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ARTICLE INTFO ABSTRACT

Article history: Objectives. Titanium alloys are considered the material of choice when used as endosteal
Received 23 March 2006 part of implants. However, they are not able to bond directly to bone. The objective of
Received in revised form this study was to suggest a chemical surface treatment for Ti-13Nb-13Zr to initiate the
16 January 2007 formation of hydroxy carbonated apatite (HCA) during in vitro bioactivity tests in simulated
Accepted 5 February 2007 body fluid (SBF).

Methods. Titanium, niobium, and zirconium hydride powders were blended, compacted and
sintered. Sintered Ti-13Nb-13Zr samples were etched in HCI, H3PO4, and in a mixture of

Keywords: HF + HNOs, respectively, and subsequently pretreated in NaOH. The influence of acid etching
Titanium alloys conditions on the microstructure of the Ti-13Nb-13Zr alloys as well as on the rate of HCA
Powder metallurgy formation was evaluated using SEM-EDS, FTIR, and gravimetric analyses.

Simulated body fluid Results. Sintered Ti-13Nb-13Zr alloys consist of a Widmannstatten («+ ) microstructure.
Surface modification Exposure of chemically etched and NaOH activated samples to SBF for 1 week leads to the
Bioactivity formation of a HCA layer on the surface of HCI as well as H3PO, treated samples. No HCA

formation was found on HNOj; treated samples. After 2 weeks in SBF the mass increase, that
can be correlated to the HCA formation rate, was the highest for HCI pretreated samples
(2.4 mg/cm?) followed by H3PO, (0.8 mg/cm?) and HNO; pretreated ones (0.2 mg/cm?).
Significance. Since the in vitro HCA formation from SBF is generally accepted as a typical fea-
ture for bioactive materials, itis supposed that HCl etching with subsequent NaOH treatment
might enhance the in vivo bone-bonding ability of Ti-13Nb-13Zr.

© 2007 Academy of Dental Materials. Published by Elsevier Ltd. All rights reserved.

1. Introduction “load-bearing” implants for biomedical applications, due to
their high strength-to-weight ratio, corrosion resistance in the
Metallic biomaterials commonly used in the implantology physiological environment, fatigue resistance, and low elastic

field are represented by a great variety of alloys which can modulus [2-4].
present different metals as its constituents [1]. Pure tita- In its elemental form, titanium has a high melting point
nium and some of its alloys have been extensively used as (1668 °C) and possesses a hexagonal closely packed (hcp) crys-
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tal structure « up to a temperature of 883°C. Above this
temperature it transforms into a body centered cubic (bcc)
structure B with a lower elastic modulus compared to the a
structure [5,6]. Ti-based alloys contain some percentages of
(Al) and B (Nb, V, and Ta) stabilizing elements dissolved in the
titanium matrix [6]. Zirconium, which acts both as an « and
B isomorphic stabilizer in Ti-based alloys, is also considered
to be biologically inert [2-4]. Associated to some investigations
which indicated that there is still an unsolved question related
to the possible cytotoxic effects of alloying elements such as
Al and V [2,3,7,8], it was demonstrated that refractory met-
als such as niobium, zirconium, and tantalum are considered
to be highly biocompatible and also present excellent cor-
rosion resistance [9-12]. Further, some researches described
that the biomechanical mismatch between an implant and
the surrounding tissue may lead to stress shielding phenom-
ena which may provoke an abnormal stress distribution at
the bone-implant interface retarding both bone healing and
remodeling [13,14]. Thus, a major goal within the biomedi-
cal society is to develop new Ti-based alloys for orthopedic
and dental applications with a Young’s modulus similar to
that of human bone (10-30 GPa). The (« + 8) Ti-13Nb-13Zr alloy
was formulated at the beginning of the 1990s to be used
in orthopedic applications due to its low Young’s modulus
(40-80 GPa) and its non-toxic composition. It presents tensile
values of approximately 1300 MPa and a superior corrosion
resistance when compared to Ti-6A1-4V and Ti-6Al-7Nb alloys
[9,10,12,15,16].

The powder metallurgy (P/M) technology has proven to be
an excellent tool for the near net-shape fabrication of surgi-
cal implants due to some inherent advantages, including the
capability of precisely adjusting chemical compositions, its
feasibility, modulus reduction through the inclusion of pores
and also the reduction of costs [1,17-19].

It is well established that the osseointegration process is
affected by surface modifications in terms of chemical and
physical properties [20]. Two directions - coating technologies
and chemical surface treatments — have been reported for tita-
nium and its alloys in order to improve their bone-bonding
ability. Among the coating techniques, plasma spraying of
hydroxyapatite represents the one most frequently used clin-
ically [21]. However, coating methods are still related to many
general problems, including the lack of adherence to the sub-
strate and non-uniformity of the layer thickness [22]. On the
other hand, most chemical treatments are focused on obtain-
ing OH-groups on the metal surface that were described to be
favorable for enhanced osseointegration [23,24].

The main purpose of this study was to evaluate the influ-
ence of different acid etching conditions on the microstructure
of (P/M) Ti-13Nb-13Zr surfaces as well as on the rate of hydroxy
carbonated apatite (HCA) formation during in vitro bioactivity
tests in simulated body fluid (SBF).

2. Materials and methods
2.1.  Powder metallurgy

The starting powders were obtained through a hydrogenation
process at elevated temperatures in a vertical furnace for 3h
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Fig. 1 - SEM micrographs of hydrogenated (a) titanium, (b)
niobium, and (c) zirconium powders.

under a pressure of 10~° Pa [19]. The applied temperature was
500°Cin the case of titanium and 800 °C for niobium and zirco-
nium. After cooling to room temperature, the brittle materials
were milled, using a planetary ball mill and a niobium con-
tainer without argon protecting atmosphere.

The starting elemental powders Ti, Nb and Zr had an aver-
age particle size of 31.3, 50.8, and 2.6 pm, respectively. Fig. 1
shows the corresponding SEM micrographs. Calculated pow-
der amounts of 22.2¢gTi, 3.9gNb, and 3.9gZr were furnace
dried for one hour at 100 °C, and blended for 30 min in a plan-
etary mill. Two grams of the blended powder were uniaxially
pressed with a pressure of 80 MPa into a square matrix with
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an edge length of 16 mm. Subsequently, the samples were
vacuum encapsulated in flexible rubber molds and cold iso-
statically pressed with a pressure of 300 MPa for 30s. Green
bodies were sintered in a niobium crucible under high vac-
uum conditions (Thermal Technology Inc., Astro 1000, USA) at
1500°C for 2 h. The heating rate was 20 °C/min. After sintering
the samples were furnace-cooled to room temperature.

2.2. Chemical surface modification

Prior to chemical pretreatments the sintered Ti-13Nb-13Zr
samples were cut into square plates with an edge length
of 10mm and a thickness of 1mm and mirror-like polished.
Three different etching procedures were performed: (i) sam-
ples were etched in 37% HCl under argon atmosphere for
90min at 50°C and subsequently for 60min at 40°C, (ii)
samples were etched in a medium consisting of HF, HNOs
and H,O with a ratio of 1:6:18 for 30s at 20°C, and (iii)
samples were etched in 85% H3PO4 for 24h at 60°C. Subse-
quently all specimens were soaked in 10M NaOH aqueous
solution at 60 °C for 24 h, washed with distilled water and dried
at 100°C.

2.3. Characterization

The density of the sintered Ti-13Nb-13Zr samples was char-
acterized by measuring the samples’ dimensions and weight.
X-ray diffraction (XRD) analyses (Cu Ka radiation, U=40kV,
1=20mA) were performed in order to identify the crystalline
phases present in the Ti-based alloys (Rigaku, DMAX 2000,
Japan). Data were collected in the range of 26=25-80° with
a step size of 0.02° and a scan speed of 0.15°/min. Metallo-
graphic preparation was carried out according to conventional
techniques. The microstructure was revealed by swabbing the
samples with a Kroll solution (3 ml HF:6 ml HNO3:100 ml H,0)
for 10-205s [25].

The average surface roughness R, of untreated as well as
chemically activated samples (number of samples for each
treatment n =3; evaluation length = 150 pm) was measured by
confocal laser scanning microscopy (CLSM) (Leica, TCS SL, Ger-
many). The activated samples were exposed to SBF with ionic
concentrations nearly equal to human blood plasma. The SBF
solution with an HCO3~ concentration of 10 mmol/l was pre-
pared by mixing concentrated solutions of KCl, NaCl NaHCOs,
MgS04-7H,0, CaCl, and KHyPO, into double distilled water
and buffered with tris-hydroxymethyl aminomethan and HCl
to pH 7.4 at 37 °C, according to a procedure described in [26].
Sodium azide (NaN3) was added to the solution to inhibit the
growth of bacteria.

The microstructure of the precipitated HCA layer was char-
acterized by scanning electron microscopy (SEM) (FEI, Quanta
200, The Netherlands) on gold coated samples. Energy dis-
persive spectroscopy (EDS) (Oxford Instruments, Inca x-sight,
UK) was used to quantify the amount of Na in the surface of
pretreated samples (n=3, spot size=1pm?). Sample-solution
interactions were quantified after 2 weeks in SBF on the basis
of gravimetric analyses (n=3) by using an analytical balance
(Ohaus, AP210, USA). Fourier-transform infrared (FTIR) spec-
tra were measured in transmission using the KBr-technique
in the range from 4000 to 400cm™ at a resolution of 4cm~?!

(Nicolet Instruments, Impact 420, USA). Approximately 1 mg of
the HCA coating was removed from the substrate, mixed with
300mg of dry KBr powder and ground using an agate mortar
and pestle.

3. Results

After sintering at 1500°C for 2h, the Ti-13Nb-13Zr samples
were densified to a final density of 4.66 g/cm3, representing
93% of the theoretical one. Fig. 2a shows an SEM micrograph
of the Ti-13Nb-13Zr microstructure with residual closed pores,
which are characteristic for the final stage of sintering. Fig. 2b
shows the same microstructure at a higher resolution, where
the formation of the classical Widmannstétten biphasic (« + B)
structure, that is characterized by groups of parallel a-plates
embedded into a -matrix, can be observed. XRD analysis also
revealed the « as well as the B phase to be present in the
sintered Ti-13Nb-13Zr alloy (Fig. 3).

Fig. 4 shows the Ti-13Nb-13Zr surface after different
acid etchings and after subsequent NaOH activation, respec-
tively. The average surface roughness of HCI treated (Fig. 4a,
Ra=844+6nm), H3PO4 treated (Fig. 4e, Ry=1437+99nm)
as well as HF:HNO;3:H,O treated samples (Fig. 4c, Ra=
865 + 23 nm) significantly (p<0.05) exceeds that of untreated
samples (R, =501+52nm). During subsequent activation in

200 pm

Fig. 2 - SEM photomicrographs of the Ti-13Nb-13Zr alloy
sintered at 1500 °C: (a) general view with residual pores and
(b) Widmannstitten-like microstructure.
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Fig. 3 - XRD patterns of the Ti-13Nb-13Zr alloy after
sintering at 1500 °C for 2 h.

NaOH the surface microroughness remains unchanged for
all samples. However, microcracks were in particular found
on the surface of H3PO, (Fig. 4d) and HF:HNO3:H,0 (Fig. 4f)
pretreated samples, whereas no cracks are visible in HCI
(Fig. 4b) pretreated samples. The quantity of Na* incorporated
into the materials surface after NaOH activation was com-
parable for different acid etching procedures and amounts
to 4.114+0.11at.% for HCI treated, 4.80+0.15at.% for H3PO4
treated and 3.98 +0.09 at.% for HNOs treated samples. Accord-
ing to earlier results obtained for commercially pure titanium
a hydrated sodium titanate gel-like layer is formed at the sam-
ple surface [24,27].

Fig. 5 shows SEM micrographs of acid etched and NaOH
treated Ti-13Nb-13Zr surfaces after exposure to SBF for one
and 2 weeks, respectively. HCl- as well as H3PO4-etching in
combination with the NaOH treatment leads to the forma-
tion of HCA agglomerates after 1 week in SBF (Fig. 5a and
e). Fig. 6 shows FTIR spectra of the HCA layers deposited on
pretreated Ti-13Nb-13Zr surfaces. A broad absorption band

Fig. 4 - SEM micrographs of (a) HCI etched surface, (b) subsequently activated with NaOH; (c) HF:HNO3:H;0 etched surface,
(d) subsequently activated with NaOH; and (e) H3PO4 etched surface, (f) subsequently activated with NaOH.
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Fig. 5 - SEM micrographs of pretreated Ti-13Nb-13Zr surfaces after exposure to SBF.

at 3450cm~! and the bending mode at 1650cm~! proved
the presence of H,O in the biomimetic apatite coatings. The
asymmetric P-O stretching mode (v3) of the P-O bond of
the PO43~ group (1200-960 cm~?) indicated a deformation of
the phosphate coordination symmetry from their tetrahe-
dral structure. The triple (v4) and double (v;) degenerated
bending modes of the O-P-O bonds were found at 604, 567
and 474cm™!. A characteristic peak at 875cm™! indicates
the presence of HPO42~ in the crystal lattice. The bands
at 1500, 1430 and 875cm~! were assigned to the CO32-
group of B-type carbonated apatite with the general for-
mula Calo,x(HPO4)x_y(CO3)y(PO4)6,X(OH)2,x [26]. However, the
bands at 1490, 1070 and 875 cm ! found in HCl pretreated sam-
ples (Fig. 6a) can also be associated with amorphous calcium
carbonate. In H3PO4 pretreated samples these bands cannot
be observed (Fig. 6b).

The mass increase related to the geometric surface
area after 2 weeks in SBF was the highest for HCl pre-
treated samples (2.44 + 0.18 mg/cm?) followed by H3 POy (0.80 +
0.24 mg/cm?) and HNOj3 pretreated ones (0.21 +0.07 mg/cm?).
The HCl-treated surface was completely covered with HCA
layer within 2 weeks in SBF (visible cracks result from drying)
(Fig. 5b). In contrast, the amount of HCA that was formed on
the H3PO4 pretreated surface was not increased after 2 weeks

of exposure compared to samples that were exposed for only
1 week (Fig. 5f). For HNO3 pretreated samples HCA formation
could only be observed on single sites not homogeneously
distributed over the samples surface (Fig. 5c and d).

4, Discussion

When exposed to SBF, alkali ions are released from the gel-like
sodium titanate layer that covers the Ti-13Nb-13Zr surface
after NaOH treatment. As a consequence hydronium ions
enter into the surface layer, resulting in the formation of Ti-OH
groups in the surface. The released Na* ions increase the
degree of supersaturation of the soaking solution with respect
to apatite by increasing pH, and Ti-OH groups induce apatite
nucleation on the titanium surface by an incorporation of Ca?*
followed by a reaction with PO43~ [24].

Differences in the rate of HCA formation on differently
etched Ti-13Nb-13Zr surfaces might be explained by differ-
ences in the surface composition depending on the etching
conditions. Titanium and its alloys develop very stable sur-
face oxides with high integrity, tenacity and good adherence.
The composition of this passive oxide film was shown to be
composed of an amorphous TiO, outer layer with 10-20nm
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Fig. 6 - FTIR spectra of HCA precipitates deposited on (a)

HCl + NaOH and (b) H3PO4 + NaOH pretreated Ti-13Nb-13Zr
surfaces.

thickness and an intermediate TiOy layer with 10-40 nm thick-
ness, in contact with the metallic substrate [28]. The corrosion
resistance of titanium alloys is limited in strong, highly reduc-
ing acid media, such as moderately or highly concentrated
solutions of HCl and H3PO, at all concentrations. Corrosion
rates increase with increasing acid concentration and tem-
perature.

The passive oxide film dissolves in HCI under inert atmo-
sphere and restores itself in the presence of air or water.
Since it was not exposed to high temperature, it can be sup-
posed that this titanium oxide layer is thinner than the initial
one. According to earlier results obtained for commercially
pure titanium [24], sodium titanate can form after subsequent
alkali treatment and react with Ca?* from the solution to form
a calcium titanate during the initial phase of exposure to SBE.
Subsequently PO43~ is attracted and the nucleation and sub-
sequent growth of apatite starts.

In H3PO4, anodizing of the surface takes place, which
strengthens and densifies the existing thin passive layers,
resulting in a spectrum of surface colors depending on the
passive film thickness. The further leaching of titanium in

NaOH seems to be insufficient to completely dissolve the
passive oxide layer and to form sodium titanate. However, pre-
vious works showed that phosphate ions can be incorporated
into the anodic layer on titanium and Ti-6Al-4V and in turn
enhance apatite formation [29,30]. The insufficient formation
of HCA in the surface of H3PO4 and NaOH treated Ti-13Nb-13Zr
seems to be the result of a competition between the positive
effect of phosphate ion incorporation and the negative effect
of passive film densification.

In the case of HNOs pretreated Ti-13Nb-13Zr samples the
rate of HCA formation was significantly reduced compared
to HCI and H3PO,4 treated samples, respectively. Titanium is
highly resistant to oxidizing acids (e.g. HNOs3) over a wide
range of concentrations and temperatures, assuring oxide film
stability and densification. As a consequence of the corrosion
resistance of the passivated layer to alkali media, no sodium
titanate layer can be formed on the samples surface during
activation with NaOH, and consequently, no apatite formation
was observed.

5. Conclusion

A combination of acid etching and subsequent NaOH treat-
ment was successfully used to initiate in vitro HCA formation
on the surface of (P/M) Ti-13Nb-13Zr alloys. The rate of HCA
formation was the highest for samples etched in HCL
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