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Abstract

This study presents the in-vivo evaluation of Ti–13Nb–13Zr alloy implants obtained by the hydride route via powder metallurgy. The cylindrical
implants were processed at different sintering and holding times. The implants' were characterized for density, microstructure (SEM), crystalline
phases (XRD), and bulk (EDS) and surface composition (XPS). The implants were then sterilized and surgically placed in the central region of the
rabbit's tibiae. Two double fluorescent markers were applied at 2 and 3 weeks, and 6 and 7 weeks after implantation. After an 8-week healing period,
the implants were retrieved, non-decalcified section processed, and evaluated by electron, UV light (fluorescent labeling), and light microscopy
(toluidine blue). BSE-SEM showed close contact between bone and implants. Fluorescent labeling assessment showed high bone activity levels at
regions close to the implant surface. Toluidine blue staining revealed regions comprising osteoblasts at regions of newly forming/formed bone close
to the implant surface. The results obtained in this study support biocompatible and osseoconductive properties of Ti–13Nb–13Zr processed through
the hydride powder route.
© 2007 Published by Elsevier B.V.
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1. Introduction

The word biomaterial comprises a spectrum of natural or
synthetic substances that while in temporary or permanent
contact with living tissues do not jeopardize their homeostasis
[1]. Biomaterial's compatibility is considered to be optimal
once tissue neoformation and later function occurs around
implantable devices [2].

Cp-Ti and its alloys have been the material of choice
for reestablishment of bones' systems in orthopedics and den-
tal rehabilitation. However, while these materials present short-
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and long-term treatment success, their elastic modulus mis-
match relative to bone may potentially lead to localized tissue
loss during function [3]. In addition, despite the superior mecha-
nical properties presented along acceptable biocompatibility of
Ti–6Al–4Valloy, concerns regarding the release of its elemental
constituents such as Al and V have led biomedical researchers to
search for potentially more biocompatible alloys [4].

In an attempt to improve on both bone biomechanical and
biological response to implants, Ti alloys presenting lower
elastic modulus based on chemical elements considered “vital”
[5] have been subject of interest. For this reason, Ti–13Nb–13Zr
alloys have been developed and tested regarding its chemical,
mechanical and in-vivo properties [6,7]. The purpose of this
study was to evaluate the in-vivo behavior of Ti–13Nb–13Zr
alloy implants processed via powder metallurgy based on the
blend elemental hydride method.
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2. Materials and methods

The metallic powders involved in the Ti–13Nb–13Zr (wt.%)
alloy processing were obtained by the hydriding method and
were sintered in hydride state [8]. After weighing (stoichiomet-
ric ratio), blending, and pre-pressing the powders, the green
compacts were encapsulated under vacuum and isostatically
cold pressed at 300 MPa for 30 s. The samples were then
sintered in niobium crucibles under high vacuum (10−7 Torr) at
three different temperatures and holding times: Batch (1/B1) —
1000 °C/5 h, Batch (2/B2)— 1300 °C/3 h, and Batch (3/B3)—
1500 °C/2 h, at heating rates of 20 °C/min.

Sintered samples' density was determined by measuring the
samples' dimensions and weight. X-ray diffraction (XRD) ana-
lyses (DMAX 2000, Rigaku, Japan) were performed for crys-
talline phase identification. Metallographic standard procedures
were utilized for microstructural evaluation under scanning
electron microscopy (SEM) (Philips XL 30, Eindhoven, The
Netherlands) at various magnifications. Alloy composition as-
sessment was performed by EDS (EDAX®, Japan) at various
locations. Survey and site specific analysis was performed by
X-ray photoelectron spectroscopy (XPS) (Kratos Axis 165
multitechnique, Manchester, United Kingdom).
Fig. 1. (a) Typical Ti–13Nb–13Zr spectrum obtained for B1, B2, and B3 samples. (
throughout the microstructure comprising undissolved Nb. Note the interconnected p
2 h) samples showing a more homogeneous microstructure with reduced porosit
assessment at various regions of the different samples showed uniform alloy compo
For in-vivo evaluation, Ti–13Nb–13Zr implants of 6 mm
height and 3.2 mm diameter of the three different batches were
sterilized according to conventional procedures. Following
approval by the Ethics Committee in Animal Research of the
University of São Paulo (Institute of Biomedical Sciences),
implants were placed at the central region of the tibia of New
Zealand rabbits through an anteromedial incision. Implant sites
were drilled under low speed (1250 rpm under saline irrigation)
through burs of sequentially increasing diameter. The different
batches of implants fabricated were press-fit placed into the
bone and the soft tissue was closed by standard suture tech-
niques. Antibiotic therapy (Benzilpenicylin at 1.200.00 UI)
was carried out during the immediate postoperative period
(48 h).

For fluorescent labeling two double labels were applied.
Subcutaneous injections of oxytetracycline and calcein-green
(10 mg/kg) were administered at 2 and 3 weeks, and 6 and
7 weeks after implantation, respectively. These doses were
dissolved in saline solution together with a solution lid of
NaHCO3. Eight weeks after surgery, the animals were eutha-
nized by an anesthetic overdose, the limbs retrieved by sharp
dissection, and non-decalcified sections were prepared for elec-
tron and optical microscopy [9,10].
b) BSE-SEM of a B1 (1000 °C/5 h) sample microstructure showing light areas
ore network. (c) BSE-SEM representative of B2 (1300 °C/3 h) and B3 (1500 °C/
y degrees compared to B1. (d) EDS semi-quantitative chemical composition
sition for B2 and B3 samples.



Fig. 2. Survey XPS spectrum showed the presence of Ti and its oxides, Nb, Zr,
and adsorbed carbohydrates from the atmosphere at the samples' surfaces.
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The non-decalcified samples were evaluated in the as-
processed condition for biointegration (SEM) assessment and
fluorescent labeling (UV light microscopy). Subsequently, the
non-decalcified samples were stained with toluidine blue and
evaluated on a light microscope for bone histomorphology.

3. Results and discussion

3.1. Alloy processing

The density values found for B1, B2, and B3 samples
presented densification levels of 68%, 88%, and 93% of the
5.01 g/cm3 density obtained for Ti–13Nb–13Zr samples pro-
cessed by the arc melting technique [11]. X-ray diffraction
(XRD) analysis of the different sintered samples (B1, B2,
and B3) showed α and β peaks associated with titanium phases
(Fig. 1a). No hydride, oxide, or intermetallic-related phases were
detected (Fig. 1a).

BSE-SEM analysis revealed partially dissolved niobium
(Nb) areas in localized regions of B1 samples (clear spots on
Fig. 1b). Fig. 1b also showed interconnected pore regions
Fig. 3. (a) SEM micrograph acquired immediately after retrieval showing the presenc
arrow depicts periosteum remnants (corner detail) after the retrieval procedure. (b)
samples. Note the osteocytes' presence in the lacunae (Oc).
obtained at this sintering temperature and holding time ranging
from 50 to 100 μm diameter, which is considered appropriate
for bone ingrowth [12,13]. More homogeneous microstructures
were observed in samples sintered at 1300 °C (B2) and 1500 °C
(B3) (Fig. 1c), where a reduction in porosity levels was ob-
served compared to B1 samples.

General semi-quantitative chemical composition assess-
ment through EDS (Fig. 1d) at various regions of the dif-
ferent samples supported that the intended alloy composition
was achieved throughout most samples. An exception to that
was samples sintered under the lowest temperature (B1),
which did not have all Nb dissolved in the microstructure
(Fig. 1b). The survey surface chemical analysis assessed
through XPS (Fig. 2) showed peaks related to the presence of
Ti and its oxides, Nb, and Zr. The surface atomic composition
from survey spectra at various locations of the Ti–13Nb–
13Zr samples generally showed atomic composition around
22.2% O, 13.5% Ti, 58.0% C, 2.8% Nb, 3.4% Zr. The
presence of the carbon peak was due to the presence of
carbohydrates from the atmosphere adsorbed onto the alloy
surface prior to analysis. No contamination by other elements
was observed, which is desirable for biocompatibility of
implantable devices.

In summary, the hydride processing route can be regarded as
an alternative to other processing technologies available for the
production of Ti–13Nb–13Zr alloys. However, attention should
be given to sintering temperature and holding time in order to
achieve proper alloy homogenization and densification.

3.2. In-vivo aspects

Immediate follow-up after surgical procedures demonstrated
no complications regarding procedural conditions, postopera-
tive infection, or other clinical concerns.

3.2.1. Implant osseointegration assessment
SEM micrographs acquired immediately after limbs re-

trieval showed the presence of mineralized tissue in contact
e of mineralized tissue in contact with the exposed implant's surface edges. The
BSE-SEM micrograph showed close contact between bone and implant for all



Fig. 4. Fluorescent labels detected for all samples at both cortical and trabecular bone regions. Oxytetracycline (OT) (brown color labels) and calcein-green (CG)
(green color labels) were observed at higher amounts at the (a) region immediately adjacent to the implant surface and at lower amounts (100× mag.) at (b) regions
away from the implant surface (40× mag.). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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with the exposed implant surface edges for all samples. The
micrograph presented in Fig. 3a shows the implant partially
included in the tibia, as per surgical placement protocol.
The arrow depicts periosteum remnants after the retrieval
procedure (Fig. 3a). The BSE-SEM micrographs evaluated
for all implant batches' non-decalcified sections showed
close contact between bone and implant (Fig. 3b). The micro-
graph presented in Fig. 3b shows the intimate interaction
between bone and implant, supporting osseoconductive and
biocompatible properties for Ti–13Nb–13Zr alloys processed
through the hydride powder method. Also, the presence of
osteocytes included in the bone matrix near the implant sur-
face region showed that high bone maturity levels were
achieved after 8 weeks in-vivo [10]. The biocompatibility of
the alloy processed in this study is likely related not only to its
chemical constituents [5], but also due to the presence of a
stable layer [10] present in its surface demonstrated by XPS
(Fig. 2).
Fig. 5. Toluidine blue stained presented (a) more staining at regions close to the impla
noted that a sharp transition between newly formed bone (NFB) and mature bone (M
line). (b) Regions comprising osteoblasts (OB) were observed at regions of newly
osteocytes (OC) in the healing bone area. (For interpretation of the references to col
3.2.2. Fluorescent labeling assessment
Fluorescent labels were detected for all samples at both

cortical and trabecular bone regions (Fig. 4a–b). Oxytetracy-
cline (brown color labels) and calcein-green (green color labels)
were observed at higher amounts at the region immediately
adjacent (Fig. 4a) to the implant surface and at lower amounts at
regions away from the implant surface (Fig. 4b). This obser-
vation is in agreement with data previously reported in the
literature [14–16], which depicted a region of high bone activity
at regions 1 mm away from the implant surface in various
animal models including humans. The evidence of oxytetracy-
cline and calcein-green bone labeling at the interface shows that
continuous osteoblastic activity was present at regions close to
the implant surface, supporting modelling/remodelling over
several weeks in-vivo (Fig. 4a).

It has been suggested that bone modelling and remodelling at
regions in proximity to the implant surface are responsible for
short- and long-term success of dental and orthopedic devices
nt surface and less staining at regions away from the implant surface. It should be
B) not affected by surgical trauma was identified in all samples (depicted by red
forming/formed bone. All samples showed the presence of newly incorporated
or in this figure legend, the reader is referred to the web version of this article.)
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[14–16]. Therefore, observation of sustained bone activity lev-
els close to the implant surface over several weeks support high
modelling/remodelling kinetics, which will ultimately lead to
implant biomechanical fixation due to bone maturation process
[14–16].

3.2.3. Toluidine blue staining evaluation
Toluidine bone staining reveals the proteoglycan content of

tissues and is a useful tool for identifying regions of mature and
immature bone due to their relative differences in organic
content [17]. General observation showed that toluidine blue
stained samples from different batches presented the same
pattern (Fig. 5a–b). This pattern included more staining of
regions close to the implant surface and less staining at regions
away from the implant surface (Fig 5a). It should be noted that a
sharp transition between newly formed bone and mature bone
not affected by surgical trauma was easily identified in all
samples (Fig. 5a).

A region comprising osteoblasts was observed at regions
of newly forming/formed bone close to the implant surface
(Fig. 5b). In addition, all samples showed the presence of newly
incorporated osteocytes in the healing bone area (Fig. 5b).
Osteocytes were also observed at the lacunae of bone regions
not affected by surgical trauma (Fig. 5a–b). These results are in
agreement with previous in-vivo investigations of Cp-Ti and its
alloys [3,10].

4. Conclusion

According to the results obtained, it can be concluded that
the hydride powder method route is feasible for production of
Ti–13Nb–13Zr devices. The histomorphologic findings pre-
sented in this study are in agreement with previous published
data concerning in-vivo assessment of Cp-Ti and other titanium
alloys including Ti–6Al–4V, supporting biocompatible and
osseoconductive properties of Ti–13Nb–13Zr processed by the
hydride powder method.
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