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Abstract

Porous titanium was prepared by vacuum sintering titanium beads with diameters of 100, 200, 400 and 600 pm on titanium plate at
temperature 1723 K for 2 h. Then TiO,-based coatings containing Si, Ca, Na (SCN) elements were fabricated by micro-arc oxidation
(MAO) on the porous titanium. The results showed that the surface morphology, SCN concentrations and x-ray diffraction intensity of
titania of the MAO coatings were significantly affected by titanium beads diameter. With increasing titanium beads diameter, the
porosity of porous titanium raised gradually in a range of 26.5%-35% and the specific surface area of porous titanium decreased
gradually in a range of 45%—5% mm™~'. The oxidizing ability is positive correlated with bead diameter as porosity but negative
correlated with bead diameter as specific surface area. In this paper, the porosity and specific surface area are two key factors to

influence the formation and microstructures of MAO coatings.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Porous titanium has been widely studied for orthopedic
and dental implants application because of its good
biocompatibility, nice corrosion resistance, low elastic
modulus (close to bone) and porous structure which
provide good biological fixation to the surrounding tissue
[1-3]. However, titanium and its alloys have poor osteoin-
ductive properties because of their bioinert feature [4-6].
Thus, preparing bioactive coatings is an approach to
resolve the disadvantages of porous titanium and its alloys.
Microarc oxidation (MAO) is a relatively convenient and
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effective technique to deposit ceramic coatings on the
surfaces of Ti, Al, Mg and their alloys [7]. This technique
can introduce various desired elements into MAO coatings
and produce various functional coatings with a porous
structure [7-12]. Using MAO technique to deposit bioactive
ceramic coatings on titanium and its alloys has received much
attention in recent years [13—18]. However, most MAO coat-
ings were formed on the flat substrates, and the researches on
the formation of MAO coatings on the porous titanium have
less reported.

A number of approaches to fabricate three-dimensionally
porous titanium have been reported, including partial sinter-
ing of powders [19] or wires [20], sintering of powders around
a temporary space-holding phase [21,22], and selective laser
or electron beam melting [23-25]. Among these techniques,
selective laser or electron beam melting can control the
porosity and pore size of the materials, but the quality of
structure is hard to be controlled. It is affected by various
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factors, such as geometry of the structure, powder character-
istics and melting parameters [23]. Compared to the above
methods, vacuum sintering of titanium beads to fabricate
porous titanium has obvious advantages. It can not only
produce porous materials with high porosity and well inter-
connected structure, but also easily control the porosity and
specific surface area of porous titanium by choosing diameter
of titanium bead.

In this study, four kinds of porous titanium with
different porosity and specific surface area made by
titanium beads of different diameters were treated by
MAO. The elements of Si, Ca and Na (SCN) were
introduced into the MAO coatings. It has been proved
that the MAO coatings on titanium plate containing SCN
possessed good biocompatibility in our previous works
[26-28]. Now we focus on the influence of porous structure
on the structure of MAO coatings containing SCN.

2. Experimental procedure
2.1. Specimens preparation

Four kinds of commercial titanium beads with diameters
of 100, 200, 400 and 600 um supplied by Baoji Haibao
special metal materials co., Ltd. of China were sintered to
fabricate porous titanium. Fig. 1 shows the schematic
diagram for the structure of the porous titanium prepared
by vacuum sintering titanium beads. The porous Ti layer
with thickness of 0.4-0.6 mm were prepared by using
titanium beads to be sintered on titanium plates
(30 x 30 x 1 mm?), where the titanium plates were ground
with 400#, 800# and 1000# abrasive papers, washed with
acetone and distilled water, and dried at 40 °C. The Ti
plates covered by titanium beads with four different
particle sizes were filled in a graphite mold. BN lubricant
was sprayed on the inner wall of the mold to avoid the
reaction between graphite and Ti during sintering. At last,
the samples were sintered under vacuum environment
(10~* Pa) without applied pressure by holding at tempera-
ture 1723 K for 2 h with a heating rate of 10 °C/min.

The Ti plates covered titanium beads (labeled as
MAO100, MAO200, MAO400, MAOG600 according to
the titanium beads diameters of 100, 200, 400 and
600 um) were used as anodes, and stainless steel plates
were used as cathodes in an electrolytic bath. An electro-
lyte was prepared by the dissolution of reagent-grade
chemicals of Ca(CH;COO),-H,O (6.3 g/l), Na,SiO;
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Fig. 1. Schematic diagram for the structure of the porous titanium
prepared by vacuum sintering titanium beads on titanium plate.

(13.2 g/l), EDTA-2Na (15g/l) and NaOH (15g/l) into
deionized water. The applied voltage of 500 V was used
to prepare MAO coatings on substrates. The frequency,
duty cycle and oxidizing time were 600 Hz, 8.0% and
5 min respectively. The temperature of the electrolyte was
kept at 40 °C by the cooling system.

2.2. Structure characterization

2.2.1. X-ray diffraction (XRD)

The phase composition of MAO samples were analyzed
by X-ray diffraction (XRD, D/max-gB, Japan) using a Cu
Ka radiation with a continuous scanning mode at a rate of

4°/min, under an accelerating voltage of 40 kV and current
of 50 mA.

2.2.2. Scanning electron microscopy (SEM) and energy
dispersive X-ray spectrometer (EDS)

Scanning electron microscopy (SEM, Quanta 200, FEI
Co., American) was used to observe the surface morpholo-
gies. In addition, the elemental concentrations of the surface
of samples were detected by an energy dispersive X-ray
spectrometer (EDS, EDAX, American) equipped on the
SEM system. The SEM micrographs of the surface morphol-
ogies of the specimens were subjected to image analysis to
measure the micropore numbers and sizes.

2.2.3. The porosity and specific surface area

The sintered porous samples were immersed into the
melted olefin, which was filled into the pores of porous
titanium. Then the temperature decreased to solidify the
melted olefin in the pores of porous titanium. The solidified
sample was ground to reach the same size compared to that
before immersion. At last the drainage method was used to
determine the volumes of sintered porous samples non- and
containing olefin. The porosity was calculated by the follow-
ing equation:
Porosity = (V—11)/V x 100% (1)
where V7 and V are the volumes of sintered porous samples
non- and containing olefin

The shape and size of sample are shown in Fig. 1, and

the specific surface areca was calculated by the following
equation:

Specific surface area = S;/ V) 2)

where the Sy is the sum surface area of sample.

2.2.4. The current density
The current density during the MAO process was
calculated by following equation:

Current density = /S 3)

where I is the current intensity during the MAO process.
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Fig. 2. SEM morphology of the porous titanium prepared by vacuum sintering titanium beads with different diameters: (a) MAO100, (b) MAO200,

() MAO400 and (d) MAOG00.

3. Results

3.1. Surface morphology of porous titanium before MAO
treatment

Fig. 2 shows SEM morphology of the porous titanium
prepared by vacuum sintering titanium beads with differ-
ent diameters of 100, 200, 400 and 600 um. No obvious
changes in diameter of titanium beads were observed after
sintering. And the size of pores among titanium beads
increased obviously as an increase in the diameter of
titanium beads.

Fig. 3 shows the porosity and specific surface area of
porous titanium prepared by sintering titanium beads with
different diameters of 100, 200, 400 and 600 pm. With
increasing of the titanium beads diameter from 100 to
600 pum, the porosity of porous titanium increased gradu-
ally in a range of 26.5%—-35%, while the specific surface
area of porous titanium decreased gradually in a range of
45%-5% mm ™.

3.2. Current density of the MAO process

Fig. 4 shows the changes in the current density during
the MAO process for various porous titanium substrates
prepared by vacuum sintering titanium beads with
diameters of 100, 200, 400 and 600 um. Totally, the
changes of MAO current density can be divided to two
stages of boosting voltage and constant voltage. Generally,
the current density increased at the stage of boosting
voltage. Conversely, it decreased at the stage of constant
voltage due to the formation and growth of the MAO
coatings. However, it was obvious that the current density
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Fig. 3. Porosity and specific surface area of porous titanium prepared by
vacuum sintering titanium beads with different diameters of 100, 200, 400
and 600 um.
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Fig. 4. Changes in the current density during the MAO process for
various porous titanium substrates prepared by vacuum sintering titanium
beads with different diameters.

in the MAO process for MAO400 sample was the highest
compared to the other sample. This result suggestes that
the reaction intensity during the MAO process for
MAO400 sample is the highest one.
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Fig. 5. XRD patterns of the MAO coatings on the porous titanium
prepared by vacuum sintering titanium beads with different diameters:
(a) MAO100, (b) MAO200, (c¢) MAO400 and (d) MAO600.

Table 1

The diffraction intensity ratio between the
(101) crystal plane of anatase and the (101)
crystal plane of titanium.

Samples Intensity ratio
MAO100 0.34
MAO200 0.35
MAO400 0.60
MAO600 0.42

3.3. Phase composition of the MAO coatings

Fig. 5 shows the XRD patterns of the MAO coatings on
the porous titanium prepared by vacuum sintering tita-
nium beads with diameters of 100, 200, 400 and 600 pm.
Diffraction peaks of anatase were observed on the all
MAO coatings. Table 1 shows the diffraction intensity
ratio between the (101) crystal plane of anatase and the
(101) crystal plane of titanium. It can be seen that the
diffraction intensity ratio increases from 0.34 to 0.60 with
the varied titanium beads diameters from 100 to 400 pum.
However, when the titanium beads diameter further
increased to 600 um, the diffraction intensity ratio
decreased to 0.42. This result implies a fact that the
deposition of anatase on the MAO400 sample is relatively
easily compared to the other coatings.

3.4. Surface morphology of porous titanium after MAO
treatment

Fig. 6 shows the surface morphology (at low magnification)
of the MAO coatings on porous titanium composed of
different diameter titanium beads. Generally, the MAO
technique did not obviously change the shape of the porous
titanium. MAO coatings were observed not only at the surface
of titanium beads but also in the joints between two titanium
beads, although the diameter of titanium beads changed.

Fig. 7 shows the surface morphology of the MAO100
coatings at the joint regions among titanium beads. Obviously,
these regions were all oxidized completely. And no significant

difference in MAO coating surface can be observed between
bead surface and interconnected area.

Fig. 8 shows the surface morphology (at high magnifica-
tion) of the MAO coatings on porous titanium composed
by different diameter titanium beads respectively. The
MAO coatings exhibit a porous structure, which is bene-
ficial to cell attachment, propagation and bone growth
[29]. The micropores, like volcanic vent, formed during
microarc discharge process, are distributed in regular
intervals on all MAO coatings. It was interesting that the
number of micropores on the MAO coating declined but
the sizes of the micropores increased with the varied
diameter of titanium beads from 100 to 400 pm (Fig. 9).
However, when the diameter of titanium bead reached at
600 um, the number of micropores on the MAO coating
began to increase, while the sizes of micropores decreased.
The results indicate that the diameter of titanium bead has
a significant effect on the surface morphology of the MAO
coatings in the present electrolyte.

3.5. Elemental composition of the MAO coatings

Fig. 10 shows the elemental composition and concentrations
of the MAO coatings on porous titanium. The elemental
compositions of all the MAO coatings are Ti, O, Si, Ca and
Na. It can be seen that the concentrations of Ca and Si of the
MAO coating increase but those of Ti and O decrease, when
the diameter of titanium beads varies from 100 to 400 pm
(Fig. 10). However, with the further increasing of titanium
bead diameter to 600 pm, the concentrations of Ca and Si of
the MAO coating begin to decrease, while those of Ti and O
of the MAO coating increase. Compared to other elements,
the change in the Na concentration is not significant.

4. Discussion

In this paper, porous Ti was prepared by vacuum sintering
Ti plates covered by titanium beads with different diameters.
The formation and structures of MAO coatings on porous Ti
have been investigated. According to the current results, it can
be found that the effects of titanium beads diameters on the
MAO processing current density, porosity, specific surface,
phase composition, surface morphology and elemental con-
centrations are significant. It is very interesting that the
titanium beads diameters is how to affect the structures of
MAO coatings. Firstly, in the preparation, only the titanium
beads diameter of the porous Ti has changed, which directly
leads to the changes in two parameters of specific surface area
and porosity. Then, the changes of specific surface area and
porosity could further affect the structures of MAO coatings.

According to the formation mechanism of MAO coatings,
the effect of specific surface area can be described as the
reduction for electric breakdown due to enlarge of the surface
areca based on the same sample volume. Thus, the electric
breakdown becomes dispersed, resulting in the decline of
growth ability for MAO coatings, and the similar appearance
can be observed from the morphology in Fig. 8(a)-(c).
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Fig. 6. SEM morphology at low magnification of the MAO coatings on the porous titanium prepared by vacuum sintering titanium beads with different

diameters: (2) MAO100, (b) MAO200, (c) MAO400 and (d) MAOG00.

Fig. 7. SEM morphology of the MAO100 coatings at the joint region
among titanium beads.

Meanwhile, the increasing of specific surface area also can be
considered as the reason for the decrease of ions concentra-
tion on unit area. Because the porous Ti prepared by various
titanium beads with different diameters has different surface
area at the same sample volume, the ions concentrations on
unit area are different in the same electrolyte. Thus, in the
case of the porous Ti with low specific surface area, the ions

concentration on unit area is higher compared to that with
high specific surface area. This is the reason why the current
density increases with increasing the titanium beads dia-
meters from 100 to 600 um as shown in Fig. 4, due to the
decreasing of specific surface area. Namely, the decline of
specific surface area improves the oxidizing ability on porous
Ti surfaces.

At the same time, the formation of coatings also may be
influenced by the porosity of samples. As liquid, the electro-
lyte is very easy to flow into the hollow caused by porous Ti,
leading to the change of electric resistance. The electrolyte
would be considered as reinforcement with much higher
resistance, and linked with the Ti in form of series circuits
based on the structure analysis (Fig. 11). Fig. 11(a) shows an
imaginary sample with same size compared to titanium plate
covered titanium beads. However, the layer of titanium beads
was replaced by a compact titanium layer in Fig. 11(a). With
increasing the titanium beads diameter, the porosity of porous
titanium layer increased, the much more electrolyte filled with
the porosity, thus it decreased the conduction ability between
titanium beads. Namely, the system resistance is composed of
Ry and Rpiecrolyte @8 shown in Fig. 11(d), where the Ry
included the titanium plate and beads. Apparently, the
resistance of sample structure in Fig. 11(a) is lower than that
of sample structure in Fig. 11(b) and Fig. 11(c), since the Ry;
is lower than Rgjecirolyte- At the same time, the resistance of
sample structure increased with increasing the titanium beads,
which resulted in the decline of current at the same applied
voltages and further caused the attenuate of oxidizing ability.
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Fig. 8. SEM morphology at high magnification of the MAO coatings on the porous titanium prepared by vacuum sintering titanium beads with different

diameters: (a) MAO100, (b) MAO200, (c) MAO400 and (d) MAO600.
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Fig. 9. Micropore density and size of the MAO coatings on porous
titanium prepared by vacuum sintering titanium beads with different
diameters of 100, 200, 400 and 600 pm.

Associated considered the two parameters, as the oxidizing
ability is positive correlated with bead diameter as porosity
but negative correlated with bead diameter as specific surface
area, a comprehensive model comes out as shown in Fig. 12.
At the relatively low sphere diameter, smaller than 400 um,
because of the dramatic rise in specific surface area but little
change in electric resistance related to porosity, the oxidizing
ability is dominated by specific surface area, showing a rise
trend with sphere diameter as shown by curve b and c in
Fig. 12. Hence, when the sphere diameter reach to 400 um,
the leading dominant parameter shifts to porosity as the
sharply increased electric resistance caused by the influx
electrolyte in certain volume. So, the oxidizing ability would
decrease with the rise sphere diameter lager than 400 um as
shown in Fig. 12 of curve c. The curve c is a merging of curve
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Fig. 10. Elemental composition and concentrations of the MAO coatings
on porous titanium prepared by vacuum sintering titanium beads with
different diameters of 100, 200, 400 and 600 um.

a and b, p, presenting a phenomenon of first increasing and
then decreasing in oxidizing ability with rising the diameter of
titanium beads. Obviously, when the oxidizing ability
increased, the current density, titania concentration, micro-
pore size, Si and Ca elemental concentrations increased.
Conversely, these parameters declined when the oxidizing
ability decreased. Thus, these parameters reach a maximum
when diameter of titanium beads is 400 um. Generally, the
MAO on the surface of porous materials is complex, which
has less reported according to current investigation. In this
paper, the porosity and specific surface area possibly are two
key factors to influence the formation and microstructures of
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Fig. 12. Schematic diagram for effect of porosity and specific surface area
of porous titanium formed by titanium beads with different diameters on
oxidizing ability.

MAO coatings. Further investigations on these issues have
been done, which could be report later.

5. Conclusion

TiO,-based coatings containing Si, Ca, Na (SCN) elements
were formed on porous titanium by micro-arc oxidation
(MAO). The titanium beads diameter directly determined
two parameters of porosity and specific surface area of
porous titanium. The surface morphology, SCN concentra-
tions and titania concentration of the MAO coatings were
significantly affected by the diameter of titanium beads due
to the change in porosity and specific surface area of porous
titanium. Associated considered the two parameters, as the
oxidizing ability is positive correlated with bead diameter as
porosity but negative correlated with bead diameter as
specific surface area. When the oxidizing ability increased,
the current density, titania concentration, micropore size,
SCN concentrations increased. Conversely, these parameters
declined when the oxidizing ability decreased.
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