO),-H,0 and NaH,PO,-2H,0. Three
different electrolyte solutions were prepared with CaF,/
Ca(CH;C00),-H,0/NaH,PO,-H,0 ratios of 0:2:1 (0%F),
1:1:1 (33%F), and 2:0:1 (67%F), respectively (see Table 1).
The Cp-Ti substrates were machined into dimensions of
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Table 1 MAO electrolyte composition and concentration

Specimen Electrolyte solutions
CaF, Ca(CH;CO0),-H,0 NaH,PO,-2H,0
0%F oM 026 M 0.12M
33%F 0.13M 0.13M 0.12M
67%F 026 M oM 0.12M

20 mm X 20 mm X 3 mm, ground using 1200-grit SiC paper,
and then cleaned in acetone and ethanol. In performing
the MAO process, the substrates were anodized with a DC
power supply and a stainless steel plate was placed at a dis-
tance of approximately 10 mm from the substrate to serve
as a cathode. In every case, the applied voltage was set as
450V, the oxidation time as 5 min, and the electrolyte tem-
perature as 20°C. (Note that a low electrolyte temperature
was deliberately chosen to minimize the safety risk posed
by the spark/arc discharges produced during the deposition
process.) Following the MAO process, the specimens were
cleaned ultrasonically in de-ionized (DI) water for 15 min.

The microstructures of the various coatings were
observed using scanning electron microscopy (SEM, JEOL
JSM-6390LV, JEOL Ltd., Tokyo, Japan). In addition, the
porosity was evaluated using commercial Image Pro Plus
5.0 software. The compositions and phases of the differ-
ent coatings were analyzed by energy dispersive X-ray
spectrometry (EDS) and X-ray diffraction (XRD, Cu Ka
radiation, Rigaku D/Max II1.V, Rigaku Ltd., Tokyo, Japan),
respectively. In addition, the hardness of the coatings was
determined using a micro-Vickers hardness tester under a
maximum indentation load of 300 g. The hardness meas-
urements were taken in such a way as to avoid the pore
regions on the coating surface. Moreover, for each coating,
three specimens were taken; with the results, then averaged
to obtain a single representative value for the sample.

The in vitro bioactivity performance of the various coat-
ings was evaluated by soaking the specimens in simulated
body fluid (SBF) for 7, 14, 21, and 28 days at a temperature
of 37+0.1°C. The SBF solution was prepared by dissolv-
ing reagent-grade NaCl, NaHCO,, KCl, K,HPO,-3H,0,
MgCl,-6H,0, CaCl,, and Na,SO, in distilled water. The
inorganic ion concentrations of the SBF solution and
human blood plasma, respectively, are listed in Table 2.
Prior to immersion in the SBF, the specimens were cleaned
ultrasonically in DI water for 10 min and then sterilized at a
temperature of 120 °C for 20 min. Following the immersion
tests, the phases within the coatings were identified using
XRD with a 26 scanning range of 20°~60° and a scanning
rate of 4°min~"'.

Finally, the in vitro biocompatibility performance of the
coatings was briefly assessed by examining the spreading
and attachment of osteoblast-like osteosarcoma MG63 cells
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Table 2 Ir}organic ion (mM) Na* K+ Ca?t Mg? ClI- HCO;~ HPO,*"

concentrations of SBF and ;

human blood plasma SBF 142.0 5.0 25 15 148.8 42 1.0
Blood 142.0 5.0 2.5 1.5 103.0 27.0 1.0

on the coating surface. The MG63 cells were first digested
by trypsin to form cell suspensions. The suspensions (pre-
incubated cells) were then seeded with a cell density of
5x10° (cells/cm?) on coating specimens contained in
24-well plates. The plates were cultured with Dulbecco’s
Modified Eagle Medium (DMEM) supplement containing
10%Fetal bovine serum in a humidified incubator with 5%
CO, at 37°C for 24 h. Following the culturing process, the
DMEM solution and non-adherent cells were removed from
the specimen surface by washing three times with phos-
phate-buffered saline (PBS). Subsequently, the viable cells
were fixed using PBS containing 2.5 vol.% glutaraldehyde,
serially dehydrated using ethanol with an incrementally
increasing concentration (30, 50, 70, 95 and 100%), and
then critical-point-dried in hexamethyldisilazane (HMDS)
for 10 min. The morphologies of the cells attached to the
various coating specimens were then observed by SEM.

3 Results and discussion

3.1 Surface morphology and phase identification
of MAO coatings

Figure la—c show the SEM surface morphologies and
EDS analysis results for the coatings prepared in electro-
lyte solutions with 0%F, 33%F, and 67%F, respectively.
It is seen that all of the specimens have a porous micro-
structure with micropores resembling craters on moun-
taintops formed as a result of the multiple micro-arc dis-
charge events [28]. For the 0%F specimen, the coating has
a porosity of approximately 12% and most of the micropore
diameters lie in the range of 1-2 pm. By contrast, the 33%F
specimen has a slightly lower porosity of 11% and a larger
pore diameter (3—5 pm). Finally, the 67%F specimen has
a low porosity of just 2% and only a very small number of
micropores (Fig. 1c). The low porosity of the 67%F coating
suggests that the greater quantity of CaF, in the electrolyte
solution cannot be fully dissolved. As a result, micro-arc
discharge-decay occurs, leading to a dramatic reduction in
the dielectric breakdown effect and electrochemical reac-
tion at the Ti surface during the MAO process. Porous
layers produced on the MAO sample surfaces can provide
several advantages for long-term clinical performances.
The porous structure allows cell adhesion and maintain cell
growth. The following new form tissue is able to grow into

the pores and lock the artificial implant for greater mechan-
ical stability at this critical interface [29, 30].

Figure 2a—c shows SEM cross-sectional micrographs
of the three MAO coatings on the Ti substrates. The 0%F,
33%F, and 67%F coatings have average thicknesses of 20,
15, and 130 um, respectively. Compared to the electrolyte
solution for the 0%F coating, that for the 33%F coating
contains less Ca(CH;COO),-H,O (which promotes HA for-
mation) and more CaF, (which impairs the electric conduc-
tivity/solubility). Thus, the oxide layer on the 33%F speci-
men has a lower thickness than that on the 0%F specimen,
since, as the electric conductivity of the electrolyte solution
decreases, the number of electron avalanches also decreases
and hence a micro-arc discharge-decay effect occurs [31].
For the 67%F specimen, the Ca(CH;COO),-H,O in the
electrolyte solution is totally replaced by CaF,, and hence
the electric conductivity of the solution is due mainly to the
NaH,PO,-H,0 content. As a result, the micro-arc discharge
phenomenon is suppressed during the MAO process and
hence continuous growth of the oxide layer occurs under
the effects of anodic oxidation. For this particular speci-
men, the voltage is limited to a maximum value of 300 V
due to the lower electrical conductivity of the electrolyte.
As a result, some of the CaF, in the electrolyte solution is
not dissociated into ion form, and the electric conductiv-
ity of the solution is thus reduced. However, CaF, is still
absorbed onto the specimen surface by the electrophoretic
deposition during the MAO process (as confirmed by the
XRD results) [32]. Consequently, a significant increase in
the oxide layer thickness occurs.

Figure 3 shows the EDS surface mapping results for the
three MAO coatings. The results show that in addition to
Ti, the surfaces mainly consist of Ca, P, C, and O (see also
the EDS analysis results in Fig. 1). It is observed that the
F content of the coatings increases from 0 at.-% to 7.54
at.-% with an increasing CaF,/Ca(CH;COO),-H,O ratio.
In other words, the Ca and P ions in the electrolyte solu-
tion are compounded into the oxide film during the MAO
process. The previous studies have reported that porous
films containing Ca and P ions promote bonding between
the implant and surrounding bone tissue, since the ions
serve as anchorage points [26, 33]. The results presented in
Fig. 3 show that while the F and P contents of the coatings
increase with an increasing CaF, Ca(CH;COO),-H,0 ratio,
the Ca content reduces.

Figure 4 shows the EDS line scan results for the com-
position profiles through the coating thickness. It is seen
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Element | Wt.-% At.-%
CK 8.96 15.69
O K 47.90 62.97
P K 3.54 2.40
CaK 18.05 9.47
TiK 21.56 9.47
o 2 4 6 8 10 Totals 100.00
kalenbereich 156 cts Cursor: 0.000
Element | Wt.-% At.-%
CK 3.63 6.85
oK 45.77 64.83
FK 1.69 1.91
PK 8.00 5.86
CaK 12.43 7.03
TiK 28.56 13.52
S i el AL Totals 100.00
Element | Wt.-% At.-%
CK 6.89 11.42
OK 49.03 61.01
FK 7.20 7.54
P K 17.34 11.15
CaK 9.32 4.63
. TiK 10.22 4.25
s Totals 100.00

Fig. 1 Surface morphology and EDS analysis results for coatings prepared using electrolyte solutions with a 0%F, b 33%F, and ¢ 67%F

Fig. 2 SEM cross-sectional
views of coated Cp-Ti speci-
mens prepared using electrolyte
solutions with a 0%F, b 33%F,
and ¢ 67%F

Substrate

16kV X1,000 10pm LV-SEM

that the Ca content decreases and the P, O, and F contents
increase as the CaF,/Ca(CH3COO),-H,O0 ratio in the elec-
trolyte solution increases (i.e., 0%F—33%F—67%F). In
other words, the change in composition of the coatings is
consistent with the change in composition of the electro-
lyte solution. (It is hence inferred that most of the elements
in the electrolyte solution react to form the oxide layer.) In

@ Springer

(C) Resin

Substrate
Substrate

LV-SEM 15kV X250 100pm

16kV X1,000 10pm LV-SEM

addition, it is seen that the 67%F coating has a lower over-
all Ca content than the other two coatings, but a higher Ca
and F content at the outer surface. This is thought to be
related to the particular characteristics of the mixed FA and
CaF, deposition process.

A close inspection of the EDS analysis results of coat-
ing surface presented in Fig. 1 shows that the Ca/P ratio
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Fig. 3 EDS mapping results of
coatings prepared using elec-
trolyte solutions with a 0%F, b
33%F, and ¢ 67%F

Wdleilnil
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40
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Fig. 4 EDS line scan results for Ca, P, O, F, and Ti contents across coating thickness. a 0%F, b 33%F, and ¢ 67%F

of the coatings reduces from 3.95 to 0.42 as the F content
is increased. Huang [27] reported that the Ca/P ratio of
HA coatings deposited on pure Ti substrates using MAO
is insensitive to the anodizing voltage and has a constant
value of around 2.6. However, Chen [26] and Zhao [34]
reported Ca/P ratio values of approximately 1.6 (similar to
that of bone apatite). In practice, the Ca/P ratio of MAO
films is dependent on both the synthesis parameters (i.e.,
the anodizing voltage and oxidation time) and the composi-
tion and concentration of the electrolyte.

Figure 5 presents the XRD spectra of the MAO coat-
ings with 0%F, 33%F, and 67%F, respectively. It is seen
that, apart from Ti, the 0%F coating contains HA, A-TiO,

(Anatase), and R-TiO, (Rutile). Similarly, the 33%F speci-
men contains A-TiO,, R-TiO, and a small amount of HA.
Finally, the 67%F coating consists of Ti, A-TiO,, R-TiO,,
CaF,, TiP,05 and FA. In general, the results show that the
addition of CaF, to the MAO electrolyte contributes to the
formation of FA phase in the coatings. Wang [35] prepared
fluoridated HA coatings on Ti substrates using an electro-
chemical technique with a mixed solution of Ca(NO;),,
NH,H,PO,, NaNO;, and H,0,. In performing the elec-
trolysis process, NaF was added to the solution to increase
the concentration of F~ ions and enhance FA generation.
However, a post-treatment of the electrodeposited coat-
ings was still required to complete the formation of apatite
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Fig. 5 XRD patterns of coatings prepared using electrolyte solutions
with a 0%F, b 33%F, and ¢ 67%F

structures. In the MAO process performed in this study,
an increasing quantity of CaF, in the electrolyte solu-
tion increases the F~ ion concentration, but decreases the
OH™ ion concentration. Since the F~ ion radius is smaller
than the OH™ ion radius, the OH™ ions are easily replaced
by the F~ ions, prompting a reaction with the specimen
surface and the direct formation of FA. Furthermore, the
MAO process is performed using a high anodizing voltage,
and hence, the specimen surface reaches the temperature
required to achieve sintering, thereby further promoting the
formation of FA.

For the electrolyte with the lowest F content (0%),
the solution contains only Ca(CH;COO),-H,O and
NaH,PO,-2H,0. Thus, the coating surface has only HA,
A-TiO, and R-TiO, phases (i.e., no FA). The authors in [24,
28] showed that as the MAO anodizing voltage or discharge
duration time increases, the intensity of the R-TiO, phases
increases, while that of the A-TiO, phases decreases. Fur-
thermore, as the applied voltage or discharge duration time
is further increased, the A-TiO, and R-TiO, phases are
gradually replaced by HA phase. For the 33%F sample pre-
pared in this study, the electrolyte solution contains 0.13 M
CaF,. However, the coating contains only A-TiO,, R-TiO,,
and a small amount of HA phase. In other words, FA is still
not formed, since the CaF, concentration of the electrolyte
is insufficiently high to produce the F~ ions required to gen-
erate FA. For the 67%F sample, the CaF, concentration of
the electrolyte reaches its maximum value (0.26 M), while
that of Ca(CH;COO),-H,O reaches its minimum value
(0 M). As a result, the electrolyte solution contains only
CaF, and NaH,PO,-2H,0 in a concentration ratio of 2:1.
Under this condition, the CaF, concentration of the elec-
trolyte is sufficiently high to generate FA directly following
the MAO reaction. Furthermore, due to its high content, the
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Fig. 6 Surface micro-hardness and porosity of coated and uncoated
Cp-Ti substrates

CaF, is not fully dissolved in the electrolyte solution and
is thus partly deposited directly in the oxide layer. In addi-
tion, TiP,Os is formed as a result of a reaction between the
NaH,PO,-2H,0 content in the electrolyte solution and the
Ti substrate.

3.2 Micro-hardness and porosity of MAO coatings

Figure 6 shows the micro-hardness and porosity values of
the original Cp-Ti substrate and the various MAO coatings,
respectively. Note that for each sample, the hardness was
measured at 20 individual points and the results were then
averaged to obtain a single representative value. It is seen
that the coating hardness increases with an increasing CaF,
content. For the 0%F sample (composed of HA, A-TiO,
and R-TiO, phases), the hardness is significantly lower
than that of the substrate. For the 33%F sample (composed
of A-TiO,, R-TiO,, and a small amount of HA), the hard-
ness is similar to that of the substrate. Finally, for the 67%F
sample (consisting of A-TiO,, R-TiO,, CaF,, TiP,0Os, and
FA phase), the hardness is notably higher than that of the
substrate. When compared the porosity of samples shown
in Fig. 6, it is revealed that the hardness reduces with an
increasing porosity. Since the degree of surface porosity
affects the hardness and also the elastic modulus of the
coating [29], which can even be further tailored to match
the modulus of bone, thus reducing the problems associ-
ated with stress shielding [36].

3.3 In vitro bioactivity of MAO coatings
following immersion in SBF

Figure 7 presents SEM surface morphology images of the
three MAO coating samples following prolonged immer-
sion (7-28 days) in SBF. It can be seen that some bone-
like apatite granules have been formed on the surfaces after
7-day immersion in SBF, and increasing gradually with
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Fig. 7 Surface morphologies
of specimens soaked in SBF for
periods of 7-28 days. a 0%F, b
33%F, and ¢ 67%F

the period of time. The bone-like apatite formability of all
three samples did not show evident difference after 28-day
immersion in SBF. The porous surfaces produced by the
MAO process here can provide a certain degree of in vitro
bioactivity performance.

The XRD patterns of the specimen surfaces are shown
in Fig. 8 and reveal that the A-TiO, and R-TiO, phases in
the original coatings are still present following SBF immer-
sion. In addition, all three spectra contain apatite peaks.
However, the spectra also contain strong Ti peaks, which
indicates that the bone-like apatite does not fully cover the
MAO specimen surface.

In addition to the formation of a porous surface, which
is favorable to osseointegration, the MAO processing
technique, when performed with appropriate electrolyte
solutions or combined with other treatments (e.g., hydro-
thermal treatment), also contributes to the formation of
bioactive and biocompatible coatings. Chung [37] and Lee
[38] added different proportions of strontium (Sr) ions to
the electrolyte used in the MAO process, and showed that
while Sr addition had a little effect on the mechanical prop-
erties of the coating (in the absence of further heat treat-
ment), the bioactivity of the coating was significantly
improved.

A:A-TIO,
R: R-TiO,
Ap : Apatite
Ti
A 1 .
- A RAP Ap g - Ti (c)
E] A N\
&
z - »
(7}
& Ap Ap Ti
E Al R R AT' Ap Ap T (b)
Ap
Ap .
Ap Ti Ti
Al R R Ap Ap Ti R (a)
T T = T v
20 30 40 50 60

2 Theta (deg.)

Fig. 8 XRD patterns of specimens soaked in SBF for 28 days. a
0%F, b 33%F, and ¢ 67%F

3.4 Initial investigation into in vitro biocompatibility
of MAO coatings

Figure 9 shows SEM images showing the morphologies of
the MG63 cells incubated for 24 h on the MAO coatings
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Fig. 9 SEM images of MG63
cells cultured on coated speci-
mens for 24 h. a 0%F, b 33%F,
and ¢ 67%F

with 0%F, 33%F, and 67%F, respectively. It is observed that
cell attachment and spreading occur on all three specimens.
Moreover, as the CaF,/Ca(CH;COO),-H,O ratio (ie., F
content) of the MAO electrolyte solution increases, the
degree of spreading also increases slightly. The biologic
response of osteogenic cells is strongly dependent on the
surface properties [39]. For example, cell attachment and
spreading, both important indicators of the biocompat-
ibility of a biomaterial, are governed by the composition,
chemical states, and morphology of the surface [27]. Many
methods have been proposed for improving the biocompat-
ibility of Ti implants by modifying the surface composition
and surface morphology. However, the MAO technique
used in this study combines chemical and morphological
modification of the Ti surface in a single step, and is a sim-
ple, controllable, and cost-effective method compared to
other techniques, such as plasma spraying [40].

Chung [37] and Kung [40] showed that the biological
performance of MAO coatings can be enhanced by incor-
porating strontium, calcium, and phosphorus ions into the
coating material by means of an appropriate control of the
composition and concentration of the electrolyte solution.
Similarly, it was shown in [41] that the presence of stron-
tium, calcium, and phosphorus is beneficial in promoting
the precipitation of apatite and inducing a greater attach-
ment and spreading of MG63 osteoblast-like cells on pure
Ti substrates. The previous studies [42—45] have shown
that surface modification affects both cell proliferation and
cell differentiation. More specifically, as the surface rough-
ness increases, the cell proliferation rate decreases, while
the alkaline phosphatase (ALP) activity increases. Further-
more, while cell differentiation is sensitive to the chemical
composition of the modified surface, cell proliferation is
not [45].

As discussed in Sect. 3.1, the 0%F and 33%F samples
contain large quantities of R-TiO,, A-TiO,, and HA phases,
where the HA phase consists of Ca- and P-containing com-
pounds. Although the richest F specimen (67%) has no
HA phases, it consists of FA, which also contains Ca- and
P-containing compounds. The previous studies have found
no statistical difference in the cell growth abilities of HA
and FA under similar surface conditions [46, 47]. However,
the present results appear to show that the surface compo-
sition (or some other property) of the MAO coating has
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a slight effect on the attachment and spreading of MG63
cells.

As shown in Fig. 6, the 0%F and 33%F coatings have
average micropore diameters of around 1-2 and 3-5 pm,
respectively, and are thus compatible with the pore size
required to facilitate new bone growth (around 2-10 pm
[48]). However, the porosities of the two samples, i.e., 12%
and 11%, respectively, are much higher than that of the
67%F specimen (~2%). In other words, relatively speaking,
they have a much higher surface roughness, and are thus
less conducive to cell proliferation [42—45]. Consequently,
a slight improvement in the cell spreading area is observed
in the 67%F sample.

Xie [49] showed the cellular behaviors of nanocrystal-
line p-Ti alloy and revealed that along with the combination
of high hardness and low Young’s modulus, it exhibited
excellent cell attachment and cell proliferation. However,
in our study, although the hardness of three specimens has
obviously differences, it is hardly found that how it affects
the cellular behaviors from the results of the initial in vitro
biocompatibility test.

Overall, the present results show that all three MAO
coatings exhibit a reasonable in vitro bioactivity and
biocompatibility performance. Furthermore, a slight
improvement in the biocompatibility occurs as the CaF,/
Ca(CH;C00),-H,O ratio (F content) of the MAO elec-
trolyte solution increases. F content has limited effect on
improving the cell growth ability. However, the MAO coat-
ing of the richest F specimen (67%) will lead to the forma-
tion of FA; its chemical and thermal stabilities are better
than those of HA [10-12]. It is suggested that the formation
of FA on the specimen surface is beneficial for biomedical
applications.

4 Conclusions

This study has examined the surface morphology, compo-
sition, micro-hardness, and biological properties of bioce-
ramic layers prepared on pure titanium substrates using
an MAO process with three different electrolyte solutions
containing calcium fluoride (CaF,), calcium acetate mono-
hydrate (Ca(CH;COO),-H,0), and sodium phosphate
monobasic dihydrate (NaH,PO,-2H,0) mixed in ratios
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of 0:2:1, 1:1:1, and 2:0:1, respectively. The experimental
results support the following main conclusions.
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