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Abstract The Ti—Nb-based TLM alloy (Ti—25Nb-
3Zr-2Sn-3Mo) was subjected to hydrothermal treat-
ment in the concentrated Ca3(PO,),, CaHPO,, and
Ca(H,PO,), solutions for the purpose of calcification.
The treated samples are covered by films consisting of
Ca-rich nano-crystallites (100-500 nm) and small
nano-grains. XPS and XRD analyses reveal the
formation of hydroxyapatite, TiO,, and Nb,Os at the
sample surface. The sample hydrothermally treated in
CaHPO, solution exhibits bioactivity by inducing the
formation of apatite layer after soaking test in the
simulated body fluid for 15 days. The work would
provide a good bioactive surface modification method
for Ti-Nb alloy implants with complex shapes and
even pores.
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Introduction

As a material for hard tissue implants, titanium has
good corrosion resistance and excellent biocompati-
bility, but its elastic modulus (~ 110 GPa) is much
higher than that of bone (1-30 GPa). In order to avoid
the mismatch of elastic modulus and ‘stress shielding,’
low-modulus titanium alloys are thus developed,
which are mainly Ti-Nb-based [ or near B titanium
alloys (Fu et al. 2011a; Zhou et al. 2009; Zheng et al.
2007). For example, the Ti—-Nb-based TLM alloy (Yu
and Zhou 2006) has an elastic modulus of ~ 60 GPa.
The elastic modulus of titanium can be further reduced
by porous structure (tens or hundreds of micrometers
in size, Ryan et al. 2006) to favor bone growth and fit
elastic modulus of cancellous bone, and the bioactive
surface modification of porous titanium becomes an
interesting topic in recent years.

Among the bioactive surface modification methods
for biomedical titanium, the alkali-heat method is well
known to induce apatite layer formation from the
simulated body fluid (SBF). However, the alkali
treatment decreased the strength of porous titanium
(Lin et al. 2009). Note that the Ti—-Nb-based alloys are
less corrosion resistant to alkali solutions than pure
titanium (Xiong et al. 2008; Zheng et al. 2007). This
method and sol-gel coating method (Qu et al. 2011)
involve high-temperature (e.g., 600 °C) treatments,
which alters microstructure and mechanical properties
of special titanium alloys, e.g., Ti—Nb alloy (Yam-
aguchi et al. 2012) and NiTi alloy (Fu et al. 2011b).
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Electrochemical deposition is a low-temperature
method to prepare calcium phosphate coatings on
metallic substrate, but it has difficulty to produce
uniform coating layer on the inner pore surface of
porous titanium (Zhang et al. 2005).

Hydrothermal treatment is a low-temperature and
easily operated method for surface modification of
titanium (Hamada et al. 2002; Nakagawa et al. 2005;
Fu et al. 2015), in which only small quantities of solute
and solvent are consumed, and the modification layer
is in nanometer thickness. The high-pressure environ-
ment greatly accelerates diffusion of the reactants.
Thus, hydrothermal treatment is an ideal method for
surface modification of titanium implants with com-
plex shapes and even pores.

Calcium hydroxide and neutral CaCl, and MgCl,
solutions were used to hydrothermally grow titania
films containing Ca or Mg on titanium and Ti-Nb
alloy (Shi et al. 2012; Nakagawa et al. 2005; Chen
et al. 2009; Zheng et al. 2009), and the formed calcium
compound layer was beneficial for bioactivity of the
materials and osteoblast cell growth on them. The
shortcomings of these methods are that the solutions
have corrosive effect on titanium during hydrothermal
treatments, and the obtained films do not contain
phosphate.

In this work, hydrothermal treatment was carried
out in the concentrated calcium phosphate solutions
for calcification of TLM alloy. The surface structure,
chemical composition, in vitro bioactivity, and corro-
sion resistance of the treated TLM alloy were
investigated.

Materials and method

The TLM alloy sheet with a thickness of 0.6 mm
supplied by Northwest Institute for Nonferrous Metal
Research, China was sparkle cut into small pieces (size
10 x 10 mm?). The plates were polished, ultrasonically
cleaned in acetone, ethanol, and deionized water in

sequence, and dried in air. The polished samples were
hydrothermally treated in the Ca3(PO,),, CaHPO4-2H,._
O, and Ca(H,PQy,), solutions with the concentration of
3.3, 10.0, and 10.0 mM, respectively. The molar
concentrations of the saturated calcium phosphate
solutions were quite different (Table 1). The filling
ratio of solutions in the Teflon-lined autoclave was
~80 %. The sample stood vertically in the autoclave
with the help of a titanium clamp. The autoclave was
sealed and heated at 200 °C for 16 h. After the
treatment, the samples were taken out, rinsed with
deionized water for several times, and dried. The sample
treated in water was also prepared as the control.

Surface morphology and elemental composition of
the samples were analyzed with a scanning electron
microscope (SEM, FEI Quanta 600F) equipped with
the energy dispersive analysis of X-ray (EDX), and
crystallography was examined by X-ray diffraction
(XRD, CuK,, X’Pert PRO). Elemental composition
and chemical bonding state of the samples were
examined by X-ray photoelectron spectroscopy (XPS,
AIK,, K-Alpha, VG). The hydrothermally treated
TLM samples were soaked in the simulated body fluid
(SBF, Kim et al. 1997, 45 ml, renewed every 3 days)
at 37 °C for the in vitro bioactivity test. Corrosion
resistance of the samples was evaluated by potentio-
dynamic polarization tests in 0.9 % NaCl solution on
an electrochemical workstation (CS150, Corrtest®) at
ambient conditions. A platinum electrode was used as
counter electrode, and the saturated calomel electrode
(SCE) was reference electrode.

Results and discussion

Surface morphology and elemental analyses

Surface morphologies of the hydrothermally treated
TLM alloy samples are shown in Fig. 1. The sample

treated in water (sample SO) is covered by a dense film
consisting of fine nano-particles (size 80-100 nm).

Table 1 Solubility and corresponding concentration of calcium phosphates at 20 °C

Calcium phosphate

Solubility (g/100 mL)

Concentration (mM)

Cas(PO,), 20 x 1073
CaHPO, 43 x 1073
Ca(H,PO,), 1.8

0.064
0.316
76.90
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The hydrothermally prepared TiO, nano-grains on Ti
substrate are formed through a dissolution—precipita-
tion mechanism (Shi et al. 2012). The scratches are
still apparent, indicating small thickness of the TiO,
film. For the sample treated in the Ca3(PO,), solution
(sample S1), small particles (20-30 nm) and big
spheres (100-500 nm) are observed at the substrate
surface. The samples treated in the CaHPO, and
Ca(H,PO,), solutions (samples S2 and S3) have
similar morphologies, with kernel-like particles
(400-500 nm) and small nano-leaves at the surface.
EDX analysis reveals that the big particles have much
higher Ca/Ti ratio than the nano-leaves (Fig. 2), which
possibly indicates that the former are calcium phos-
phate crystallites and the latter are mainly TiO, grains.
Since sample S2 has the moderate ratio of concentra-
tion to solubility (Table 1) and the largest quantity of
calcium phosphate crystallites, it is thus subjected to
further characterization and tests.

Chemical composition of sample S2 surface layer
was examined by XPS analysis, with the Ti 2p, Nb 34,
Ca 2p, P 2p, and O 1s spectra shown in Fig. 3.

Titanium at the sample surface presents mainly in the
form of TiO,, having the binding energies of 464.4 eV
(Ti 2py,,) and 458.7 eV (Ti 2p3,,). In Nb 3d spectrum,

Ti
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Fig. 2 EDX spectra of the TLM sample S2 taken at: a a nano-
leaf, b a big particle, ¢ the plan-view area in Fig. lc. The atomic
Ca/Ti ratio is 0.09, 0.51 and 0.38 %, respectively

Fig. 1 SEM micrographs of the TLM samples: a SO, b S1, ¢ S2, d S3

@ Springer



4 Page 4 of 7

J Nanopart Res (2016) 18:4

the two peaks located at 209.8 eV (3d3,) and
207.0 eV (3ds,) indicate that the bonding of Nb is
in the form of Nb,Os. The Ca 2p peaks (350.7,
347.2 eV) and P 2p peak (133.2 eV) confirm calcium
phosphate formed at the sample surface (Chusuei et al.
1999). In O 1s spectrum, the sub-peak P1 located at
530.0 eV can be assigned to TiO, and Nb,Os (Fu et al.
2011b; Chenetal. 2011). The sub-peak P2 at 531.0 eV
accompanied by the P 2p peak at 133.2eV is
diagnostic of hydroxyapatite, rather than CaHPO,.
2H,0 (Chusuei et al. 1999). The sub-peak P3
positioned at even higher bonding energy (532.2 eV)
is attributed to hydroxyl groups at the sample surface.

Crystallography analysis

Hydrothermal method is widely employed to synthe-
size TiO, and alkaline-earth titanate with high purity,
and the mechanism of the reactions has been estab-
lished as a dissolution—precipitation process (Shi et al.
2012). XRD patterns of the hydrothermally treated
TLM alloy samples are shown in Fig. 4. Apart from
the diffraction peaks of the alloy substrate, only
anatase peaks are present for the samples treated in
calcium phosphate solutions. Although Nb,Os is
detected by XPS, the diffraction peaks of monoclinic
Nb,Os are absent, which has various standard

Fig. 3 XPS spectra of the (a) (b)
TLM sample S2: a Ti 2p,
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diffraction patterns (ICDD #37-1468, #27-1311, #20-
0804, etc.). Diffraction peaks of calcium phosphate are
also absent, possibly due to the small film thickness.
When CaHPO,-2H,0 powder was hydrothermally
treated at 200 °C for 16 h, diffraction peaks of
hydroxyapatite were detected. This would suggest
that the big particles shown in Fig. 1b—d are hydrox-
yapatite crystallites.

Bioactivity test

Bioactivity of TLM sample S2 was examined by the
SBF test. After soaking for 6 days, the sample surface
is covered by nano-fibrous deposits (Fig. 5a), and the
nano-particles in Fig. 1c are not observed. In EDX
spectrum, the peaks of Ca, P, and C are obviously
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A: apatite *
%« *
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—_ * *
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=
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Fig. 4 XRD patterns of the TLM samples: a S1, b S2, ¢ S3,
d S2 soaked in SBF for 15 days

(a)

increased, while the peaks of substrate elements are
reduced (Fig. 5b), and the atomic ratio of Ca/Ti is
increased from 0.38 before soaking to 8.51 after
soaking. This reveals the formation of apatite layer
containing carbonate ions. The tested side of the
sample was faced downward during the soaking test,
and so the deposit layer was formed by just adsorbing
Ca2+, PO43_, CO32_, and other ions from the solution.
After soaking for 15 days, the peaks at 260 = 32.0° and
26.0° ascribed to apatite are present in the XRD
pattern (Fig. 4d).

In the SBF test, the hydrothermally synthesized
hydroxyapatite nano-crystallites may act as the nucle-
ating sites for calcium phosphate growth. In addition,
the negatively charged TiO, nano-grains due to the
existence of hydroxyl groups (Fig. 3e) may favor the
adsorption of Ca®" ions to the film surface at the initial
soaking stage (Viitala et al. 2002). The apatite layer
then grows thick in SBF. The result demonstrates the
in vitro bioactivity of the hydrothermally calcified
TLM alloy.

Corrosion test

Corrosion resistance of the TLM and Ti samples was
tested by potentiodynamic polarization in 0.9 % NaCl
solution (Fig. 6). The polished TLM sample has larger
corrosion current density (I..), but higher corrosion
potential (E.,,) than the hydrothermally treated sam-
ple S2. For the polished sample, a relatively stable pas-
sive current density (/a5 = 3.455 uA/cmz) and a high
pitting potential (E,; = 1.33 V) are obtained after a
long range of anodic polarization (Table 2). During

(b)

Intensity (a.u.)

Energy (keV)

Fig. 5 a SEM micrograph and b EDX spectrum of the TLM sample S2 soaked in SBF for 6 days
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Fig. 6 Potentiodynamic polarization curves of a the polished
TLM sample and b the hydrothermally treated sample S2 tested
in 0.9 % NaCl solution

Table 2 Corrosion test data of the Ti and TLM samples

Sample Icorr (l'lA/ Ecorr (V Epil (V Epass Ipass
cm?) SCE) SCE) V) (RA/
sz)
Polished  2.51 —-0.23 1.32 0.50 2.349%
Ti
Polished  7.75 —0.22 1.33 0.76 3.455%
TLM
S2 7.35 —0.29 >1.70 >1.87 0.236%

* Value at the middle potential of the passivation region, Epqs

the anodic polarization, the dissolution of alloy
elements leads to the increased anodic current density
in comparison with that of the polished Ti sample
(Fig. 6), and the current density becomes relatively
stable when a resistant titania film is finally formed at
the sample surface. Sample S2 has a higher pitting
potential, a longer passivation region (Ep,s) and a
much lower passive current density (/pags, ~ 1/15) than
the polished sample. The hydrothermally grown
hydroxyapatite-TiO, (Nb,Os) film has effectively
improved corrosion resistance of TLM alloy, which
would be good for its biological properties.

Conclusion
The TLM alloy was hydrothermally treated in con-

centrated calcium phosphate solutions. The treated
surface layers are composed of hydroxyapatite

@ Springer

crystallites (100-500 nm) and small TiO, nano-
grains. Ti and Nb present as TiO, and Nb,Os at the
surface. The calcified TLM alloy exhibits bioactivity
in SBF test and it has high corrosion resistance. The
present work would provide a good method suitable for
bioactive surface modification of Ti—-Nb-based alloy
implants with complex shapes and even pores (e.g.,
implants for cancellous bone and osteoporosis
repairment).
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