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ABSTRACT Biomedical porous Ti-15Mo alloys were pre-
pared by microwave sintering using ammonium hydrogen
carbonate (NH4HCO3) as the space holder agent to adjust the
porosity and mechanical properties. The porous Ti-15Mo al-
loys are dominated by β-Ti phase with a little α-Ti phase, and
the proportion of α and β phase has no significant difference
as the NH4HCO3 content increases. The porosities and the
average pore sizes of the porous Ti-15Mo alloys increase with
increase of the contents of NH4HCO3, while all of the com-
pressive strength, elastic modulus and bending strength de-
crease. However, the compressive strength, bending strength
and the elastic modulus are higher or close to those of natural
bone. The surface of the porous Ti-15Mo alloy was further
modified by hydrothermal treatment, after which Na2Ti6O13

layers with needle and flake-like clusters were formed on the
outer and inner surface of the porous Ti-15Mo alloy. The
hydrothermally treated porous Ti-15Mo alloy is completely
covered by the Ca-deficient apatite layers after immersed in
SBF solution for 14 d, indicating that it possesses high apatite-
forming ability and bioactivity. These results demonstrate that
the hydrothermally treated microwave sintered porous Ti-
15Mo alloys could be a promising candidate as the bone im-
plant.

Keywords: porous Ti-15Mo alloy, microwave sintering, hydro-
thermal treatment, apatite-forming ability, mechanical property

INTRODUCTION
With the increase of trauma, deformity, degeneration and
an aging population, the demand of human hard tissue
(such as bones, knee joints and dental roots) replacement
materials has rapidly grown, which greatly stimulates the

development of biocompatible implant materials [1].
Among the traditional metallic biomaterials, titanium and
its alloys are the most attractive due to their high specific
strength, excellent biocompatibility and superior corro-
sion resistance [2–4]. However, these advantages are not
enough to avoid failure risks of bone implants, because
there are three main issues to be solved, stress shielding
effect, biological safety and bioactivity. The mismatch of
the elastic modulus between the Ti alloys (90–110 GPa)
and natural bone (<30 GPa) can cause serve “stress
shielding” effect, which results in the bone resorption,
implant loosening and eventual failure [4–6]. The cyto-
toxic Al or V ions released from the Ti alloys implant into
the human body fluid might cause long-term potential
biological problems [7–9]. The bioinert Ti alloys not only
cannot form enough osseointegration, but also are gen-
erally encapsulated by fibrous tissue and separated from
the surrounding bone, which results in a deficient bio-
mechanical fixation and clinical failure of the implant
[4,10,11].
In order to relieve the problems of stress shielding ef-

fect and the cytotoxic elements, near β type titanium al-
loys composed of non-toxic elements like Ti-Mo, Ti-Nb-
Zr, Ti-Nb-Zr-Ta and Ti-Ta alloys, have emerged as one
of the most promising materials for load-bearing bio-
medical materials due to their high strength, low elastic
modulus, good corrosion resistance and excellent bio-
compatibility [8,12–15]. Among these, Ti-15Mo alloy has
been listed as a potential biomaterial by the American
Society for Testing and Materials (ASTM) [16] due to its
excellent integrated mechanical properties and biological
properties [8,17–19]. Moreover, introducing pores into
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the bulk Ti alloys and forming the porous materials is a
more efficient method to lower their elastic modulus
[1,5,20–22]. Especially, porous structure could not only
provide the adjustable elastic modulus and improve the
biomechanical compatibility of the implants, but also al-
low the ingrowth of new bone tissue and vascularization
and a firm fixation of the implants could be obtained
[1,5,20–22].
Recently, there are some reports about the porous Ti-

Mo alloys prepared by different methods, such as vacuum
sintering [9,10], gelcasting [23], selective laser sintering
[24,25] and atmosphere protection conventional sintering
[21,26]. Microwave sintering is a new powder metallurgy
sintering method to prepare the porous metallic materi-
als, such as porous NiTi alloys [27,28], porous Ti6Al4V/
TiC/HA composites [29] and porous Ti/CaP composites
[30]. It depends on the powders of the compacts coupling
with microwaves, absorbing the electromagnetic energy
volumetrically, transforming into heat up to sintering
temperature and realizing the densification and alloying
eventually [31–33]. Compared with conventional sinter-
ing, the microwave sintering possesses many intrinsic
advantages, such as reduced energy consumption, rapid
heating rates, reduced sintering times, enhanced element
diffusion processes and improved physical and mechan-
ical properties of the sintered materials [31–33]. Un-
fortunately, to the best of our knowledge, studies on the
microwave sintering to prepare the porous Ti-Mo alloys
have not been reported in literature.
Surface modification is the most efficient method to

improve the bioactivity and osseointegration of the im-
plant materials. So far, several surface modification
methods have been employed to activate the Ti-Mo al-
loys, such as thermal oxidation [18], plasma electrolytic
oxidation [34,35], anodic oxidation [36,37] and alkali-
heat treatment [10,11,21,38,39]. Among these processes,
the alkali-heat treatment proposed by Kokubo’s team [40]
is a cost-effective and efficient way to induce apatite layer
formation on the Ti-based alloys substrate. However, the
alkali-heat treatment is a relative tedious and time-con-
suming process. In general, it needs a highly concentrated
NaOH/KOH solution (even higher than 10 mol L–1) to
obtain the sodium titanate hydrogel layer (synthesis
process) and a high heat-treatment temperature (up to
600°C) to crystallize the sodium titanate layer (crystal-
lization process). On the other hand, hydrothermal
treatment has been greatly developed as a simple and
cost-effective technique to crystallize and form apatite
coatings on the Ti alloys [41,42]. It is well-known that the
hydrothermal treatment simultaneously possesses high

temperature and high pressure characteristics, and can
simultaneously contain synthesis and crystallization pro-
cesses. Therefore, we try to use the hydrothermal treat-
ment to replace the alkali-heat treatment to form the
apatite-inducing layer on the porous Ti-Mo alloys in
lower concentration NaOH solution and lower treatment
temperature.
In the present study, porous Ti-15Mo alloys with dif-

ferent porosities were prepared by microwave sintering.
The effects of ammonium hydrogen carbonate contents
on the porous structure, porosity, phase composition,
compressive strength, elastic modulus and bending
strength of the porous Ti-15Mo alloys were investigated.
Subsequently the porous Ti-15Mo alloy was treated hy-
drothermally in NaOH solution at 190°C for 24 h to
obtain the apatite-inducing layer. At the same time, the
inner and outer surface morphologies and phase com-
position of the hydrothermally treated sample were in-
vestigated as well as the apatite-forming ability evaluated
by the immersion test in SBF solution.

MATERIALS AND METHODS

Materials preparation and characterization
Commercially available metallic Ti powders (particle size
<45 μm, purity >99.9%) and Mo powders (particle size
<5 μm, purity >99.95%) were used to prepare porous Ti-
15 wt.% Mo alloy in this experiment. The 100 mesh sieved
analytical reagent ammonium hydrogen carbonate (NH4

HCO3) particles were mixed into the Ti-15Mo powders as
the space-holder agent to adjust the porosities with the
contents of 0, 5 wt.%, 15 wt.%, 25 wt.%, respectively. A
schematic diagram of microwave sintering process for
preparing porous Ti-15Mo alloy is shown in Fig. 1. First,
the mixed Ti-Mo-NH4HCO3 powders were blended in a
planetary ball mill (QM-3SP4, Nanjing University In-
strument Plant) at speed of 200 r min–1 for 4 h. In order
to avoid the elemental contamination from the balls and
the decomposition of NH4HCO3 caused by temperature
rise, there are no balls added into the ball-milling tank.
Then, the blended powders were cold-pressed into green
compact samples with two sizes of Ф20 mm×15 mm and
6 mm×6 mm×50 mm (just for bending test) through a
uniaxial pressure of 260 MPa for 60 s. Subsequently, the
green compact samples were put into an alumina crucible
filled with β-SiC particles served as microwave susceptors
to obtain more uniform temperature distribution in the
compact during the microwave sintering process
[27,30,43]. Then the alumina crucible was put inside a
mullite fiber cotton insulation barrel. Finally, the insula-

ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials

546 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . April 2018 | Vol. 61 No.4© Science China Press and Springer-Verlag GmbH Germany 2017



tion barrel was put into a 2.45 GHz, 5 kW continuously
adjustable microwave equipment (NJZ4-3, Nanjing Jue-
quan co., Ltd.) to sinter. The green compact samples were
sintered by microwave heating at a rate of 20–30°C min–1

to 1050°C for 20 min. During the sintering process, the
microwave sintering chamber was filled with high purity
argon gas flow (99.999%) and a Reytek infrared py-
rometer was used to measure the temperature of the
sintered samples.
The phase composition of the porous Ti-15Mo alloys

was identified by X-ray diffraction (XRD, Bruker D8
FOCUS, Germany). The pore structure of the porous Ti-
15Mo alloys was investigated by an optical microscope
(DM1500, Shenzhen HIPOWER, China) and a scanning
electron microscope (SEM, FEI Quanta 200, America).
The average pore sizes of the porous samples were ana-
lyzed by software of Nano Measurer 1.2 and the general
porosity (P) was tested by Archimedes drainage method,
calculated by the following formula:

( )P = 1 / ,0
(1)

where ρ and ρ0 represent the density of the sintered
porous Ti-15Mo alloy and the theoretical density of solid
Ti-15Mo alloy, respectively; ρ/ρ0 is the relative density. In
this experiment, the theoretical density ρ0 was 4.92 g cm–3.

Mechanical properties test
Uniaxial compression tests were conducted on cylindrical
porous Ti-15Mo samples with a gauge length of 10 mm
and diameter of 5 mm (L/D=2.0, ASTM E9-09). The
bending tests were carried out on the rectangular porous
Ti-15Mo alloys with the size of 5 mm ×5 mm ×45 mm.
Both of the compression tests and the bending tests were
carried out at ambient temperature of 25°C with a cross-
head velocity of 0.05 mm min–1 on Instron WDW-50
testing machine. The bending strength (σf) of the porous

Ti-15Mo alloys could be calculated by the following for-
mula:

FL bh=3 /2 ,f
2 (2)

where F is the maximum loading during testing proce-
dure, L is the span between two supports and b and h
represent the breadth and height of the samples, respec-
tively. In this test, the span L was 30 mm. For the me-
chanical properties test, at least five parallel tests were
conducted for each group, and the results were reported
as average values ± standard deviation.

Bioactive surface modification
Before hydrothermal treatment, the porous Ti-15Mo al-
loy prepared with 15% NH4HCO3 was successively po-
lished with SiC sandpaper up to 2000 grit, and then
ultrasonically cleaned in acetone and distilled water, re-
spectively. The polished porous Ti-15Mo samples were
perpendicularly mounted into the Teflon-lined stainless
steel autoclaves of 50 mL capacity. The hydrothermal
solution was composed of 3.75 mol L–1 NaOH aqueous
solution and filled the Teflon container of 70% full. Fi-
nally, the autoclaves were sealed and put into drying oven
to maintain 190°C for 24 h. When the hydrothermal
treatment ended, the samples were taken out from the
autoclaves and washed with distilled water and dried in
air. To evaluate the apatite-forming ability in vitro, the
hydrothermally treated porous Ti-15Mo alloy was im-
mersed in simulated body fluid (SBF) solution at 37°C for
3, 7 and 14 d, respectively. The SBF solution was prepared
by dissolving reagent grade NaCl, KCl, MgCl2·6H2O,
CaCl2, Na2SO4, NaHCO3, K2HPO4·3H2O into distilled
water. The final ionic concentrations of SBF solution (vs.
human plasma) are listed in Table 1 [38]. The SBF so-
lution was refreshed every 2 d to maintain the ionic
concentration. The surface morphologies, elemental and

Figure 1 Schematic diagram of microwave sintering process for preparing porous Ti-15Mo alloy.

Table 1 Ionic concentrations (mmol L–1) of SBF solution compared to human blood plasma

Na+ K+ Mg2+ Ca2+ Cl– HPO4
2– SO4

2– HCO3
–

SBF 142.0 5.0 1.5 2.5 148.8 1.0 0.5 4.2
Blood plasma 142.0 5.0 1.5 2.5 103.8 1.0 0.5 27.0
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phase compositions of the hydrothermally treated and
immersed porous Ti-15Mo samples were observed by
SEM (FEI Nova Nano SEM450, America) equipped with
energy dispersive X-ray spectrometer (EDS, INCA 250 X-
Max 50, England) and XRD (Bruker D8 FOCUS, Ger-
many), respectively.

RESULTS AND DISCUSSION

Microstructure and phase composition of porous Ti-15Mo
alloys
The optical micrographs of the porous Ti-15Mo alloys
with different contents of NH4HCO3 are shown in Fig. 2.
It can be seen that a large number of pores are uniformly
distributed over the surface of the samples and the pore
characteristics are strongly dependent on the content of
NH4HCO3. The pores can be divided into two categories:
fine pores (<50 μm) and large pores (>100 μm). Only fine
pores with the average pore size of 40 μm can be observed
on the porous Ti-15Mo alloy without adding NH4HCO3

(Fig. 2a). On the other hand, the large quasi-circular
pores are found on the surface of porous Ti-15Mo alloys
after adding the NH4HCO3 space-holders (Fig. 2b–d), and
the amount of large pores greatly increases with in-
creasing the content of NH4HCO3. Moreover, the pores of
the porous Ti-Mo alloys prepared with 5% NH4HCO3

were isolated and the connectivity among the pores is
gradually enhanced with the increase of the NH4HCO3

contents, which results in the increase of average pore size
from 120 μm for 5% NH4HCO3 sample to 220 μm for
25% NH4HCO3 sample and the formation of the three-
dimensional interconnected pores. The formation of fine
pores on porous Ti-15Mo alloy should be mainly attrib-
uted to the sintering necks and Kirkendall effect, which
was also reported on the sintered porous NiTi alloy [44].
The diffusion rate of Mo atoms in Ti particles is much
slower than that of the self-diffusivity of Ti [45], which is
susceptible to the unbalanced mass transfer and the for-
mation of Kirkendall pores [25]. The formation me-
chanism of the large pore is a geometrical heredity effect
of space-holder NH4HCO3 particles [46]. During the
sintering process, the NH4HCO3 particles will decompose
into the gases of NH3, CO2 and H2O, which leave the
green compacts and furnace together with the continuous
argon gas flow. Finally, the pores remain and the geo-
metry of the pores nearly inherits the shape of NH4HCO3

particles.
In order to further analyze the microstructure of the

porous Ti-15Mo alloys, the representative cross-sectional
SEM images of the porous Ti-15Mo alloys prepared with

and without adding NH4HCO3 are shown in Fig. 3. It is
clear that the pore size and pore structure of porous Ti-
15Mo alloy obtained from SEM are similar to the optical
micrographs. However, it can be seen from Fig. 3a that
the original metallic Mo powders are invisible and a large
number of sintering necks are formed. The sintering
necks are smooth and dense, which is beneficial to im-
prove the mechanical properties of the sintered samples.
On the other hand, a large number of fine pores are
distributed over the pore wall of the large pores (Fig. 3b),
which can severely degenerate the mechanical properties
of the porous Ti-15Mo alloy.
Microwave sintering of metallic materials is greatly

dependent on the skin depth of materials, which is the
penetration depth of the microwave into the materials
and can be heated directly by microwave [32]. Most
metals generally possess a skin depth of the micrometer
order, thus it is possible to heat them directly using
powders with a particle size of the skin depth order
[29,32]. Therefore, the use of near-spherical shaped Mo
powders with the size of <5 μm and the use of irregular
shaped Ti powders with at least one dimension of the
particle matched with the skin depth of ~10 μm, could

Figure 2 Optical micrographs of the porous Ti-15Mo alloys prepared
by microwave sintering with different contents of NH4HCO3: (a) 0; (b)
5%; (c) 15%; (d) 25%.

Figure 3 Cross-sectional SEM morphologies of the porous Ti-15Mo
alloys prepared without NH4HCO3 (a) and with 15% NH4HCO3 (b).
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help to absorb microwave energy quickly and thus to
generate heat within the compact [29], which can greatly
increase the heating efficiency and shorten the holding
time. Moreover, the greatly enhanced diffusion of the
atoms under the microwave field [31–33] could further
accelerate the Mo diffusion into Ti and the formation of
sintering necks, which might result in disappearance of
original Mo powder within the shorter holding time
(20 min) at lower temperature of 1050°C.
Fig. 4 shows the effect of NH4HCO3 contents on the

porosity and density of the porous Ti-15Mo alloys. The
porosities of the porous Ti-15Mo alloys linearly increase
with increasing the content of NH4HCO3, while the
densities accordingly decrease. The porosity of the porous
Ti-15Mo samples without adding NH4HCO3 is only
16.5%, and it increases from 21.6% for 5 wt.% NH4HCO3

sample to 50.2% for 25 wt.% NH4HCO3 sample. Mean-
while, the density decreases from 4.11 g cm–3 (0 NH4

HCO3 sample) to 2.45 g cm–3 (25% NH4HCO3 sample),
which is very close to the density of human bone
(1.8–2.1 g cm–3) [47].
A large number of studies on the effects of porosity and

pore size on the biological properties of the hard tissue
implant materials have been reported [20,48–50]. The
porosities of the Ti-15Mo alloys are in the optimal range
of 20%–50% for load-bearing bone implant materials
[23], which should be beneficial to the initiation of bone
formation, providing enough space for bone tissue re-
construction and ingrowth [51]. Moreover, the pore sizes
of the porous Ti-15Mo alloys with adding NH4HCO3

ranging from 120 to 220 μm are beneficial to the new
bone growth, since the optimal pore size is considered to
be 100–400 μm [20,52]. Therefore, the porosity and pore
size of the porous Ti-15Mo alloys can be controlled
within certain limits through adjusting the content of
NH4HCO3, and the porous Ti-15Mo alloys fabricated by
microwave sintering can meet the preliminary require-
ment for a porous implant and become a promising
candidate as the bone implant.
The XRD patterns of the porous Ti-15Mo alloys with

different contents of NH4HCO3 are graphed in Fig. 5. The
porous Ti-15Mo alloys are mainly composed of body-
centered cubic (bcc) β-Ti and hexagonal close-packed
(hcp) α-Ti phases, revealing that the porous Ti-15Mo
alloys belong to the α+β two-phase titanium alloys. Ac-
cording to the intensity of diffraction peaks, the porous
Ti-15Mo alloys are dominated by β phase with a little α
phase, and the proportion of α and β phases has no sig-
nificant change as the NH4HCO3 content increases. No
obvious diffraction peaks of elemental Mo can be de-

tected in the porous Ti-15Mo alloys, indicating that the
complete phase transformation occurred during the mi-
crowave sintering process, consistent with the results of
Fig. 3. The Mo element is diffused into the Ti lattice (α-
Ti), resulting in the formation of β-Ti after sintering,
since Mo is a β-stabilized element. In addition, the pro-
portion of β phase increases with increasing the Mo
contents [8,25]. For the dense Ti-Mo alloys prepared by
casting or smelting, the Ti-Mo alloys can obtain a fully
stabilized β phase Ti alloy at room temperature after
solution treatment under rapid cooling when the Mo
content reaches higher than 10 wt.% [8]. However, the
microwave sintered Ti-15Mo alloys are α+β two-phase
titanium alloys after cooling with furnace (slow cooling),
which is also consistent with the Ti-Mo binary phase
diagram [10]. Similarly, the vacuum sintered porous Ti-
10Mo alloy also consisted of β-Ti and α-Ti [10], and the
proportion of β and α phases was much lower than that of

Figure 4 Effect of NH4HCO3 content on the porosity and density of
the porous Ti-15Mo alloys.

Figure 5 XRD patterns of the porous Ti-15Mo alloys with different
contents of NH4HCO3.
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the microwave sintered Ti-15Mo alloys according to the
relative intensity of the diffraction peaks.

Mechanical properties of the porous Ti-15Mo alloys
Fig. 6a shows the nominal compressive stress-strain
curves of porous Ti-15Mo alloys prepared with different
contents of NH4HCO3. In general, the compressive pro-
cess can be divided into three regions [10,28]: (i) a linear
elastic deformation region, where the slope can be con-
sidered as the elastic modulus of the sample; (ii) a plastic
yield deformation region, where a peak stress appears,
considered as the compressive strength of the sample; (iii)
a densification and rupture region, where walls of the
pores will collapse and the rupture of samples occurs. As
shown in Fig. 6a, when the NH4HCO3 content is higher
than 5%, the second stage nearly disappears and no ob-
vious deformation of stress plateau can be detected,
which indicates that the compression fracture mechanism
changes from ductile fracture to brittle fracture.
The compressive strength and elastic modulus of the

porous Ti-15Mo alloys extracted from the stress-strain
curves are shown in Fig. 6b. It can be seen that the
compressive strength and elastic modulus of the porous
Ti-15Mo alloys linearly decrease with increasing the
NH4HCO3 contents. The compressive strength decreases
from 895±45 MPa for 0 NH4HCO3 sample to 24±3 MPa

for 25% NH4HCO3 sample. The elastic modulus also
decreases from 16.09±1.21 GPa for 0 NH4HCO3 sample
to 1.22±0.24 GPa for 25% NH4HCO3 sample. According
to Figs 2 and 3, both the porosities and pore sizes of the
porous Ti-15Mo alloys increase with increasing the NH4

HCO3 contents. The number and thickness of pore walls
decrease and the connectivity of the pore walls weakens,
which leads to the decrease of the support force of the
pore walls and the decrease of the compressive strength
and elastic modulus. Moreover, the increase of porosities
and pore sizes leads to the increase of the amount of
irregular pores, which further raises the stress con-
centration in the porous samples and further decreases
the compressive strength of the porous Ti-Mo alloy. As
the load-bearing implant materials, the mechanical
properties should be appropriate to match those of hu-
man bone tissue at the site of implantation [20]. In
general, the compressive strength of human bone is
100–230 MPa for cortical bone and 2–12 MPa for can-
cellous bone [53], and the elastic modulus is 3–20 GPa for
cortical bone and 0.05–0.5 GPa for cancellous bone [53].
Compared to human bone, the compressive strength and
elastic modulus of the porous Ti-15Mo alloys can com-
pletely satisfy the basic mechanical requirement of the
bone implant materials through adjusting the space-
holder contents.

Figure 6 Compressive stress-strain curves (a), compressive strength and elastic modulus (b), and bending strength (c) of the porous Ti-15Mo alloys
prepared with different contents of NH4HCO3.
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The bending strength is another important mechanical
property for the bone implant materials besides the
compressive strength and elastic modulus. The bending
strength of the porous Ti-15Mo alloys with different
contents of NH4HCO3 is shown in Fig. 6c, and it almost
linearly decreases from 267.4±5.5 MPa for 0 NH4HCO3

sample to 23.8±1.2 MPa for 25% NH4HCO3 sample with
increasing the NH4HCO3 content, overlapping with the
range of bending strength of natural cortical bone
(50–150 MPa) [53]. Therefore, only considering the
compressive strength, elastic modulus and bending
strength, the porous Ti-15Mo alloy fabricated by micro-
wave sintering could be a promising candidate for the
hard tissue repair and replacement implant.
Due to the appropriate mechanical properties and pore

structure, the porous Ti-15Mo alloy with 15% NH4HCO3

was chosen to carry out the surface bioactive treatment
and evaluate the in vitro apatite-forming ability. Fig. 7
shows the surface morphologies and EDS analysis of the
untreated and the hydrothermally treated porous Ti-
15Mo alloy. From Fig. 7a, a large number of quasi-cir-
cular alloy particles inside and on the walls of the large
pores can be observed after sintering, connected by the
sintering necks, the same with Fig. 3b. After hydro-
thermal treatment, a film is formed on the outer surface
and some fluffy sphere-like substances are generated on
the inner surface, which should be transformed from the

alloy particles (Fig. 7b). As shown in Fig. 7c, the film on
the outer surface of the porous Ti-15Mo alloy exhibits
three-dimensional needle and flake-like clusters. The in-
ner surface of the porous Ti-15Mo alloy is also composed
of needle and flake-like clusters with smaller size com-
pared to the outer surface, as shown in Fig. 7d. According
to the EDS analysis, both of the outer and inner surfaces
of the porous Ti-15Mo alloy are composed of Na, Ti, O,
and Mo elements (Fig. 7e, f), in which the Mo should be
from the substrate. The contents of the elements on the
outer surface and in the inner surface have no significant
difference, indicating they form the same substances after
hydrothermal treatment, only exhibiting the different
needle and flake sizes. This difference should be derived
from the microstructural characteristics of the porous Ti-
15Mo alloy substrate, namely, smooth outer surface and
alloy granular inner surface.
Fig. 8 shows the XRD pattern of the hydrothermally

treated porous Ti-15Mo alloy. Besides the diffraction
peaks of α-Ti and β-Ti coming from the porous Ti-15Mo
alloy substrate, the diffraction peaks of a new phase Na2
Ti6O13 can be detected from the XRD pattern, indicating
that the hydrothermally treated layer on the porous Ti-
15Mo alloy is mainly composed of Na2Ti6O13 crystal
phase. This result is highly consistent with the EDS and
the needle and flake-like clusters should be dominated by
Na2Ti6O13 crystal phase. Hsu et al. [21] reported that the

Figure 7 Surface morphologies and EDS patterns of the untreated and hydrothermally treated porous Ti-15Mo alloy samples. (a) Untreated sample;
(b) hydrothermally treated sample; (c) magnification for the outer surface of the hydrothermally treated sample; (d) magnification for the inner
surface of the hydrothermally treated sample; (e) EDS result of (c); (f) EDS result of (d).
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layer on the porous Ti-7.5Mo treated by alkali-heat
treatment also consisted of Na2Ti6O13 crystal phase.
However, the diffraction peaks intensity and crystallinity
of the Na2Ti6O13 obtained in the hydrothermally treated
sample is much higher than that of the alkali-heat treated
sample. This should be attributed to the hydrothermal
treatment possessing high temperature and high pressure
conditions which are beneficial to the crystallization of
the Na2Ti6O13 phase.
During the hydrothermal treatment process, Ti reacts

with the alkaline solution and forms HTiO3
–·nH2O, fol-

lowed by reacting with Na+ in the aqueous solution to
generate a sodium titanate hydrogel (NaTiO3·nH2O) lay-
er. The detailed chemical reaction equations are as fol-
lows [11,39]:

Ti + 3OH Ti(OH) + 4e ,3
+ (3)

Ti(OH)+ + e TiO H O + 1 / 2H ,3 2 2 2
(4)

Ti(OH)+ + OH Ti(OH) ,3 4
(5)

Ti(OH) TiO + 2H O,4 2 2 (6)

TiO + OH HTiO ,2 3 (7)

n nHTiO H O + Na NaTiO H O + 1 / 2H .3 2
+

3 2 2
(8)

At last, the hydrogel layer is dehydrated under high
temperature and a stable sodium titanate layer is formed
in the crystal phases of Na2Ti6O13 [21], Na2TiO11 [38] or
Na2Ti3O7 [54], etc.
In order to evaluate the in vitro apatite-forming ability,

the hydrothermally treated porous Ti-15Mo alloy was
immersed in the SBF solution at 37°C for different times.
Fig. 9 shows the surface morphologies of the hydro-
thermally treated porous Ti-15Mo alloy after immersed in
the SBF solution for 3, 7 and 14 d, respectively, using the

untreated porous Ti-15Mo alloy immersed in SBF solu-
tion for 14 d as the control. Some precipitates can be
found at the tip of the clusters on the outer (Fig. 9a-1)
and inner surface (Fig. 9a-2) of the porous Ti-15Mo after
immersed in SBF for 3 d. With increasing the immersion
time to 7 d, the precipitates greatly increase and the
needle and flake-like surface morphologies of the hy-
drothermally treated sample nearly disappear. After fur-
ther increasing the immersion time to 14 d, the entire
surface of the sample is fully covered with the sphere-like
precipitates, especially the inner surface (Fig. 9c-2).
However, no precipitates are observed on the outer or
inner surface of the untreated porous Ti-15Mo alloy after
immersed in SBF solution for 14 d, as shown in Fig. 9d.
The XRD and EDS patterns of the hydrothermally

treated porous Ti-15Mo sample immersed in SBF for 14 d
are shown in Fig. 10. Compared with the XRD pattern of

Figure 8 XRD pattern of the hydrothermally treated porous Ti-15Mo
sample.

Figure 9 Surface morphologies of the hydrothermally treated porous
Ti-15Mo alloy after immersed in the SBF solution for different times. (a)
3 d, (a-1) magnification for the outer surface of (a) and (a-2) magnifi-
cation for the inner surface of (a); (b) 7 d, (b-1) magnification for the
outer surface of (b) and (b-2) magnification for the inner surface of (b);
(c) 14 d, (c-1) magnification for the outer surface of (c) and (c-2)
magnification for the inner surface of (c); (d) the untreated Ti-15Mo
alloy after immersed in the SBF solution for 14 d.
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the hydrothermally treated sample, two broad diffraction
peaks at the 2θ=25.88° and 2θ=31°–33° can be detected
from the SBF immersed sample, which are corresponding
to the diffraction peaks of Ca10(PO4)6(OH)2 (apatite)
phase. This result indicates that the precipitates on the
hydrothermally treated sample are mainly composed of
apatite phase. The EDS pattern indicates that the pre-
cipitates consists of Ca, P, O, Ti, and Na elements with
the atomic contents of 12.93%, 7.32%, 71.56%, 6.33% and
1.86%, respectively, in which the Ti and Na elements
should be derived from the hydrothermally treated sub-
strate. The Ca/P ratio is 1.60, slightly lower than that of
stoichiometric Ca/P ratio (1.67) of apatite, which means
that the induced apatite in this experiment is a Ca-defi-
cient HA, in agreement with previous studies [30,55].
According to the results of SEM, XRD and EDS, it can

be concluded that the hydrothermally treated porous Ti-
15Mo alloy possesses high apatite-forming ability in vitro,
the apatite begins to deposit after immersed in SBF for
3 d and fully covers the inner and outer surface of the
porous Ti-15Mo alloy as the immersion time increased to
14 d. On the other hand, the untreated porous Ti-15Mo
alloy has no apatite-forming ability and it cannot induce
the apatite deposition on the sample even immersed in
the SBF solution for 14 d. This result is well consistent
with the previous reports [21,38], in which the porous Ti-
7.5Mo alloy or as-cast Ti-7.5Mo alloy did not induce
apatite deposition even after immersed in SBF for 28 d.
The apatite-forming mechanism of the hydrothermally
treated porous Ti-15Mo alloy is similar with the other
NaOH treated Ti alloys [10,11,21,38,39]. The sodium ti-
tanate (Na2Ti6O13) layers are formed on the inner and
outer surface of the porous Ti-15Mo alloy after hydro-
thermal treatment. When the hydrothermally treated
sample is immersed in the SBF solution, the Na+ ions
from the sodium titanate layers would immediately be

exchanged by the H3O+ ions from the SBF solution, which
leads to the formation of negatively charged Ti–OH
groups and HTiO3

– on the surface of the sample
[11,21,55]. The negative charges of Ti–OH and HTiO3

– on
the sample surface can catch the Ca2+ through the Cou-
lomb force and draw the HPO4

2– by hydrogen bond. The
Ca2+ and the HPO4

2– can continually accumulate around
the sample surface. Subsequently the concentrations of
the Ca2+ and HPO4

2– gradually increase and reach the local
supersaturation, resulting in the apatite nucleation on the
surface of the sample. Once the apatite nuclei are formed,
they will spontaneously grow up though consuming the
Ca2+ and HPO4

2– ions from SBF solution and the apatite is
largely deposited on the surface of sample finally
[11,21,55]. Moreover, the inner surface of the hydro-
thermally treated porous Ti-15Mo alloy exhibits the
better apatite-forming ability. The reason should be that
the inner surface is a relative confined space and the local
concentrations of the Ca and P ions inside the pores are
relatively high, which is beneficial to the apatite nuclea-
tion and growth. Furthermore, the size of the needle and
flake clusters on the inner surface is much smaller than
that on the outer surface, thereby providing more sites to
heterogeneous nucleation of the apatite.
It is well-known that the biological performance of a

biomaterial obtained in the SBF method can thus be used
to predict its bioactivity in vivo for the case of the hard
tissue repair [11,30,56]. The hydrothermally treated por-
ous Ti-15Mo alloy possesses high apatite-forming ability
in SBF solution, indicating that it should possess excellent
bioactivity in vivo. Therefore, the hydrothermal treatment
is a promising candidate for the bioactive surface mod-
ification of the porous Ti-15Mo alloys.

CONCLUSIONS
Biomedical porous Ti-15Mo alloys were successfully

Figure 10 XRD (a) and EDS (b) patterns of the hydrothermally treated porous Ti-15Mo sample after immersed in SBF for 14 d.
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prepared by microwave sintering. The pore structure of
the porous Ti-15Mo alloys was greatly dependent on the
NH4HCO3 content. With increasing the contents of
NH4HCO3, the porosities of porous Ti-15Mo alloys in-
creased from 16.5% to 50.2% and the corresponding
average pore size increased from 40 to 220 μm. The
porous Ti-15Mo alloys were mainly composed of β-Ti
phase with a little α-Ti phase, and the proportion of α and
β phase has no significant change with increasing the
NH4HCO3 content. The compressive strength, elastic
modulus and bending strength of the porous Ti-15Mo
alloys all decreased with increasing the content of NH4

HCO3, but they could satisfy the basic mechanical re-
quirement of the bone implant materials. After hydro-
thermal treatment, the needle and flake-like Na2Ti6O13

layers were formed on the outer and inner surface of the
porous Ti-15Mo alloy, and the hydrothermally treated
porous Ti-15Mo alloy could induce the formation of the
Ca-deficient apatite after immersed in SBF solution.
Overall, all these results demonstrate that the hydro-
thermally treated porous Ti-15Mo alloy could be a pro-
mising candidate for hard tissue repair and bone implant.
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生物医用多孔Ti-15Mo合金的微波烧结制备及表面活性处理
徐吉林1*, 张金龙1, 鲍路姿1, 赖涛1, 罗军明1, 郑玉峰2*

摘要 本文采用微波烧结制备了生物医用多孔Ti-15Mo合金, 并以碳酸氢铵为造孔剂调节合金孔隙率及力学性能. 多孔Ti-15Mo合金是由
主晶相β-Ti和少量α-Ti组成, 其中α/β的比例随碳酸氢铵含量的增加无明显变化. 随着碳酸氢铵含量的增加, 多孔Ti-15Mo合金的孔隙率和
孔径均随之增加, 而抗压强度、弹性模量和抗弯强度随之下降. 然而, 合金的抗压强度、抗弯强度和弹性模量均高于或接近于自然骨. 采
用水热法对多孔Ti-15Mo合金进行表面活化处理后, 多孔Ti-15Mo合金外表面和内表面均形成了针片状的Na2Ti6O13涂层. 水热处理试样经
SBF溶液浸泡14天后, 内外表面均完全被缺钙的磷灰石层所覆盖, 说明水热处理的多孔Ti-15Mo合金具有优异的磷灰石形成能力和生物活
性. 由此可见, 水热处理的微波烧结多孔Ti-15Mo合金是一种非常有前途的骨植入材料.
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