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Abstract Titanium is used due its excellent properties in
medical and dentistry areas. With the objective of exploiting
better mechanical properties, not altering its biocompati-
bility, it was intended to add niobium and zirconium to the
titanium, being formulated two alloys Ti—35%Nb—5%Zr
(alloy 1) and Ti-35%Nb—-10%Zr (alloy 2) wt% produced by
an arc melting method. The chemical analysis of the samples
was accomplished by X-ray fluorescence, and the micro-
strutural evaluation by scanning electron microscopy and X-
ray diffraction. The mechanical tests were: Vickers hard-
ness, tensile strength, mechanical cycling, and fracture
analysis. The results allowed characterizing the alloy 1 as
o + f type and the alloy 2 as f type. It is found that the alloy
1 presented larger hardness and smaller tensile strength than
the alloy 2. The fractures, after the tensile test, were of the
ductile type and, after the mechanical cycling, they were of
the mixed type for both alloys.
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1 Introduction

Titanium and its alloys attract attention for application as
biomaterial in medical and dentistry areas due to a favor-
able combination of mechanical, chemical, and physical
properties such as low density, high mechanical resistance,
excellent corrosion resistance, and good biocompatibility
[1-5].

Another important factor of implants developed to
substitute or interact with bone is the modulus of elasticity.
This modulus should be low and closest to that of the bone
for promoting bone healing and remodeling [6, 7]. The
cortical bone has modulus of elasticity between 10 and
30 GPa [6, 8] and the commercially pure titanium, around
104 GPa [8].

Since 1985 [9], implants biocompatible materials have
been developed to substitute the main titanium alloy,
Ti—6Al-4 V, due to the probable toxicity of vanadium and
aluminum [10, 11] and the advantage of using a material
with low elastic modulus [12, 13]. The Ti-6Al-4 V has
modulus of elasticity around 105 GPa [14].

A presented solution was to add niobium (Nb) and
zirconium (Zr) to titanium (Ti), since the first one acts as
f-stabilizer, which improve the material mechanical
properties, and the second one is used as solid-solution
hardener and it has similar chemical properties to titanium.

Titanium alloys associated with Nb and/or Zr have
potential for dental alloys since its mechanical properties
[2, 4, 13, 15-18], corrosion resistance [3, 19, 20], and
biocompatibility [4, 17, 21-24]. For example, Wang [13]
found that the alloy Ti—13Nb-13Zr has lower elastic
modulus and better tensile strength when comparing to
Ti—6Al-4 V. Godley et al. [19] analyzed that Ti—-45Nb has
better corrosion resistance than Ti—-6Al-4 V. Okasaki et al.
[24] and Okasaki and Gotoh [23] found that Ti—Zr—Nb-Ta
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alloy has less metals release than alloy with vanadium in its
structure showing better biocompatibility, in vivo and
in vitro studies, respectively.

Although there is in the literature works showing Ti
alloys combined with Nb and/or Zr, it is necessary to find a
good mass proportion of those elements, and a melting
method associated to an appropriate sequence of heat
treatments for better characterize the material mechanical,
physics and chemical properties.

In the present work the alloys Ti-35%Nb-5%Zr and
Ti-35%Nb-10%Zr (wt%) were analyzed to validate their
application as a biomaterial for osseointegrated fixture
manufacturing in dentistry. The mechanical, physics, and
chemical characteristics of those alloys were evaluated
trough chemical analysis, X-ray diffraction, Vickers hard-
ness, scanning electron microscopy, tensile strength and
mechanical cycling, and fracture analysis.

2 Materials and methods

Two alloys were evaluated in this work. The nominal
composition were Ti—35Nb-5Zr, called alloy 1 and Ti-
35Nb-10Zr, called alloy 2. All compositions in this study
are given in wt%. The starting materials Ti, Nb, and Zr
presented purity degrees equal or superior 99.00%. The
ingots of 30-70 g were arc melted utilizing a water-cooled
copper hearth under an argon atmosphere, and in order to
ensure chemical homogeneity, they were flipped and
remelted 3-5 times. The ingots were then heat treated at
1000°C for 8 h, under argon atmosphere, and furnace
cooled. Then, the ingots were machined as discs (diameter:
6 mm and height: 5 mm) and in samples (according to
ASTM E606 [25] and ASTM E8 M [26]). Afterwards, the
samples were encapsulated in quartz, under argon atmo-
sphere, and then, they were submitted to another heat
treatment at 1000°C for 1 h and air cooled to improve the
alloys mechanical behavior and to relieve tensions gener-
ated during the machining.

The chemical composition was checked by X-ray fluo-
rescence (Shimadzu EDX-800) and microstructural
analysis of the alloys were performed using scanning
electron microscopy (SEM, Carl Zeiss, 440) and X-ray
diffraction (XRD, Siemens, D-5000), in discs samples.
Samples were prepared by standard metallographic

techniques used for Ti and Ti alloys and etched with
Kroll’s reagent containing distilled water, nitric acid, and
hydrofluoric acid (5:2:1 in volume).

Mechanical characterization of these alloys was based
on hardness test, tensile strength and mechanical cycling,
and fracture analysis. Vickers hardness was measured
through a Buehler equipment with a load of 500 gf applied
for 15 s in eight regions of eight discs of each alloy.
Tensile tests were carried out in a servo-hydraulic machine
(MTS-810), equipped with Test Star II with a 10 kN load
cell at a constant speed of 1 mm/min, to determine the
tensile strength in five samples of each alloy. Mechanical
cycling tests were carried out in the same MTS machine set
to a frequency of 15 Hz with 10* cycles and load with a
value of 60% of the ultimate tensile strength mean, in five
samples of each alloy. The fracture surfaces were examined
using SEM and fractography analysis was performed
according to literature [27]. The results of hardness and
tensile tests were analyzed with ¢-student test (P < 0.05) to
compare the two alloys.

3 Results and discussion

The chemical compositions of the alloys are presented in
Table 1 and show that the final compositions are close to
the planned.

Figure 1 presents X-ray diffractogram of Ti—-35Nb-5Zr
(alloy 1) where o and f§ phases were formed and Fig. 2
presents X-ray diffractogram of Ti—35Nb-10Zr (alloy 2)
where only f phase was formed.

The o phase in alloy 1 precipitated, probably, during the
air cooling after the 1 h heat treatment at 1000°C. This
result confirms that can have o precipitation during the
cooling of a heat treatment accomplished in f field, above
p-transus.

As the alloy 2 diffractogram shows no o precipitation
and this alloy has more Zr concentration, it can be sug-
gested that Zr inhibits o precipitation, according to Tang
et al. [28].

In this study no metastable phases were formed as
martensites or , which is desirable as those phases can
increase the values of hardness and elastic modulus. Since
those phases can make alloys more fragile, they should be
avoided [28].

Table 1 Nominal and measured compositions of the alloys Ti-35Nb-5Zr and Ti-35Nb—10Zr

Alloys Nominal composition (wWt%) Measured compostion (wt%)

Balance Ti Nb Zr Balance Ti Nb Zr
Ti-35Nb-5Zr 60 35 5 54.19 38.27 6.20
Ti-35Nb-10Zr 55 35 10 52.31 36.61 9.74
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Fig. 1 X-ray diffractogram of Ti-35Nb-5Zr
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Fig. 2 X-ray diffractogram of Ti-35Nb-10Zr

Usually, metastable phases are formed during heat
treatment cooling when the alloy has limited amounts of
p-stabilizers elements [8, 28, 29].

Besides the high concentration of f-stabilizer Nb pre-
sents in alloys 1 and 2, the no w phase precipitation it is
due to the Zr addition in their compositions [28, 30, 31],
although it is considered as a neutral element [29].

In addition, those phases can be identified by SEM
micrographs. The samples of alloy 1 (Fig. 3) exhibit f
grains with coarse boundaries that can indicates, probably,
the presence of « phase at those boundaries once o phase
preferentially occurs at grain boundaries rather than in
grains [32]. Niinomi in 2003 [4] had difficult to find «
phase precipitated on micrographs too. Figure 4 shows the
presence of f§ phases on alloy 2.

The mean values of Vickers hardness were 240 + 28
HV for alloy 1 and 185 & 14 HV for alloy 2. These results
are statistically different (P < 0.0001). These finds confirm
the Kobayashi et al. [2] conclusions that o + f alloys had

105C ENT-20.88 kV WD= 25 mm Hag= 3.8 K X Detector= SE1
m H Photo No.=4 8-Jan-2008

Fig. 3 Microstructure of Ti—-35Nb-5Zr
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Fig. 4 Microstructure of Ti—-35Nb-10Zr

higher value of hardness than f ones, when comparing the
Ti—Nb-Zr alloys, with different Nb concentrations.

The larger hardness values of alloy 1 can be related with
the o phase on its structure exercising the function of
hardening phase. Niinomi, in 2003 [4], had observed
increase of the hardness value of Ti—29Nb-13Ta—4.6Zr
alloy that, when heat treated, had « phase precipitation.

Another important fact found by Ferrandini et al. [16] it
is the presence of Zr in the Ti alloys acting as an element
that hinders hardness improvement, when those alloys are
heat treated. Probably, the zirconium in larger amount in
alloy 2 had eliminated o phase, making this alloy more
susceptible to indentation and, consequently, with lower
mean hardness value.

By alloy 2 results, what in its structure has only the
presence of f phase, it is verified lower mean hardness
value in relation to alloy 1. That outcome indicates that
alloy 2, possibly, it is more ductile and, then, should have
better forming when compared to alloy 1.
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Although the hardness values presented are different,
they are low and in accordance with the established var-
iation of 150-330 HV for titanium hardness values,
depending on the titanium degree, its purity and on the
other chemical elements present in titanium alloys [33].
The found results are in agreement with the expected,
because the hardness can be defined as resistance to
permanent deformation, and the biomaterial should not
present that value high when requested for dental
implants.

Accordingly to X-ray diffraction and microstructures
characteristics and obtained hardness values, it can be
established that o and f§ phases are present in alloy 1 and
just f phase in alloy 2.

The mean values of maximum tensile strength, obtained
from tensile strength, were 486 £ 20 MPa for alloy 1 and
546 £ 54 MPa for alloy 2 (P = 0.0497), and they are in
agreement with the parameters considered satisfactory for
titanium alloys biomaterials [8]. Those results are similar
to the found by Schenider et al. [18], in 2005, for the
Ti—1.1Nb-7.1Zr alloy, that it was of 499 MPa, and also for
Elias et al. [15], in 2006, for the Ti—41.1Nb-7.1Zr and
Ti—-35.3Nb7.1Zr-5.1Ta, with values of 490 + 27 MPa and
550 £+ 10 MPa, respectively.

As a result of statistical analysis, the alloy 2 presented
higher maximum tensile strength mean value compared to
alloy 1 (P < 0.0497). That result is, possibly, correlated
with the largest amount of Zr present in alloy 2. That fact
demonstrates that Zr increases the mechanical resistance of
titanium alloy verifying its function as solid solution
hardening.

In agreement with those resistance and with the stress-
strain curves (Figs. 5, 6), it is verified that the alloys 1
and 2 are characterized by an elastic perfectly plastic
behavior, because the same ones do not have hardening
ability [15, 18]. That property is interesting for biomate-
rials that need to be easily conformed that are the case of
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Fig. 5 Stress—strain curve of Ti-35Nb-5Zr
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Fig. 6 Stress—strain curve of Ti-35Nb-10Zr

the Ti dental implants that, as they possess a complex
geometry, they demand such conformity process during
its production.

Another important data, obtained in the tensile test, it
refers to the maximum load (N), once 60% of the resistance
mean were used for the accomplishment of the mechanical
cycling test, according to display the Table 2.

After the dynamic test, three samples of each alloy
supported the 10* cycles established in that study at a
frequency of 15 Hz. Lin et al. [34], in 2005, verified that
Ti—Nb-Zr alloys, when submitted to high repetitive loads,
they supported 10° cycles, at a frequency of 10 Hz.

The titanium alloys capacity to support high repetitive
loads it is associated to the crystalline structure and the
processes of solid state reactions.

The crystalline structures of the alloys 1 and 2 are
compose by o + f and f phases, respectively, reminding
that « phase is characterized by a hexagonal compact
structure, and f§ phase as a cubic centered body structure.

Table 2 Mean values of maximum tensile strength and fixed load to
mechanical cycling test (V)

Alloys Maximum tensile Fixed load
strength mean to mechanical
values (N) cycling test (N)

Ti-35Nb-5Zr 3440 + 144 2064

Ti-35Nb-10Zr 3863 + 382 2318

R =i

Fig. 7 Fractured sample after tensile test with cup—cone fracture
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Fig. 8 SEM images of Ti35SNb-5Zr alloy sample 80x (a) and 500x
(b) regarding the circle, showing the dimples presence, after tensile
test

Those structures are very ordinate and they form a very
defined crystalline grating.

The solid solution is characterized by the mixture of two
or more chemical elements forming a single phase, taking
to the homogeneity when that reaction is complete [33],
fact that happened with the alloys 1 and 2, that presented
high ductility, and they propitiated mechanical cycling
resistance in the studied conditions.

However, the other two samples of each alloy did not
support the 10* cycles, probably, due to limitations in the
casting process, since the presence of porosity induced by
casting is a critical paper in the materials performance front
to the fatigue [3].

That fact is supported by Lin et al. [34], who consider
that three factors affect their studied materials behavior
significantly front to fatigue, as the Ti—13Nb—13Zr alloy.
Those factors were: presence of surface pores induced by
casting, pores location, and inherent material mechanical
property. Besides, when the stress on a certain point, as in

II]$E EHT=28.88 kV WD= 25 nn  Hag= -m i nstsc’ihi-f{'si
188pn || Photo No.=1 B-Jan-2008
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Fig. 9 SEM images of Ti35Nb-10Zr alloy sample 80x (a) and 500 x
(b) regarding the circle, showing the dimples presence, after tensile
test

the pore, becomes larger than the conventional elastic limit
of the material, a plastic deformation can happen at each
cycle, taking to a potential of initial fracture by fatigue [35].

The presence of pores is practically inevitable during the
melting process [34], and it can justify the beginning of the
fractures in the alloys, that failed during the mechanical
cycling in this study.

Macroscopically, it was observed a reduction of sec-
tion of the halters samples during the tensile test, and after
the rupture, a cup—cone fracture (Fig. 7), that are charac-
teristic of ductile materials, that is, they have plastic
deformation.

The plastic deformation is characterized by low stress
variation by high deformation, taking to the decrease of the
tested material cross-sectional area. That characteristic is
important in the metallic materials shaping, as, for
instance, in the manufacturing process of dental implants.

Microscopically, it was verified by SEM the predomi-
nance of ductile fracture with dimples after the tensile test
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Fig. 10 SEM images of Ti35Nb-5Zr alloy sample 80x (a), 5S00x (b)
regarding the circle, showing the dimples presence and 500x (c),
regarding the square, showing the cleavage presence, after mechan-
ical cycling

(Figs. 8, 9), and mixed fracture with the presence of
dimples and cleavage after the mechanical cycling on
the halters that were fractured (Figs. 10, 11), for alloys 1
and 2.
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Fig. 11 SEM images of Ti35Nb-10Zr alloy sample 80x (a), 500x
(b) regarding the circle, showing the dimples presence and 500x (c)
regarding the square, showing the cleavage presence, after mechan-
ical cycling

As final consideration, it was verified that the two alloys,
front to the studied processes, are able to be used in dental
implant manufacturing. However, new tests are necessary
as corrosion resistance and biocompatibility.
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4 Conclusions

The present study characterized the alloys Ti—-35Nb-5Zr
(alloy 1) and Ti—35Nb-10Zr (alloys 2) by different meth-
ods and after the analysis of the results, it was possible to
conclude that:

1. The alloy is of o + f type, and alloy 2 is of f§ type;
The alloy 1 has higher hardness mean value than the
alloy 2;

3. The alloy 2 has higher maximum tensile strength mean
value than alloy 1;

4. The fractures, after the tensile test, are of the ductile
type for both alloys;

5. The fractures, after the mechanical cycling, are of the
mixed type for the two alloys.

Acknowledgments The authors would like to thank FAPESP and

CAPES for financial support.

References

10.

11.

. Kim HS, Kim WY, Lim SH. Microstructure and elastic modulus

of Ti-Nb-Si ternary alloys for biomedical applications. Scr
Mater. 2006;54:887-91. doi:10.1016/j.scriptamat.2005.11.001.

. Kobayashi E, Doi H, Yoneyama T, Hamanaka H, Gibson IR, Best

SM, et al. Influence of aging heat treatment on mechanical
properties of biomedical Ti—Zr based ternary alloys containing
niobium. J Mater Sci: Mater Med. 1998;9:625-30. doi:10.1023/
A:1008927407556.

. Lee CM, Ju CP, Chern Lin JH. Structuretiproperty relationship of

cast Ti-Nb alloys. J Oral Rehabil. 2002;29:314-22. doi:10.1046/
j-1365-2842.2002.00825 .x.

. Niinomi M. Fatigue performance and cyto-toxicity of low rigidity

titanium alloy, Ti-29Nb-13Ta-4.6Zr. Biomaterials. 2003;24:
2673-83. doi:10.1016/S0142-9612(03)00069-3.

. Niinomi M. Mechanical biocompatibilities of titanium alloys for

biomedical applications. J] Mech Behav Biomed Mater. 2008;1:
30-42. doi:10.1016/j.jmbbm.2007.07.001.

. Pipino F. The bone-prosthesis interaction. J Orthop Traumatol.

2000;1:3-9.

. Puleo DA, Nanci A. Understanding and controlling the bonei-

implant interface. Biomaterials. 1999;20:2311-21. doi:10.1016/
S0142-9612(99)00160-X.

. Niinomi M. Mechanical properties of biomedical titanium alloys.

Mater Sci Eng A Struct Mater. 1998;243:231-6. doi:10.1016/
S0921-5093(97)00806-X.

. Semlitsch M, Staub F, Weber H. Titanium-aluminiumniobium

alloy, development for biocompatible, high-strength surgical
implants. Biomed Tech (Berl). 1985;30:334-9.

Buly RL, Huo MH, Salvati E, Brien W, Bansal M. Titanium wear
debris in failed cemented total hip arthroplasty. An analysis of 71
cases. J Arthroplasty. 1992;7:315-23. doi:10.1016/0883-5403(92)
90056-V.

Rao S, Ushida T, Tateishi T, Okazaki Y, Asao S. Effect of Ti, Al,
and V ions on the relative growth rate of fibroblasts (L929) and
osteoblasts (MC3T3-E1) cells. Biomed Mater Eng. 1996;6:79-86.

. Sumner DR, Galante JO. Determinants of stress shielding: design

versus materials versus interface. Clin Orthop Relat Res. 1992;
274:202-12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Wang K. The use of titanium for medical applications in the USA.
Mater Sci Eng A Struct Mater. 1996;213:134-7. doi:10.1016/
0921-5093(96)10243-4.

Niinomi M. Recent metallic materials for biomedical applica-
tions. Metall Trans-A. 2002;33:477-86.

Elias LM, Schneider SG, Schneider S, Silva HM, Malvisi F.
Microstructural and mechanical characterization of biomedical
Ti-Nb-Zr(-Ta) alloys. Mater Sci Eng A Struct Mater.
2006;432:108-12. doi:10.1016/j.msea.2006.06.013.

Ferrandini PL, Cardoso FF, Souza SA, Afonso CR, Caram R.
Aging response of the Ti 35Nb 7Zr 5Ta and Ti 35Nb 7Ta alloys.
J Alloy Compd. 2007;433:207-10. doi:10.1016/j.jallcom.2006.
06.094.

Niinomi M, Hattori T, Morikawa K, Kasuga T, Suzuki A, Fukui
H, et al. Development of low rigidity f-type titanium alloy for
biomedical applications. Mater Trans. 2002;43:2970-7. doi:
10.2320/matertrans.43.2970.

Schneider S, Schneider SG, Silva HM, Moura Neto C. Study of
the non-linear stress—strain behavior in Ti-Nb—Zr alloys. Mater
Res. 2005;8:435-8. doi:10.1590/S1516-14392005000400013.
Godley R, Starosvetsky D, Gotman I. Corrosion behavior of a low
modulus f-Ti—45%Nb alloy for use in medical implants. J Mater
Sci: Mater Med. 2006;17:63-7. doi:10.1007/s10856-006-6330-6.
Oliveira V, Chaves RR, Bertazzoli R, Caram R. Preparation
and characterization of Ti—Al-Nb orthopedic implants. Braz J
Chem Eng. 1998;15:326-33. doi:10.1590/S0104-6632199800040
0002.

Lavos-Valereto IC, Konig B Jr, Rossa C Jr, Marcantonio E Jr,
Zavaglia AC. A study of histological responses from Ti—6Al-7Nb
alloy dental implants with and without plasma-sprayed
hydroxyapatite coating in dogs. J Mater Sci: Mater Med.
2001;12:273-6. doi:10.1023/A:1008975418453.

Miiller FA, Bottino MC, Miiller L, Henriques VAR, Lohbauer U,
Bressiani AHA, et al. In vitro apatite formation on chemically
treated (P/M) Ti—-13Nb-13Zr. Dent Mater. 2008;24:50-6. doi:
10.1016/j.dental.2007.02.005.

Okasaki Y, Gotoh E. Comparison of metal release from various
metallic biomaterials in vivo. Biomaterials. 2005;26:11-21. doi:
10.1016/j.biomaterials.2004.02.005.

Okasaki Y, Gotoh E, Manabe T, Kobayashi K. Comparison
of metal concentrations in rat tibia tissues with various metal-
lic implants. Biomaterials. 2004;25:5913-20. doi:10.1016/j.bio
materials.2004.01.064.

ASTM E 606. Standard practice for strain-controlled fatigue
testing (West Conshohocken, ASTM, 2005).

ASTM E 8M Standard test methods for tension testing of metallic
materials [metric] (West Conshohocken, ASTM, 2004).

ASM handbook. Fractography (Ohio, ASM International, 1987).
Tang X, Ahmed T, Rack HJ. Phase transformations in Ti-Nb-Ta
and Ti-Nb-Ta—Zr alloys. J Mater Sci. 2000;35:1805-11. doi:
10.1023/A:1004792922155.

Dobromyslov AV, Elkin VA. Martensitic transformation and
metastable alloys with d-metals of 4-6 periods. Scr Mater.
2001;44:905-10. doi:10.1016/S1359-6462(00)00694-1.

Kim JI, Kim HY, Inamura T, Hosoda H, Miyazaki S. Shape
memory characteristics of Ti—22Nb—(2-8)Zr(at.%) biomedical
alloys. Mater Sci Eng A Struct Mater. 2005;403:334-9. doi:
10.1016/j.msea.2005.05.050.

Moffat DL, Larbalestier DC. The competition between the alpha
and omega phases in aged Ti—Nb alloys. Metall Trans-A.
1988;19:1687-94.

Geetha M, Singh AK, Gogia AK, Asokamani R. Effect of
thermomechanical processing on evolution of various phases in
Ti-Nb—Zr thermomechanical processing on evolution of various
phases in Ti-Nb-Zr. J Alloy Compd. 2004;384:131-44. doi:
10.1016/j.jallcom.2004.04.113.

@ Springer


http://dx.doi.org/10.1016/j.scriptamat.2005.11.001
http://dx.doi.org/10.1023/A:1008927407556
http://dx.doi.org/10.1023/A:1008927407556
http://dx.doi.org/10.1046/j.1365-2842.2002.00825.x
http://dx.doi.org/10.1046/j.1365-2842.2002.00825.x
http://dx.doi.org/10.1016/S0142-9612(03)00069-3
http://dx.doi.org/10.1016/j.jmbbm.2007.07.001
http://dx.doi.org/10.1016/S0142-9612(99)00160-X
http://dx.doi.org/10.1016/S0142-9612(99)00160-X
http://dx.doi.org/10.1016/S0921-5093(97)00806-X
http://dx.doi.org/10.1016/S0921-5093(97)00806-X
http://dx.doi.org/10.1016/0883-5403(92)90056-V
http://dx.doi.org/10.1016/0883-5403(92)90056-V
http://dx.doi.org/10.1016/0921-5093(96)10243-4
http://dx.doi.org/10.1016/0921-5093(96)10243-4
http://dx.doi.org/10.1016/j.msea.2006.06.013
http://dx.doi.org/10.1016/j.jallcom.2006.06.094
http://dx.doi.org/10.1016/j.jallcom.2006.06.094
http://dx.doi.org/10.2320/matertrans.43.2970
http://dx.doi.org/10.1590/S1516-14392005000400013
http://dx.doi.org/10.1007/s10856-006-6330-6
http://dx.doi.org/10.1590/S0104-66321998000400002
http://dx.doi.org/10.1590/S0104-66321998000400002
http://dx.doi.org/10.1023/A:1008975418453
http://dx.doi.org/10.1016/j.dental.2007.02.005
http://dx.doi.org/10.1016/j.biomaterials.2004.02.005
http://dx.doi.org/10.1016/j.biomaterials.2004.01.064
http://dx.doi.org/10.1016/j.biomaterials.2004.01.064
http://dx.doi.org/10.1023/A:1004792922155
http://dx.doi.org/10.1016/S1359-6462(00)00694-1
http://dx.doi.org/10.1016/j.msea.2005.05.050
http://dx.doi.org/10.1016/j.jallcom.2004.04.113

1636 J Mater Sci: Mater Med (2009) 20:1629-1636

33. ASM handbook. Materials Characterization (Ohio, ASM Inter- 13Zr alloys. Biomaterials. 2005;26:2899-907. doi:10.1016/j.bio
national, 1986). materials.2004.09.007.
34. Lin CW, Ju CP, Lin JHC. A comparison of the fatigue behavior 35. Brooks CR, Choushury A. Metallurgical failure analysis. New

of cast Ti—7.5Mo with c.p. titanium, Ti-6A1-4V and Ti—-13Nb- York: McGraw-Hill; 1993.

@ Springer


http://dx.doi.org/10.1016/j.biomaterials.2004.09.007
http://dx.doi.org/10.1016/j.biomaterials.2004.09.007

	Mechanical, physical, and chemical characterization �of Ti-35Nb-5Zr and Ti-35Nb-10Zr casting alloys
	Abstract
	Introduction
	Materials and methods
	Results and discussion
	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


