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ABSTRACT: In present study, the formation of bioactive anatase on bulk titanium (Ti) by hybrid surface mechanical attrition treatment
(SMAT) is reported. A commercial pure Ti plate first underwent SMAT in a vacuum for 1 h to produce a nanocrystalline layer with a
thickness of about 30 µm, and then the nanocrystalline Ti (∼30 nm) was transformed into mesoporous anatase with a grain size ∼10 nm
by chemical oxidation and calcination. The mesoporous anatase showed excellent bioactivity while being soaked in simulated body fluid,
which could be attributed to the unique nanostructure on the SMAT Ti surface.

Introduction

Commercially pure titanium (Ti) and Ti alloys are the materials
of choice in orthopedic and dental applications because of their
good biocompatibility, excellent resistance to corrosion, and superior
mechanical properties.1–4 However, due to the limited bioactivity,
Ti or Ti alloys are inclined to form fibrous tissue at the Ti-bone
interface and thus increase the possibility of implantation loosening
over a long period of time.5,6 On the other hand, calcium phosphate
materials and certain glass-ceramics, which are bioactive and
capable of forming a direct bond with bone, are usually brittle and
have low fracture toughness and low resistance to impact loading,
making them very limited in their use as load-bearing implants.
Commercial dental and orthopedic implants coated with plasma-
sprayed hydroxyapatite (HA) were developed to combine the
superior mechanical properties of the metal together with the
bioactivity and osteoconductivity of the Ca-P compounds. Typically,
plasma-sprayed coatings consist of a mixture of amorphous and
crystalline phases, and the amorphous and some of crystalline
products such as tricalium phosphate (TCP) dissolve very fast while
implanted in the human body.7 Further heat treatment to improve
crystallinity often results in cracking and loss of adhesion. To
overcome these difficulties, many studies especially simple chemical
treatment have been conducted in recent years. For example,
bioactive titanium could be prepared by using NaOH or H2O2 (alone
or a mixture of H2O2/HCl or H2O2/TaCl5 solutions).8–12 However,
sodium titanate (by NaOH) thus formed had a high crack density
and delaminated extensively from the Ti substrate, and crack-free
titania with high bioactivity (by H2O2/TaCl5) can be obtained only
after being treated for a long time (80 °C, 72 h).12,13 Therefore,
improved synthetic routes to produce bioactive titanium are still
required.

Nanostructured metals exhibiting unique physical, chemical, and
mechanical properties have attracted tremendous attention to identify
and exploit the unique properties and the new applications of these
novel materials.14 However, bulk nanostructured materials usually
have very high strength but disappointingly low ductility producing
insuperable problems for advanced structural applications.15,16 The
newly developed surface mechanical attrition treatment (SMAT),
which introduces a large amount of defects and/or interfaces into
the surface layer over a short period of time, is an effective way to

realize surface self-nanocrystallization on metallic materials surface,
and the grain size increases gradually with no obvious interfaces
from top-surface to matrix.17,18 It is a very promising method to
produce functionally gradient materials since the nanocrystalline
layer is suitable for surface modification, while the coarse-grained
(CG) matrix provides the ductility.

The typical synthesis procedure includes the following steps:
a commercial pure Ti plate with average grain size of 30 µm
was first treated in vacuum by a SMAT machine for 60 min.
The SMAT setup has been described in detail elsewhere.17,18

After being pickled with 1 M HCl and carefully washed, the
plate was immersed into 8.8 M H2O2/0.1 M HCl at 80 °C for 15
min (oxidation). Then the plates were dried at 40 °C for 6 h
and calcinated at 400 °C in air for 1 h. For comparison, a CG
sample was also prepared according to the same procedure only
in the absence of SMAT and the pickling procedure was just
the same as in ref 9. Both the SMAT and CG samples (Note:
the SMAT and CG samples denote the Ti plate treated by
oxidation and calcination thereafter if without special illustration)
were washed by distilled water, dried in air, and finally soaked
in simulated body fluid (SBF) at 37 °C to investigate the
bioactivity. SBF that has almost the same ion concentration as
human blood plasma was prepared as described in the literature.8

The samples were taken out after having been immersed for 1
day, 7 days, washed gently with distilled water, and dried in an
oven at 40 °C. The morphologies and microstructure of the as-
prepared sample surfaces were characterized by optical micros-
copy (Leica, MPS30), field-emission scanning electron micros-
copy (FESEM: Supra 35 LE�), and transmission electron
microscopy (TEM: JEOL-2010), respectively.

Figure 1a is the cross-sectional optical microstructure of the Ti
subjected SMAT only. It is obvious that the treated surface layer
is much darker than the matrix. The deformation layers can
accordingly be subdivided into two regions: (1) the severe deforma-
tion layers in which the grain boundaries could not be identified;
and (2) minor deformation layers. A typical bright field image on
top-surface is presented in Figure 1b. It is characterized by wavy-
like and irregular grains with a large number of dislocations, and
the corresponding selected area electron diffraction (SAED) inserted
suggests the existence of both large and low angle grain boundaries.
The average grain size was about 30 nm. Further investigations
showed that a nanocrystalline layer of Ti with thickness about 30
µm was formed by SMAT, below which the grain size increased
gradually.
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After oxidation of the sample at 80 °C for 15 min and calcination
at 400 °C for 1 h, no cracks existed in the SMAT sample surface
(Figure 2a). Higher magnification displays that the surface is
besprinkled with very small pores at the nanometer scale (Figure
2b). The porosity was further investigated by TEM. A perfect
mesoporous structure with a pore size about 6 nm is formed in the
SMAT sample (Figure 2c), and the corresponding SAED shows
uniform rings of anatase. The grain size of anatase is about 10 nm
with the {101} plane as presented in the high resolution TEM
(HRTEM) picture (Figure 2d). The pore uniformity and the
crystallinity are much more improved than the sample with the same
treatment at room temperature.19

After the sample was soaked in the SBF for 1 day, a few isolated
villous spherulites (1-2 µm) were generated on the SMAT Ti
surface (Figure 3a), and a higher magnification inset shows they
form directly on mesoporous anatase. The spherulite was further
examined by TEM (Figure 3b). Spherulite is composed by numerous
needle-like products tangling with each other, and the SAED inset
shows clearly a ring of HA (211). After 7 days, numerous
spherulites (8-10 µm) almost cover the whole surface (Figure 3c).
The needle-like morphologies shows little change compared with
1 day, while the SAED is much more distinct, suggesting the
improvement of the crystallinity (Figure 3d). The XRD results (not
shown here) of the samples after being immersed in SBF for 7
days show that there is no crystalline bone-like apatite peak of the
CG Ti, while there are two new peaks located at about 26° and

31.9° in the SMAT sample, respectively, corresponding well to the
(002) and (211) of apatite.

As we mentioned before, CG Ti only formed sub-micrometer
porous-like titania while being immersed in the H2O2 solution at
80 °C for sufficient time (20-30 min).10 MacDonald et al. found
that average grain size of nanocrystalline Ti film affects both
oxidation kinetics and pore size of the titanium oxide layer while
being immersed in H2O2, although they did not obtain mesoporous
titania.20–22 So it is very interesting to find that the nanocrystalline
Ti can transform into mesoporous anatase by the present treatment.
After SMAT, dense defects such as dislocations, vacancies, and a
large volume fraction of grain boundaries with a high excess of
stored energy were formed in the nanocrystalline Ti layer. The
decomposition of H2O2 generating oxygen molecules and the
diffusion of oxygen occur first at grain boundaries and grain interior
with high defects density. Thus the titania formed operates in two
ways: (1) the dissolution of titania by H2O2. It follows a reaction
that produces surface-stabilized superoxide and peroxo anions as
well as TiIV(OH)2 species,23 and a very small pit is left in situ on
the surface; (2) the catalytic decomposition of H2O2 to H2O and
O2.24 Thereby the “new” titania undergoes the same process in
successive cycles, and more pits are left in situ and aggregate with
each other simultaneously. Finally, a perfect mesoporous structure
comes into being just like the “electron avalanche” procedure.
However, interactions between Ti and hydrogen peroxide are quite
complicated, and further investigations are still necessary to clarify

Figure 1. The microstructure of Ti subjected to SMAT only. (a) Cross-sectional optical micrograph; (b) Bright-field image of nanocrystalline Ti
on top surface. Inset: corresponding SAED of (b).

Figure 2. SEM (a, b) and TEM (c, d) images of SMAT Ti surface. Inset: corresponding SAED of (c).
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the formation mechanism of mesoporous structure. In the same time,
the nucleation, the growth rates, and crystallinization capability of
titania in the nanostructured surface are also greatly improved. The
same procedure have been found in the nitriding and chromizing
procedure at low temperature.25–27

The quick formation of HA particles on SMAT sample can be
attributed to the unique nanostructured anatase on the SMAT sample
surface, including the Ti-OH groups, negative surface charge, and
the mesoporous structure. The anatase usually hydroxylates after
being soaked in SBF, resulting in the formation of Ti-OH groups.
It has been suggested that Ti-OH groups with a specific structural
arrangement based on the anatase structure is effective in inducing
apatite nucleation.28,29 Furthermore, it can be inferred that the
SMAT sample surface is negatively charged while being immersed
in SBF with a pH value of 7.4 since the point of zero charge (PZC)
of anatase (the pH value at which the surface charge of oxide is
zero) is about 5.9,30 which can lead to the establishment of an
electrical double layer with an increased concentration of cations
at the SMAT sample surface. Inside the mesopore, the superposition
of the surface potential increases the ionic activity and thus increases
the ionic concentrations, so the heterogeneous nucleation (apatite)
is more likely to occur inside the pore.31 Once the apatite nuclei
form, they grow up and propagate spontaneously by consuming
calcium and phosphate ions from the surrounding SBF and finally
cover the whole surface. At the same time, the crystallinity of titania
is also very important since it is well-known that amorphous titania
has no bioactivity and it has been testified in refs 11, 13, and 32.
Considering the relatively weak crystallinity of titania on present
CG and SMAT samples treated at room temperature, it is reasonable
that they show poor bioactivity while being immersed in SBF.

In conclusion, nanocrystalline Ti (∼30 nm) was produced on
bulk Ti by the SMAT method, and it further transformed into crack-
free mesoporous anatase (∼6 nm) by a simple chemical treatment.
The mesoporous anatase shows high bioactivity while being soaked
in SBF. To the best of our knowledge, it is the first report to produce
bioactive mesoporous titania on bulk Ti by in situ synthesis without
introducing external media (such as template, sputtering, or sol–gel
methods). The hybrid SMAT method harmoniously combines
chemical and mechanical treatment, and it is readily scaled up,
opening a new area in the synthesis and application of titania. It

gives new alternative approaches to functionally gradient materials
by means of a nanostructure-selective reaction due to the much
enhanced atomic diffusivity and chemical reactivity of the nano-
structured surface layer.
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