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Facile hydrothermal synthesis of TiO,—CaP nano-films on Ti6Al4V alloy
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Abstract: Ti6Al4V alloy was subjected to hydrothermal treatment in the concentrated Caz(PO,),, CaHPO, and Ca(H,PO,), solutions
for bioactive surface modification. The treated samples are covered by films composed of nano-particles with the size of 60—240 nm.
Such film can also be grown on the strut surface of a Ti6Al4V scaffold prepared by electron beam melting (EBM) technology. XPS
analysis indicates that Ti element on the surface presents as TiO,, and Ca and P elements are in the form of calcium phosphate. XRD
and Raman analyses show that the surface layer is composed of anatase TiO, and hydroxyapatite. Potentiodynamic polarization test
in a Ca-free Hank’s balanced solution demonstrates that the treated sample has markedly improved corrosion resistance compared
with the polished sample. The present work provides a bioactive surface modification method that is easily-operated,

low-temperature, less corrosion, and applicable to porous Ti6Al4V alloy for biomedical applications.
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1 Introduction

Due to its low density and excellent mechanical
properties, Ti6Al4V alloy has been utilized to
manufacture various implants especially in orthopedic
fields. In order to avoid “stress shielding” of metallic
implants, porous titanium and low modulus titanium
alloys are being developed. The methods for preparing
porous titanium and other metallic scaffolds include
space-holder  sintering, replication dip coating,
combustion synthesis, laser engineering net shaping
(LENS), electron beam melting (EBM), etc [1-5]. In
EBM processing, physical parts are fabricated by melting
metal powder layer by layer with an electron beam
according to the CAD data [6,7]. Compared with the
laser-based additive manufacturing techniques [5], EBM
has the advantage of producing small parts with
complicated shapes.

The bioactive surface modification of porous
titanium (with pore size of tens or hundreds of

micrometers) becomes an interesting topic in recent
years [8—11]. The modification layer on the open pore
walls should be even in thickness. The surface
modification methods are also required not to seriously
influence intrinsic properties of the porous metals. For
example, the well-known alkali-heat treatment can
induce bioactivity for titanium and Ti alloys [10,11], but
it has drawbacks in surface modification of porous
titanium metals. The corrosion of alkali solution was
reported to have an adverse effect on porous titanium,
with the mechanical properties deteriorated [10]. Heat
treatment alters microstructure and may vary mechanical
properties of special alloys [11—13]. Therefore, new
methods have to be developed for bioactive surface
modification of porous titanium and its alloys.
Hydrothermal treatment is an easily-operated and
low-temperature method for surface modification of
titanium metals. Since the modification layer is in
nanometer thickness, only small quantities of solute and
solvent are consumed. The high pressure environment
can greatly accelerate diffusion of the reactants.
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Ca(OH),, CaCl, and MgCl, solutions were used to
surface-modify Ti and TiNb alloy, with better bioactivity
and osteoblast cell growth obtained [13—16]. The
shortcomings of these methods are that the solutions
have corrosive effect on titanium during the
hydrothermal treatment, and the formed films only
contain Ca or Mg, without phosphate. In this work, a
facile hydrothermal method was presented to grow
TiO,—calcium phosphate (CaP) nano-films on Ti6Al4V
alloy and its scaffold. Surface structure, chemical
composition and corrosion resistance of the treated alloy
samples were investigated.

2 Experimental

Ti6Al4V alloy plates (9 mm x 12 mm x 2 mm) were
polished with SiC paper down to grits 1200,
ultrasonically cleaned in acetone, ethanol, deionized (DI)
water in sequence, and dried in air. The polished samples
were hydrothermally treated in the solutions of
Ca;(POy),, CaHPO, and Ca(H,POy,), with concentrations
of 3.3, 10 and 10 mmol/L, respectively. The filling ratio
of solution in the Teflon-lined autoclave was about 4:5.
The sample stood vertically in the autoclave with the
help of a titanium clamp. The autoclave was sealed and
heated at 200 °C for different time (Table 1). After the
treatment, the samples were evacuated and rinsed with
deionized water several times and dried for analyses.

Table 1 Solute and hydrothermal parameters for Ti6Al4V
samples

Sample Solute Parameter

SA-16h Ca3(POy),, 3.3 mmol/L 200 °C, 16 h
SB-16h  CaHPO,-2H,0, 10 mmol/L 200°C, 16 h
SB-24h  CaHPO,2H,0, 10 mmol/L 200 °C,24h
SB-72h  CaHPO,2H,0, 10 mmol/L 200 °C, 72 h
SC-16h Ca(H,POy),, 10 mmol/L 200°C, 16 h

Surface morphology of the samples was analyzed
with a scanning electron microscope (SEM, FEI Quanta
600F) equipped with the energy dispersive analysis of
X-ray (EDX), and microstructure was examined by
X-ray diffraction (XRD, Cu K,, X’Pert PRO) and Raman
scattering (Horiba HR 800, 633 nm). Elemental
composition and chemical bonding state of the samples
were examined by X-ray photoelectron spectroscopy
(XPS, Al K,, VG). Corrosion resistance of the samples
was evaluated by potentiodynamic polarization tests in a
Ca-free Hank’s balanced salt solution (HBSS, 8.00 g/L
NaCl, 0.40 g/L KCl, 0.34 g/L NaHCO;, 0.06 g/L
KH,PO,, 0.12 g/ Na,HPO,12H,0) by using an
electrochemical workstation (Model CS150, Corrtest”™)
under ambient conditions. A platinum electrode was used
as counter electrode, and the saturated calomel electrode
(SCE) was reference electrode.

3 Results and discussion

3.1 Surface morphology and elemental analysis

Surface micrographs of the hydrothermally-treated
Ti6Al4V alloy samples are shown in Fig. 1. The surface
of the sample treated in Ca3(PO,), solution is rough at
nano-scale, and the sample treated in CaHPO, solution is
covered by a dense nano-particle film (size ~60 nm). For
the sample treated in Ca(H,PO,), solution, there are
small particles (50—100 nm) and large particles (~240 nm)
on the surface. TiO, nano-grains can be hydrothermally
prepared on Ti substrate through a dissolution—
precipitation mechanism [15]. For the third sample, Ca
and P elements were detected by EDX analysis, with
mole fraction of Ca of 0.16% and mole fraction of P of
0.61%. The particles on the sample surface are presumed
to be TiO, and calcium phosphate. Water contact angles
of the three samples are 101°, 69° and 51°, respectively.
The smallest contact angle of sample SC-16h is possibly
related to its high content of hydrophilic calcium
phosphate deposited on the surface as a result of the
highest solubility of Ca(H,PO,), among the three
calcium phosphates (Table 2).

Sample SB-24h was treated at a longer duration
(24 h), and the particles grew larger than those of sample
SB-16h (Figs. 1(b) and (d)). Since sample SB-24h has
large and even grain size due to the enough treatment
duration and appropriate solubility of CaHPO,, its
hydrothermal parameters were used to treat a Ti6Al4V
scaffold produced by EBM technology [7]. It can be seen
from Fig. 2 that the same nano-films are formed on the
strut surface after the hydrothermal treatment.

Surface chemical composition of sample SB-24h
was examined by XPS, with the Ti 2p, Ca 2p, P 2p, Al 2p,
V 2p and O 1s spectra shown in Fig. 3. Titanium on the
sample surface presents mainly in the form of TiO,,
having the binding energies of 464.1 eV (Ti 2p;,) and
458.5 eV (Ti 2p;3p). The Ca 2p peaks (350.9 and
347.3 eV) and P 2p peak (133.3 eV) confirm that calcium
phosphate is formed on the sample surface [17].
According to the studies on hydrothermally-treated
Ti [14,16], calcium compounds (titanate, carbonate or
hydroxide) can also be formed in Ca®'-containing
solutions. The alloy elements of Al and V are still
detectable, but their signals are fairly weak. The Al 2p
and V 2p peaks indicate that they exist as oxides (Al,O3
and VO, [18]) on the sample surface. In the O 1s spectra,
the main peak at 529.8-530.0 eV is attributed to TiO,.
The peak related to calcium phosphate (531.2 eV [17])
lies in the left shoulder area. This peak is more apparent
for the spectrum before sputtering. The small peak of
hydroxyl groups is positioned at even higher binding
energy (532.0 eV).
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Fig. 1 SEM micrographs of hydrothermally-treated Ti6Al4V samples: (a) SA-16h; (b) SB-16h; (¢) SC-16h; (d) SB-24h

Table 2 Solubility values of calcium phosphates at 20 °C

Calcium phosphate Solubility/(grmL ™)
Ca;(PO,), 2.0x107
CaHPO, 43x107°
Ca(H,PO,), 1.8x1072

3.2 Crystallography analysis

Grazing-angle XRD patterns of the samples SB-16h
and SB-24h are shown in Fig. 4. The diffraction peaks of
the alloy substrate and the weak anatase peak at
26=25.2° are present for sample SB-24h, although
calcium phosphate is detected by XPS.

Microstructure of the surface layer of the
hydrothermally-treated sample was further studied by
Raman analysis (Fig. 5). The peaks at 147, 198, 394, 515
and 636 cm ' are indicative of anatase TiO, layer formed
on the sample surface [19]. The weak peak located at
965 cm ' is due to the v; symmetric stretching of the
P—O mode, which is the characteristic peak from
hydroxyapatite [20,21]. There are other three vibration
modes for phosphate apatite [20]: the symmetric
O—P—O0 bending mode (15) at around 430-450 cm ';
the asymmetric O —P—O bending mode (v;) at
580—630 cm '; and 15 mode at around 1050 cm ', The
frequency ascribed to the first mode is observable as the
small peak is located at 451 cm .

Fig. 2 SEM micrographs of Ti6Al4V scaffold hydrothermally-
treated with parameters of sample SB-24h: (a) Lower
magnification; (b) Higher magnification
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Fig. 3 XPS spectra of sample SB-24h at different sputtering time
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Fig. 4 Grazing-angle XRD patterns of samples SB-16h (a) and
SB-24h (b)

Hydrothermal method is widely employed to
synthesize TiO, and alkaline—earth titanate with high
purity, and the mechanism of the reactions has been
established as a dissolution—precipitation process [15].
During the hydrothermal treatment of titanium in water,
the nanostructured TiO, films can be formed on the
substrate through the following reactions [15,22]:

TiOy+nH,0— TiO,nH,0(gel) (1)
TiO,-nH,0(gel) — TiO,+nH,0 )
Ti+2H,0— TiO,+2H, 1 3)

The alloy elements of Al and V on the sample
surface were oxidized during the treatment (Fig. 3).
Since the solutions of CaHPO, and Ca(H,PO,), are
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Fig. 5 Raman spectrum of sample SB-72h

slightly acidic after the treatment (pH ~6), it is
reasonable that Al is partially dissolved as Al ions in the
solutions, but the mechanisms still need a further study.
When alkaline—earth metal ions are present in the
aqueous system of hydrothermal treatment, titanates will
be synthesized:

Me2'+TiO, nH,0(gel)+20H — MeTiOs+mH,0  (4)

The formation of CaTiO; may provide nucleating
sites for calcium phosphates.

In order to verify the phase of calcium phosphate
grains in Fig. 1, 50 mmol/L CaHPO4-2H,0 solution was
hydrothermally treated at 200 °C for 24 h, washed and
dried at 80 °C overnight. XRD analysis indicates that the
obtained powder is composed of CaHPO, and
hydroxyapatite, which is consistent with the report that
hydroxyapatite nano-crystallites can be prepared by
hydrothermal hydrolysis of CaHPO,2H,0 and
Ca3(POy), [23]. Therefore, the large particles in Fig. 1(d)
are suggested to be hydroxyapatite crystallites.

3.3 Corrosion test

Corrosion resistance of the Ti6Al4V samples was
tested by potentiodynamic polarization in the Ca-free
HBSS solution (Fig. 6). The polished sample has lower
corrosion potential (@) and smaller corrosion current
density (J.o) than the hydrothermally-treated sample
SB-24h. For the polished sample, a stable passive current
density (Jpass=2.289 uA/cm?) and a high pitting potential
(ppi=1.41 V) are obtained after a long range of anodic
polarization (Table 3). During the anodic polarization,
the dissolution of Al and V elements leads to the increase
of anodic current, and the current becomes stable when a
resistant titania film is finally formed on the sample
surface. Sample SB-24h has a lower pitting potential, but
a much lower passive current density (about 1/26 that of
the polished sample) than the polished sample. The
hydrothermally grown TiO,—CaP film has effectively
improved corrosion resistance of Ti6Al4V alloy, which

will impede the corrosion-related release of toxic and
carcinogenetic Al and V ions from the alloy substrate.
The modified Ti6Al4V alloy is expected to possess better
biological properties.
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Fig. 6 Potentiodynamic polarization plots of different Ti6Al4V
samples

Table 3 Corrosion parameters of Ti6Al4V alloy samples
Ppit (VS ¢pass/ Jpass/

J corr/ %on(VS

Sampl

AP (LAem®) SCE)V SCE)YV V.  (pAem?)
Polished  0.005 -0.43 141 137 2289V
SB-24h  0.012 -0.35 1.08 136  0.087Y

1): Value at middle potential of passivation range, @pass
4 Conclusions

1) Ti6Al4V alloy was hydrothermally treated in
three concentrated calcium phosphate solutions for
bioactive surface modification. With the formation of
TiO,—CaP nano-films on the surface, the treated sample
has markedly improved corrosion resistance compared
with the polished sample.

2) The TiO,—CaP nano-films were also grown on
the strut surface of the Ti6AI4V scaffold prepared by
EBM technology. The present work provided a facile
bioactive surface modification method suitable for
porous biomedical Ti6Al4V alloy.
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