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a b s t r a c t

Equal channel angular pressing results in ultrafine-grained (�200–500 nm) Ti with superior mechanical
properties without harmful alloying elements, which benefits medical implants. To further improve the
bioactivity of Ti surfaces, Ca/P-containing porous titania coatings were prepared on ultrafine-grained and
coarse-grained Ti by micro-arc oxidation (MAO). The phase identification, composition, morphology and
microstructure of the coatings and the thermal stability of ultrafine-grained Ti during MAO were inves-
tigated subsequently. The amounts of Ca, P and the Ca/P ratio of the coatings formed on ultrafine-grained
Ti were greater than those on coarse-grained Ti. Nanocrystalline hydroxyapatite and a-Ca3(PO4)2 phases
appeared in the MAO coating formed on ultrafine-grained Ti for 20 min (E20). Incubated in a simulated
body fluid, bone-like apatite was completely formed on the surface of E20 after 2 days, thus evidencing
preferable bioactivity. Compared with initial ultrafine-grained Ti, the microhardness of the E20 substrate
was reduced by 8% to 2.9 GPa, which is considerably more than that of coarse-grained Ti (�1.5 GPa).

� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Commercial pure titanium and its alloys have been widely uti-
lized in the biomedical field because of their exceptional biocom-
patibility, low elastic modulus, excellent corrosion resistance and
high strength-to-density ratio. Titanium alloys (e.g. Ti6Al4V) are
generally used for orthopedic and dental implants more frequently
than commercial pure titanium due to their superior mechanical
strength [1]. However, such elements as aluminum and vanadium
may be harmful to the human body, thus restricting further bio-
medical applications of Ti6Al4V alloy [2,3].

Grain refinement is an effective method to enhance the
mechanical strength without the need of adding a potentially
harmful alloying element [4,5]. Ultrafine-grained (UFG) metals
and alloys processed by severe plastic deformation techniques,
e.g. high pressure torsion [6,7], cyclic extrusion compression [8]
and equal channel angular pressing (ECAP) [9,10], show superior
mechanical properties, such as high strength and improved ductil-
ia Inc. Published by Elsevier Ltd. A
ity, as well as lower temperature and higher strain rate superplas-
ticity. Among all the severe plastic deformation techniques, the
ECAP technique is especially attractive because it can economically
produce bulk UFG materials that are 100% dense, contamination
free, large enough for real structural application and with an
invariant chemical composition [9–12]. It was shown recently that
the microstructure of coarse-grained (CG) Ti can be significantly
refined through the ECAP process and the resulting strength was
enhanced from 463 to 1050 MPa [9]. This is even higher than that
of the commercial Ti6Al4V alloys (950 MPa) that are generally used
for implants. Moreover, very recent experimental results indicate
that the grain refinement of Ti further promotes bone tissue
growth and cell adhesion [13–15]. Thus, UFG pure Ti, with high
strength and better biocompatibility, seems to be favorable for fu-
ture applications as a biomaterial.

The pure Ti surface is covered with a thin native oxide layer,
which is bioinert. After implantation, the surface is generally
encapsulated by fibrous tissue without producing any osseous
junctions with the surrounding tissues. Therefore, various sur-
face-modification techniques have been developed in the past in
order to improve the bioactivity and bioconductivity of Ti implants.
ll rights reserved.
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These processes are generally divided into physical (e.g. plasma
spraying and ion implanting), chemical (e.g. sol–gel routes, alkali
heating and hydrothermal treatment) and electrochemical
methods (e.g. anode oxidation and micro-arc oxidation (MAO))
[16–23]. The method of MAO has emerged only recently, and can
produce a porous, rough and firmly adherent titania film on the
titanium surface [24–27]. This process combines electrochemical
oxidation with a high voltage spark treatment in an aqueous elec-
trolytic bath containing Ca and P elements in the dissolved salts.
The presence of Ca and P ions in the porous titania coating layer
can further enhance the bonding between the implants and the
bone with anchorage. In previous studies, the oxide coating
included Ca- and P-containing phases such as typically CaTiO3,
a-Ca3(PO4)2, b-Ca2PO7, CaCO3, CaO or amorphous apatite [28–30].
However, further work on MAO is still needed to improve the bio-
activity of the titania coating [27,31]. A number of effective solving
routines have been developed, such as hydrothermal treatment or
heat treatment of the coatings to form hydroxyapatite (HA) layers
on the titania [32–34].

It is well known that grain boundaries may act as fast atomic
diffusion channels, and various kinds of non-equilibrium structural
defects can accelerate the chemical activity of the UFG materials
[35]. Thus, the use of ECAP-treated Ti as a substrate for bioactive
coatings may represent an additional advantage over its conven-
tional coarse-grained counterpart. In the present work, we used
the ECAP technique to prepare a UFG commercially pure Ti sample.
The as-prepared samples were coated by Ca/P-containing titania
layer via the MAO process. The thickness, phase, composition and
morphology of the titania layer on the two kinds of substrate were
investigated as a function of MAO reaction time and the resulting
bioactivities.
2. Materials and methods

2.1. Fabrication of ECAP-treated Ti specimen

Commercially pure Ti (>99.5 wt.%, Grade 2) with an average
grain size of 20 lm was used as the starting material. Pure Ti bil-
lets, 20 mm in diameter and 100 mm in length, were processed
by ECAP for eight passes at a rate of 6 mm s�1 at 450 �C, as de-
scribed in Ref. [9]. These processing parameters were optimized
for the best combination of ductility and efficiency in grain refine-
ment [9].

2.2. Preparation of two sorts of substrates

The ECAP-treated bulk Ti samples with a diameter of typically
20 mm and a thickness of 3 mm were used as the substrates for
the MAO process. Prior to MAO treatment, the surface of the sam-
ples was ground using 1200# abrasive paper and ultrasonically
cleaned with a succession of acetone, ethyl alcohol and distilled
water. For comparison, the starting CG Ti plates were treated in
the same way.

2.3. Synthesis of MAO coatings

A 2 kW alternating current MAO device was used to fabricate
ceramic coatings. A mixed aqueous solution containing 0.1 mol l�1

calcium acetate monohydrate ((CH3COO)2Ca�H2O, AR) and
0.06 mol l�1 sodium dihydrogen phosphate (NaH2PO4�2H2O, AR)
was used as the electrolyte, and a flat stainless-steel plate was used
as cathode. The MAO process was conducted at a fixed applied
voltage of about 550 V using a pulse power supply for 2, 5, 10
and 20 min. The frequency and duty cycle were fixed at 600 Hz
and 10%, respectively. Due to the anisotropy of ECAP-treated Ti
samples, MAO coatings were prepared on the cross-section of
ECAP-treated samples here. After MAO treatments, the specimens
were washed with distilled water. The ECAP samples treated for
2, 5, 10 and 20 min were named as series E: E02, E05, E10 and
E20, respectively. Accordingly, the CG substrate samples were
named as series C: C02, C05, C10 and C20.
2.4. Characterization of microstructure and composition of oxide layer

The phase composition of the coatings was analyzed by X-ray
diffraction (XRD; X’pert PRO) using Co Ka radiation at 40 kV and
30 mA with a scanning speed of 4�/min and a step size of 0.02�.
The surface and cross-sectional morphology of the coatings were
examined by scanning electron microscopy (SEM; LEO 1530 field
emission gun SEM). The mean elemental composition of each coat-
ing surface was analyzed with energy dispersive X-ray spectrome-
ter (EDX) incorporated into the scanning electron microscope using
the ‘‘area scanning” mode. The microstructure of the substrates for
the sample in the extension direction, before and after MAO pro-
cessing for 20 min, was observed by automated indexing of the
electron backscattered diffraction (EBSD) patterns.

X-ray photoelectron spectroscopy (XPS; 5800 Multi Technique
ESCA system) was used to determine the chemical compositions
and chemical states of the coatings in a depth range of �5 nm. In
the XPS experiment, a monochromatic Al Ka (1486.6 eV) X-ray
source was used with an anode power of 250 W. A region of
0.4 � 0.4 mm2 on each sample surface was analyzed with a hemi-
spherical analyzer using pass energies of 187.85 eV for survey
spectra and 29.35 eV for detail spectra. The measured binding
energies were calibrated by the C1s (hydrocarbons) at 284.8 eV.

The microstructure of E20 cross-sectional sample was observed
by transmission electron microscopy (TEM; Philips EM 301) at an
accelerating voltage of 120 kV. The TEM foils were prepared by
low-angle Ar-ion milling.
2.5. Nanoindentation test

A nanoindentation testing system (Nanoindenter XP, MTS Inc.)
with a well-calibrated Berkovich diamond indenter was employed
to determine the elastic modulus and hardness of the Ti substrate
and the MAO coating. The load resolution was about 50 nN and the
displacement resolution was approximately 100 nm. All continu-
ous stiffness measurements were carried out under the displace-
ment control mode with a tip-displacement rate of 10 nm s�1.
2.6. Bioactivity evaluation of MAO coatings

The MAO samples were incubated in 500 ml of simulated body
fluid (SBF) for 2, 4 and 8 days at 37 �C to evaluate their bioactivity.
The SBF was prepared by dissolving reagent-grade NaCl, NaHCO3,
KCl, K2HPO4�3H2O, MgCl2�6H2O, CaCl2 and Na2SO4 in deionized
water and buffering at pH 7.40 with tris-hydroxymethylaminome-
thane ((CH2OH)3CNH2) and 1.0 mol l�1 HCl at 37 �C [36]. The SBF
was refreshed every 2 days so that apatite formation would not
inhibited by a lack of ions. After the test, samples were washed
with distilled water and then air dried.
3. Experimental results

3.1. Surface morphologies and cross-sectional views of MAO coating
layer

The SEM micrographs illustrating the progressive growth and
morphology of MAO coatings on UFG Ti and CG Ti substrates are
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presented in Fig. 1(a–d) and (e–h), respectively. The MAO coating
contains two types of pores: micropores and submicropores.

The micropores had a roughly circular or elliptical shape like
volcanic vent. Such pores were formed during the micro-arc dis-
charge process. The change in the amount and size of the pores
(P1.0 lm) produced on the surface with increasing time of treat-
ment is shown in Fig. 2. After 2 min exposure, pores with
maximum diameters of about 5.2 and 2.7 lm and densities near
0.013 and 0.018 pores lm�2 (over an average area of 150 �
110 lm2 on each sample) are homogenously dispersed on the
coating surface of the UFG Ti (Fig. 1a) and CG Ti (Fig. 1e), respec-
tively. The size distribution is broader for E02 than C02. As the
Fig. 1. Surface morphologies of MAO coatings formed on UFG Ti and on CG
time increases, it is clearly seen that the diameter of such pores
and the surface roughness increase accordingly (see Fig. 1b and
c). As shown in Fig. 1d, after treatment for 20 min, the diameter
of the largest pores is approximately 13 lm, and many smaller
pores are present. The density of the pores decreases to
0.008 pores lm�2. Compared with the MAO coating formed on
the UFG Ti, the roughness, discharge channel diameter and thick-
ness of the coating formed on the CG Ti are significantly smaller
after the same reaction time (see Fig. 1f and g). As the reaction
time increases to 20 min, the pore density decreases to
0.01 pores lm�2 and the maximum diameter of the pores is about
7 lm.
Ti. (a) E02, (b) E05, (c) E10, (d) E20, (e) C02, (f) C05, (g) C10, (h) C20.



Fig. 2. Variation in micropore density vs. diameter of pores formed on UFG Ti and CG Ti during different reaction times.
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Along with the micropores, some pores of submicrometer size
(i.e. 0.1–1.0 lm, see inset of Fig. 1a) can be also found. They were
formed either during anodizing or at the beginning of the MAO pro-
cess. The porosity of the coating layer is also increased. The porosi-
ties of the E02, E05, E10 and E20 coating surface are 5.4%, 6.7%,
7.6% and 9.5%, which are higher than the 2.7%, 3.0%, 4.4% and 5.2%
of the coating formed on the CG Ti with the same reaction time.

Fig. 3 shows cross-sectional SEM views of the MAO coating lay-
ers formed on UFG Ti and CG Ti. The coating layer of each sample
consists of two parts: the compact diffusion layer in contact with
the substrate and the external porous conversion region containing
discharge channels. The average thickness of the diffusion layer re-
mains constant during the processing. However, with the reaction
time increasing from 2 to 20 min, the average thickness of the
external porous conversion layer increases from 10 ± 1 to
58 ± 10 lm for UFG Ti and from 6 ± 1 to 20 ± 5 lm for CG Ti (Fig. 3).
Fig. 3. Cross-sectional SEM views of MAO coatings formed on
3.2. Coating composition

The elemental compositions of the MAO coating surfaces were
analyzed using EDX. The variation in the Ca and P contents in the
MAO coatings formed on the UFG and CG Ti substrates with differ-
ent reaction times are shown in Table 1 from top views, which
were mainly over a depth range of 10–20 lm. With increasing
reaction time, the amount of Ca and P increased in both substrates;
however, the contents of these elements were 60% higher in the
E20 than in the C20 coating.

The variations in the Ca/P atomic ratio on MAO coating formed
on the UFG and CG Ti substrates with different reaction times are
also shown in Table 1. The Ca/P ratio increased from 1.54 to 1.96
with reaction time increasing from 2 to 20 min in the coatings on
the UFG Ti. With the same reaction time, the Ca/P ratio in the coat-
ings formed on the CG Ti increased from 1.12 to 1.57, which is
UFG Ti (a) and CG (b) Ti during different reaction times.



Table 1
Relative contents of Ca and P and the Ca/P ratio of the surface of MAO coating formed
on UFG Ti and CG Ti.

Sample Relative content Ca/P ratio

Ca (at.%) P (at.%)

E20 15.4 ± 0.7 7.9 ± 0.5 1.96
E10 10.6 ± 0.7 5.7 ± 0.3 1.84
E05 6.9 ± 0.4 4.4 ± 0.3 1.58
E02 5.1 ± 0.3 3.3 ± 0.2 1.54
C20 9.7 ± 0.6 6.2 ± 0.3 1.57
C10 6.4 ± 0.5 4.5 ± 0.3 1.40
C05 4.8 ± 0.3 4.1 ± 0.3 1.18
C02 4.5 ± 0.3 4.0 ± 0.2 1.12
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slightly lower than that of stoichiometric HA (1.67). This indicates
that the apatite formed is Ca-deficient HA on the CG Ti.

The analysis of the chemical content of the coating layers of
C20, E02 and E20 samples by means of XPS is shown in Fig. 4a from
a top view, in which all data are mainly from a depth range up to
�5 nm. The major surface constituents found for the MAO coating
are Ca, P, O, Ti and C. Fig. 4b shows O1s XPS spectra of the surface of
C20, E02 and E20 coatings. According to Refs. [37–39], the spectra
can be deconvoluted into three peak components. The peak located
at 530.1 eV is assigned to O1s in TiO2 [38]. The second peak at
531.3 eV corresponds to O1s in P@OA [39] groups (by a-Ca3(PO4)
and Ca10(PO4)6(OH)2) [40]. The third peak at 532.8 eV is attributed
to the contribution from O1s in basic AOH (by Ca10(PO4)6(OH)2))
[37]. The relative area ratios of the three peaks are listed in Table 2.

The XPS detail spectra of Ti2p and C1s from C20, E02 and E20
are shown in Fig. 4c and d. One can see clearly that the concentra-
Fig. 4. (a) Survey spectrum, (b) O1s, (c) Ti2p and (d) C
tion of Ti is higher on the surface of E02 than on the other samples.
The elemental compositions are shown in Table 3. For the E20 sam-
ple, the concentrations of Ca and P are about 19.6% and 9.3%, giving
a Ca/P ratio of about 2.1, consistent with the data obtained from
the EDX. However, the Ca concentrations of E02 and C20 are 9.6%
and 12.3%, respectively, with the Ca/P ratio of about 1.1, which is
considerably less than that of E20.

In the C1s spectra, the predominant peak at 284.8 eV corre-
sponds to organic carbon (CAH, CAC). The P2p peaks of the coat-
ings are well fitted at 133.4 eV, and can be assigned to P2p in
PO3�

4 (at 133.4 eV) but not to HPO2�
4 (at 134.4 eV) [41]. The

Ca2p3/2 and Ca2p1/2 of the coatings are located at 347.5 and
351.1 eV, respectively, corresponding to Ca2p in Ca3(PO4)2 and
Ca10(PO4)6(OH)2) [31]. The Ti2p3/2 and Ti2p1/2 XPS peaks of the
coating, located at 458.5 and 464.3 eV, respectively, are well fitted
to those of Ti2p in TiO2 [30]. There is no influence of the chemical
state of Ti, Ca and P in the C20, E02 and E20 MAO coatings.

3.3. Phase identification of MAO coating layers

The XRD patterns obtained from the MAO coating layers on UFG
and CG Ti are shown in Fig. 5a and b, respectively. The MAO film
mainly consists of two types of titanium dioxide modifications:
metastable anatase and stable rutile. As the oxidizing time
increased, the content of anatase phase in the coatings decreased,
while the content of rutile phase increased. After 20 min, the rutile
became the predominant phase in the coatings, and the anatase
phase disappeared almost completely from the UFG substrate. At
the same time, we still observed weak XRD peaks of the anatase
phase in the C20 MAO coating (Fig. 5b). It can be inferred that
1s XPS spectra of the C20, E02 and E20 coatings.



Table 2
Percentage areas of the peaks obtained by deconvoluting the XPS O1s spectra of the
surfaces of the C20, E02 and E20 coatings.

Sample Percentage area of the deconvoluted peaks

530.1 eV 531.3 eV 532.8 eV

E20 27.9 64.2 7.9
E02 36.4 61.6 2.0
C20 26.0 67.7 6.3

Table 3
Element compositions on the surface of the MAO coatings by XPS (%) (error bars are
<5%).

Samples Elemental composition (at.%)

O Ca P Ti C

E20 53.6 19.6 9.3 3.6 13.9
E02 62.0 9.6 8.6 11.5 8.3
C20 61.3 12.3 11.6 4.3 10.6
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the phase transformation occurs from metastable anatase into sta-
ble rutile during the MAO treatment.

After MAO treatment of ECAP-treated Ti for 10 min, the diffrac-
togram from the surface of the MAO coating exhibits three weak
and broad diffraction peaks at 2h = 26.6�, 35.9� and 39.9� (see
Fig. 5a). The results are close to the standard ICDD X-ray diffraction
file for a-Ca3(PO4)2 (No. 09-0348), which confirms that the coat-
ings are composed of a-Ca3(PO4)2 with a low crystallinity phase.

As the oxidizing time increased to 20 min, the intensity of the
a-Ca3(PO4)2 peak increased, and new peaks appeared at
2h = 30.2�, 37.1�, 37.6�, 38.4�, 39.7� and 58.2� (see Fig. 5a). It is sug-
gested that HA with low-crystallinity apatite was formed. For coat-
ings formed on the CG Ti, the diffraction peaks of a-Ca3(PO4)2

appeared after treatment for 20 min. The intensity of peaks was
close to that of E10.

Cross-sectional TEM microstructures of E20 specimens are
shown in Fig. 6. Compared with the microstructure of initial
ECAP-treated Ti [9], the grain size of the Ti substrate remains un-
changed. A large amount of pores with a diameter of less then
200 nm can be found in the coating. From high-magnification
images at the interface (as shown in Fig. 6c and d), the thickness
of the dense TiO2 layer with the lower density of pores is approx-
imately 100 nm. Fig. 6e is a dark-field micrograph of the top layer
of the E20 coating. The coating is composed of a porous nanocrys-
talline layer (a mixture of rutile, hydroxyapatite and a-Ca3(PO4)2

phases) with a thickness of about 2 lm and a compacted TiO2 layer
Fig. 5. XRD patterns of MAO coatings obtained on UF
with an average grain size of about 500 nm, together with many
bubble-like pores at the grain boundaries.

3.4. Hardness and elastic modulus

In Fig. 7, the hardness (H) of as-ECAP-treated Ti, ECAP-treated Ti
substrates and CG Ti are exhibited. The microhardness of CG Ti in-
creased from 1.5 to 3.1 GPa (in the extrusion direction) after the
ECAP process. The microhardness of ECAP-treated Ti substrates de-
creased slightly with increasing reaction time. Compared with the
ECAP-treated Ti, the hardness of the E20 substrate was reduced by
8% to 2.9 GPa. However, it is still considerably higher than that of
pure CG Ti (about 1.5 GPa). The hardness of the whole substrate
is rather homogeneous. In the region ranging from the interface
to about 1 lm across substrate of ECAP-treated Ti, the hardness
changes slightly. This will be illustrated in the results of the EBSD
analysis (see below).

From these results, we assume that the residual stress of the
ECAP-treated Ti surface decreased remarkably and the mechanical
properties of the ECAP-treated Ti sample were barely affected by
the MAO process. The average values of the hardness and elastic
Young’s modulus of the MAO coating are about 5.1 and 74.3 GPa,
respectively. The hardness of the coating is higher than that of
the Ti substrate, and the elastic Young’s modulus of the coating
layer is lower than that of the substrate.

3.5. Microstructural thermal stability of ECAP-treated Ti during the
MAO process

To study the thermal stability of the microstructures of the
ECAP-treated Ti during the MAO process, the microstructures of
the ECAP-treated sample in the regions next to the interface of
E20 (in the cross-section and along the extrusion direction) were
observed using EBSD (Fig. 8b). For comparison, the microstructure
of the as-ECAP-treated sample is shown in Fig. 8a. After MAO treat-
ment of ECAP-treated Ti for 20 min, no obvious change of the grain
size and shape was observed by EBSD. The average grain size hDi of
the ECAP-treated sample and the E20 substrates are 0.35 ± 0.14
and 0.36 ± 0.16 lm, respectively. However, in a thin layer within
a distance of 1 lm from the interface the microstructure of E20
substrate obviously changed because of the high temperature
and the high pressure during the MAO process (see Fig. 8b).

3.6. Bioactivity of the coating layer

The surface morphologies of the specimens immersed in simu-
lated body fluid are shown in Fig. 9. After 2 days of immersion,
G Ti and CG Ti substrates in 2, 5, 10 and 20 min.



Fig. 6. Transmission electron micrograph of a cross-section of E20. (a) Dark-field image of E20 interface; (b) bright-field image of (a); (c and d) high-magnification images of
(a); (e) dark-field image of the top layer.
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carbonate-containing HA precipitates [36] appeared on the porous
surface of the E10 specimen (see inset of Fig. 9c), while the entire
exposed surface of the E20 specimen was covered with HA precip-
itates (see inset of Fig. 9d). The size of the precipitates increased
with increasing immersion time, and they spread over the entire
surface. Most of the exposed surface was covered by the precipi-
tates after 4 days of immersion, and further increasing immersion
time resulted in a grain-like, smooth surface with some cracks. Car-
bonate-containing HA could not form on the E02, E05, C02, C05,
C10 and C20 surfaces soaked in the SBF for 8 days. The Ca/P ratio



Fig. 7. Variation in hardness of the UFG Ti, CG Ti and UFG MAO substrates during
different reaction times.
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in the HA precipitates layer formed on the E20 surface was found
to be 1.57 by means of EDX.
4. Discussion

4.1. Influence of grain refinement on the MAO process

The main parameters that influence the bioactivity of the sam-
ples with MAO coatings include: (i) the phase composition of the
coating: the phases of titanium dioxide (rutile, anatase), Ca and
P-containing phases (HA, a-Ca3(PO4)2, amorphous); (ii) the con-
tents of Ca and P, and the ratio of Ca/P; and (iii) the surface mor-
phologies (roughness, pore size, pore density) [31,42]. Rutile, the
high-temperature phase of titanium dioxide, shows greater bioac-
tivity than the low-temperature phase, metastable anatase. In
addition, the bioactivity of rutile on its (0 0 1)-crystalline plane is
greater than on its other two ((1 1 0)- and (1 0 0)-) crystalline
planes [43]. With increasing Ca and P contents and increasing Ca/
P ratio, the bioactivity of the MAO coating was found to increase
[44]. In addition, incrementation of the surface roughness and
the size of pores not only improves the osteogenesis, but also en-
hances adhesion between the implants and the host bone. In order
to further improve the biological performance of the MAO coatings,
considerable efforts have been devoted to optimizing the electrical
parameters, electrolyte solution, reaction duration and hydrother-
mal treatment [26,27,31].

In this study, we investigated the influence of the grain refine-
ment of the ECAP-processed titanium substrate on the performance
of the MAO coating. The ECAP-treated samples demonstrated an en-
hanced performance compared with the coarse-grained Ti samples.
Therefore tailoring the microstructure of the Ti substrates through
Fig. 8. The grain map and size of the ECAP-treated Ti (extr
excessive grain refinement certainly helps to accelerate the chemi-
cal reaction rate on the surface of the material.

The acceleration of the MAO process can mostly be attributed to
the enhanced O, Ca and P diffusion in the non-equilibrium UFG
structure. It has been demonstrated that severe plastic deforma-
tion can strongly enhance the chemical reaction (or phase transfor-
mation) kinetics thanks to the formation of a sub-microcrystalline
structure with high-energy grain boundaries and other structural
defects [35]. As determined by EDX and XPS, the Ca and P contents
and the Ca/P ratio in the E20 coating were considerably higher than
those in the C20 coating (see Tables 1 and 3). Moreover, the thick-
ness of the E20 coating was 58 ± 10 lm, and was thus greater than
that of C20, the thickness of which was only 20 ± 5 lm (see Fig 3).
The Ca/P ratio in the E20 coating was found to be 1.67.

From a thermodynamic point of view, the driving force for the
MAO process is enhanced for the UFG-Ti phase, which contained
a large number of defects and thus stored a large excess energy.
This seems to induce an extra driving force for the titanium oxide
formation, the transformation from anatase to rutile and the a-
Ca3(PO4)2/HA formation process. In the E20 coating, the anatase
phase mostly transformed to rutile, which has better bioactivity.
In contrast, this phenomenon was not observed in the C20 coating
(see Fig. 5b).

4.2. Thermal stability of the UFG Ti substrate during the MAO process

Due to their non-equilibrium nature UFG and nanocrystalline
materials are thermally unstable. Furthermore, the MAO process
is accompanied by the generation of heat due to the temperature
spikes in the discharge channels [45], promoting the conversion
of the Ti substrate into titania and the diffusion of Ca and P.

However, according to the hardness and EBSD results, the tem-
perature reached in the E20 substrate can be safely estimated to be
less than 300–400 �C, which is lower than the recrystallization
temperature of UFG Ti. Since the thickness of the substrate was
only 3 mm, the thermal effect is almost negligible, except in the
zone up to 1 lm from the interface (Fig. 8).

4.3. Bioactivity and mechanical properties of the MAO coating formed
on ECAP-treated Ti

It is well known that the capacity of biomaterials to form HA
from SBF could reflect their potential for bonding with bone. The
formation of stoichiometric HA from the calcium, phosphate and
hydroxyl ions can be expressed as follows [46]:

10Ca2þ þ 6PO3�
4 þ 2OH� ! Ca10ðPO4Þ6ðOHÞ2

The formation process of HA crystals on the oxide film is
affected by two factors: nucleation of HA and diffusion of Ca and
P ions from the inner layer towards the film surface. Unlike sam-
ples E02 and E05, the MAO coating of the E10 sample contains
usion direction) and E20 substrate near the interface.



Fig. 9. Surface views of MAO coatings formed on UFG and CG Ti soaked in SBF in 2 days. (a) E02, (b) E05, (c) E10, (d) E20, (e) C02, (f) C05, (g) C10, (h) C20.
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a-Ca3(PO4)2 and that of the E20 sample contains both HA and a-
Ca3(PO4)2 phase, which increase the nucleation rate of HA in SBF.
The contents of Ca and P in the MAO coating of the E20 sample
was higher than in the E10 and C20 samples. Thus, the increase
in the growth rate of the apatite layer with increasing contents
of HA and a-Ca3(PO4)2 and percentage composition of Ca and P
ions can be attributed to the following reasons: (i) an increase in
the localized initial supersaturation of the SBF with respect to
apatite as more sites for HA dissolution are available; and (ii) a de-
crease in the incubation time needed for the initial supersaturation
to be achieved. Both factors should lead to a higher ionic product of
the sample E20 in solution, and consequently an increased driving
force for the formation of apatite precipitates. In addition, the in-
crease in the surface roughness and pore sizes of E20 improves
the nucleation of HA.

In the case of biomaterials for load-bearing applications, the
elastic modulus is an important factor. The stiffness mismatch be-
tween the implant material and the surrounding bone leads to a
‘‘stress shielding” of the bone [47]. Higher values of stiffness or
of elastic modulus of the implant will result in bone loss, bone frac-
ture and damage of the bone surface. Compared with the CG Ti
substrate, the elastic modulus of the MAO coating is close to that
of natural bone (10–40 GPa) [48]. The results demonstrate that
the MAO coating formed on the ECAP-treated Ti has an optimum
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combination of mechanical properties and bioactivity after MAO
treatment for 20 min.

5. Conclusions

Due to a high defect density and a large number of high-energy
grain and sub-grain boundaries, the chemical reactivity of UFG Ti is
significantly increased. The MAO layer thickness, roughness and
diameter of discharge channel were found to increase with increas-
ing reaction time, while the number of discharge pores decreased.
The MAO coatings formed on the ECAP-treated Ti were thicker and
exhibited a smaller discharge channel than the CG Ti samples after
the same reaction time. The amount of Ca and P and the Ca/P ratio
of the surface of the MAO coating formed on the ECAP-treated Ti is
considerably higher than that of the CG Ti samples, resulting in im-
proved bioactivity. Bone-like apatite formed quickly on the coating
of the ECAP-treated Ti by incubation in SBF. The influence of reac-
tion heat on the thermal stability of the UFG Ti substrate during the
MAO process is minor and can safely be neglected while the
microhardness of the substrate is reduced by about 8% to
2.9 GPa. Therefore, the results clearly demonstrate that the MAO
coating formed on the ECAP-treated Ti exhibits an optimum com-
bination of mechanical properties and bioactivity.
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Appendix. Figures with essential colour discrimination

Certain figures in this article, particularly Figure 8, are difficult
to interpret in black and white. The full colour images can be found
in the on-line version, at doi: 10.1016/j.actbio.2009.12.053.
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