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Abstract

A b type titanium alloy, Ti–29Nb–13Ta–4.6Zr, was newly designed and developed for biomedical applications. The new alloy

contains non-toxic elements such as Nb, Ta, and Zr. In the present study, phases that appeared in the new alloy through various

aging treatments were characterized by hardness tests and microstructural observations in order to identify the phase

transformation. Fatigue properties of the new alloy were investigated. Young’s modulus and cyto-toxicity of the new alloy were

also evaluated.

Precipitated phases distribute homogeneously over the whole specimen, and they are a phase, a small amount of o phase, and b
phase when the new alloys are subjected to aging treatment at 673K for 259.2 ks after solution treatment at 1063K for 3.6 ks. The

fatigue strength of the new alloy subjected to aging at 673K for 259.2 ks after solution treatment at 1063K for 3.6 ks is much better

than when subjected to other aging treatments. In this case, the fatigue limit is around 700MPa. Young’s modulus of the new alloy is

much smaller than that of Ti–6Al–4V ELI. The cyto-toxicity of the new alloy is equivalent to that of pure Ti. Therefore, it is

proposed that the new alloy, Ti–29Nb–13Ta–4.6Zr, will be of considerable use in biomedical applications.

r 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Pure titanium and a+b type Ti–6Al–4V ELI alloys
are currently widely used as structural biomaterials for
the replacement of hard tissues in devices such as
artificial hip joints and dental implants, because they
have excellent specific strength and corrosion resistance,
and the best biocompatibility characteristics among
metallic biomaterials. They are used more than any
other titanium biomaterials. However, other new
titanium alloys for biomedical applications have now
been included in ASTM standardizations. For example,
b type Ti–15Mo [1] have been registered in ASTM
standardizations, and b type Ti–35Nb–7Zr–5Ta [2], and
a+b type Ti–3Al–2.5V [3] are in the process of being
registered. b type titanium alloys have been developed in
order to obtain low rigidity, which is considered
effective for promoting bone healing and remodeling.

The rigidity of aþ b type titanium alloys is still
considerably greater than that of the cortical bone
although the rigidity of titanium alloys is less than that
of Co-Cr type alloys and stainless steels used for
biomedical applications [4]. The recent trend in research
and development of titanium alloys for biomedical
applications is to develop low rigidity b type titanium
alloys composed of non-toxic and non-allergic elements
with excellent mechanical properties and workability [5].
According to this concept, the authors have developed

a new b type Ti–29Nb–13Ta–4.6Zr [6–9] alloy composed
of elements like Nb, Ta, and Zr [10,11] for biomedical
applications. It is still necessary to evaluate various
performances of Ti–29Nb–13Ta–4.6Zr for practical use.
Fatigue performance is one of the most important
mechanical performances for biomaterials because, in
general, biomaterials are used under cyclic loading.
Fatigue performance of titanium alloy varies according
to the change in microstructures by heat treatments.
Fatigue characteristics of the new b type titanium

alloy, Ti–29Nb–13Ta–4.6Zr, subjected to various
heat treatments were investigated in relation with
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microstructures in this study. Young’s modulus and cyto-
toxicity of Ti–29Nb–13Ta–4.6Zr were also evaluated.

2. Experimental procedures

2.1. Material and heat treatment

The main materials used in this study were forged
bars of Ti–29Nb–13Ta–4.6Zr (Nb: 31.5, Ta: 11.6, Zr:
4.7, Fe: 0.03, Al: o0.02, C: 0.02, N: 0.03, O: 0.14, H:
o0.02, bal: Ti, mass%) with a diameter of 20mm. They
were cold rolled to the plates with a thickness of 2.5mm.
Some of the cold rolled plates were subjected to

solution treatment (ST) at 1063K for 3.6 ks (ks=103 s)
in Ar gas atmosphere followed by water quenching
(WQ). The plates subjected to ST were then aged at
different temperatures 573, 598 and 673K, for 259.2 ks
in Ar gas atmosphere followed by WQ. This heat
treatment process is schematically shown in Fig. 1. As-
solution treated alloy and aged alloy after solution
treatment (STA) are designated as ST alloy and STA
alloy, respectively, hereafter.
For the comparison of cyto-toxicity, commercial pure

Ti and Ti–6Al–4V were also used in this study. Pure Ti
was annealed at 973K followed by air cooling. Ti–6Al–
4V was annealed at 978K followed by air cooling.

2.2. Tensile and fatigue tests

Smooth plate specimens, with a rectangular cross
section of 3.0mm� 1.5mm and a gage length of 13mm
for tensile and fatigue tests were machined from the
heat-treated plates with their longitudinal directions
parallel to the rolling direction. The geometry of tensile
and fatigue test specimen is shown in Fig. 2(a). The
machined specimens were wet polished using a #1500
waterproof emery paper and buff polished to produce
mirror surfaces.
Tensile tests were carried out on the specimens

finished as stated above using an Instron-type machine
with a crosshead speed of 8.33� 10�6m/s in air at
295K. The strain was measured using a clip gage

attached to the gage length area of the specimen and a
foil strain gage attached directly to the gage section of
the specimen.
Fatigue tests were carried out on the specimens finished

as stated above using an electro-servo-hydraulic fatigue
testing machine. Each fatigue testing was performed at a
frequency of 10Hz with a stress ratio, R=0.1, under a
tension–tension stress mode in air at 295K.

2.3. Measurement of Young’s modulus

Specimens for measuring Young’s modulus with a size
of 40mm� 6mm� 2.5mm, as shown in Fig. 2(b), were
also machined according to the same procedure as those
of machining tensile and fatigue test specimens. Speci-
mens for measuring Young’s modulus were finally wet
polished using a #1500 waterproof emery paper.
Young’s modulus was measured using a piezoelectric
composite method [12] in air at 295K.

2.4. Evaluation of aging behavior

Blocks with a length of 3mm, a width of 3mm, and
thickness of 3mm were mechanically cut from the
present alloy. The blocks were subjected to ST at 1063K
for 3.6 ks followed by WQ. After ST, the blocks were
aged at 573, 593 and 673K, respectively, for different
times. After these various aging treatments, the Vickers
hardness of each aged specimen was measured with a
load of 98N and a holding time of 10 s using a Vickers
hardness tester. Then the age hardening curve at each
aging temperature was made. These methods are
schematically shown in Fig. 3.

2.5. Characterization of precipitated phase

Characterization of the precipitated phase was carried
out using a scanning electron microscope (SEM), a
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Fig. 1. Schematic drawing of thermomechanical processing for Ti–

29Nb–13Ta–4.6Zr. CR, ST and WQ indicate cold rolling, solutioniz-

ing and water quenching.
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Fig. 2. Geometries of specimen for tensile and fatigue tests, and

measuring Young’s modulus.

M. Niinomi / Biomaterials 24 (2003) 2673–26832674



transmission electron microscope (TEM), and X-ray
analysis.
For SEM observation, block specimens with a size of

3mm� 3mm� 3mm were machined from variously
heat-treated alloys. Each specimen was mirror finished
by buff polishing after being polished using a #1500
waterproof emery paper. After mirror finishing, each
specimen was etched by (2% HF+5% H2NO3) solu-
tion. Then each specimen was characterized using an
SEM.
For TEM observation, disk specimens with a

diameter of 2.9mm and a thickness of 0.5mm were
machined from variously heat-treated alloys, and electro
polished to make thin foil. TEM observation was
carried out on the thin foil with an accelerating voltage
of 200 kV.
X-ray diffraction analysis was carried out on the same

specimens used for SEM observations using a Cu target
with an accelerating voltage of 40 kV and a current of
30mA.

2.6. Evaluation of cyto-toxicity

Biocompatibility of Ti–29Nb–13Ta–4.6Zr, pure Ti
and Ti–6Al–4V was judged by evaluating the cyto-
toxicity. Plate specimens with a size of 25mm�
25mm� 2mm were machined from each alloy, and
then polished using a #1200 water proof emery paper.

Each plate specimen was put on zirconia balls in a
vessel, and in the autoclave. The vessel with 10ml
Eagle’s culture solution at a temperature of 310K was
rotated with a speed of 240 rpm, and extraction periods
were 7 and 14 days. As-extracted solution and filtrated
extract solution using a 0.22 mm membrane filter were
prepared. In the As-extracted solution and filtrated
extracted solution, the survival rate of L929 cells derived
from mice was evaluated using the NR [13] and MTT
[14] methods. The exposure period of L929 cells to
extract solutions was 2 days. The MTT method is a
method for evaluating the cell respiration by the
mitochondria, while the NR method is a method for
evaluating the ratio of sound cells of which cell
membranes have no lesion by the amount of Neutral
Red (NR) pigment. The survival rate of L929 cells
indicates the cyto-toxicity level of the extracts.

3. Results and discussion

3.1. Aging behavior

Fig. 4 shows the age hardening curve of the present
alloy aged at 573, 598 or 673K after ST at 1063K for
3.6 ks. The data As-ST indicates the hardness of
the present alloy in As-solutionized conditions, and
the value is Hv 175. For every aging temperature, the
Vickers hardness increases gradually up to an aging time
of 10.8 ks (the first aging step), and increases rapidly
from an aging time of 10.8 ks to an aging time of
172.8 ks (the second aging step). An increasing ratio
of Vickers hardness per one ks for an aging temperature
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Fig. 3. Schematic explanation of evaluation method of cell viability.

Fig. 4. Aging curves of Ti–29Nb–13Ta–4.6Zr aged at 573, 598 and

673K, respectively, after ST.
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of 673K in the second aging step is around Hv 1.27,
which is relatively greater than that for other aging
temperatures. For every aging temperature, the Vickers
hardness becomes constant after 172.8 ks. Finally the
aging curve shows a three-step hardening behavior.
Focusing on the second aging step region where the

Vickers hardness increases rapidly for every aging
temperature, hardness up to an aging time of 43.2 ks is
the greatest in the alloy aged at 598K, but the hardness
after a aging time of 86.4 ks is the greatest in the alloy
aged at 673K. This phenomenon is considered due to
the difference in the volume fraction of precipitated a
phase or o phase.
In this study, an aging time of 259.2 ks for each aging

temperature of 573, 598 or 673K was selected for the
aging treatment of tensile and fatigue test specimens
considering the practical heat treatment processing,
although the alloy is not in the peak aged condition at
each aging temperature. At this aging time, the Vickers
hardness of the alloy aged at 573, 598 and 673K are Hv
345, Hv 370 and Hv 395, respectively. Therefore,
relatively excellent mechanical properties are expected
in the aging treatments in this study.

3.2. Microstructure

Microstructures of Ti–29Nb–13Ta–4.6Zr subjected to
various heat treatments are shown in Fig. 5. Ti–29Nb–
13Ta–4.6Zr subjected to ST has only the a phase with an
average diameter of 20 mm (Fig. 5(a)). In Ti–29Nb–
13Ta–4.6Zr aged at temperatures between 573K and
673K after ST, it is difficult to observe precipitated
phases as shown in Fig. 5(b)–(d) although fine a phases

or o phase is considered to exist in b grains. It is also
difficult to identify these precipitated phases clearly by
SEM.
X-ray diffraction profiles of ST and STA alloys are

shown in Fig. 6. In ST alloy, only a phase peaks are
detected. In every STA alloy, o phase peaks are detected
in addition to b phase peaks. The peak of o phase is the
greatest in the alloy aged at 598K, but very low in the
alloy aged at 673K. In the alloy aged at 673K, a phase
peaks are detected in addition to the b and o phase
peaks. a phase precipitation is therefore one of the main
causes for the greatest increasing rate of Vickers

Fig. 6. X-ray diffraction profile of Ti–29Nb–13Ta–4.6Zr subjected to

each heat treatment.

(a) 1063K, 3.6ks (As-ST)

(c)  ST+598K, 259.2ks

(b) ST+573K, 259.2ks
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Fig. 5. SEM micrograph of Ti–29Nb–13Ta–4.6Zr subjected to each heat treatment.
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hardness at an aging temperature of 673K in the second
aging step as previously stated in Section 3.1.
Fig. 7 shows the TEM microstructure and diffraction

pattern of ST alloy. No precipitated a and o phases are
observed in TEM microstructure of ST alloy, which is
consistent with the result of X-ray analysis shown
above. The diffraction pattern of ST alloy shows the
diffraction spots to be consistent with those of {1 1 1} of
body centered structure (bcc). Those results confirm that
ST alloy is composed of single b phase.
Fig. 8 shows TEM microstructure and diffraction

pattern of STA alloy aged at 673K, representatively.
Very fine precipitates with two variants at least are
distributed homogeneously in b phase. Two types of
morphologies of precipitates are observed, bar type and
acicular type, with a length of around 100 nm. As a
result of structural analysis on acicular type precipitates,
the diffraction pattern was found to be consistent with
that of {2 1 1 0} of a phase of pure Ti. Therefore, the
acicular type precipitates were recognized as a phase.
The bar type precipitates are not identified, but they are
considered to be a phase similar to the acicular type
precipitates identified as a phases, as stated above. In
this case, very weak diffractions from (1 0 1 1) of o
phases are observed as shown in Fig. 9 confirming the
existence of o phases. It is therefore difficult to

recognize the existence of o phases in bright field image
because precipitated o phases in b type titanium alloys
are generally very fine (around 10 nm) [15], and in
addition, the volume fraction of o phases is very small
because most of the o phases transform to a phases.

3.3. Tensile properties

Tensile strength, 0.2% proof stress, and elongation of
ST and STA alloy are shown in Fig. 10. The tensile
strength, 0.2% proof stress and elongation of ST alloy
are around 650MPa, 600MPa and 25%, respectively.
The tensile strength and 0.2% proof stress of each

STA alloy increases with increase in aging temperature.
The tensile strength and 0.2% stress of around 1050 and
1000MPa, respectively, in STA alloy aged at 598K are
the greatest among other STA alloys, although elonga-
tion of around 5% is the smallest. The tensile strength
and 0.2% proof stress of STA alloy aged at 673K are a
little smaller than those of STA alloy aged at 598K, but
elongation tends to recover around 15%. Since a phases
precipitate in addition to the precipitation of o phases,
which lead to brittle fracture, and according to the a
phase precipitation, the volume fraction of o phases
decreases in STA alloy aged at 673K, the recovery of
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Fig. 7. TEM micrographs and diffraction pattern of Ti–29Nb–13Ta–4.6Zr subjected to ST at 1063K for 3.6 ks: (a) bright field image, (b) dark field

image, and (c) diffraction pattern.
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Fig. 8. Transmission electron micrograph, diffraction pattern and key diagram of Ti–29Nb–13Ta–4.6Zr aged at 673K for 259.2 ks after ST at

1063K for 3.6 ks: (a) dark field image of a phase, (b) diffraction pattern, and (c) key diagram.
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elongation is considered to occur. As a result, Ti–29Nb–
13Ta–4.6Zr aged at 673K after ST has a relatively
excellent balance of strength and elongation.

3.4. Fatigue strength and fatigue fracture surface

morphology

The S–N curves, obtained from plain fatigue tests on
ST and STA alloys are shown in Fig. 11. The ranges of
fatigue strength of conventional biomedical Ti–6Al–4V
ELI and Ti–6Al–7Nb obtained from the literatures
[16–18], are also shown in the same figure for
comparison. The maximum stress, at which the speci-
men has not failed at 107 cycles, is defined as a fatigue
limit in this study. V marks added to the data points in
Fig. 9 indicate the subsurface crack initiations. For the
other data without V marks, the crack initiates from the
surface of the specimen.
The fatigue strength of ST alloy is the lowest in both

low cycle fatigue life region where the number of cycles
to failure is less than 104 cycles and high cycle fatigue life

region where the number of cycles to failure is over 105

cycles. The fatigue limit of ST alloy is around 320MPa.
On the other hand, the fatigue strength of each STA

alloy is similar to that of Ti–6Al–4V ELI and Ti–6Al–
7Nb, and is around two times greater than that of ST
alloy. The fatigue limit of STA alloy aged at 673K is
around 700MPa, which is the greatest and nearly the
upper limit of fatigue limit of Ti–6Al–4V ELI. This is
due to the improvement of the balance of strength and
ductility brought by the precipitation of a phases and a
small amount of o phases, which leads to increase the
resistance to the fatigue crack initiation and small
fatigue crack propagation.
Fig. 12 shows SEM fractographs of ST alloy in low

and high cycle fatigue life regions. Fatigue crack initiates
from the surface of the specimen and then propagates
parabolically towards the inside of the specimen in every
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Fig. 11. S–N curve of Ti–29Nb–13Ta–4.6Zr subjected to each heat

treatment and range of S–N data of Ti–6Al–4V and Ti–6Al–7Nb.
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Fig. 9. Transmission electron micrograph, diffraction pattern and key diagram of Ti–29Nb–13Ta–4.6Zr aged at 673K for 259.2 ks after ST at

1063K for 3.6 ks. Arrow shows o phase spot: (a) dark field image of o phase, (b) diffraction pattern, and (c) key diagram.
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case. Relatively wide striations are observed on the
stable fracture surface, and equiaxed dimples are
observed on the fast fracture surface. These fracture
surface morphologies are observed generally ductile
metallic materials.
Fig. 13 shows SEM fractographs of STA alloy aged at

573K in low and high cycle fatigue life regions. The

fracture surface in low cycle fatigue life region differs
from that of ST alloy, and is relatively flat. Considerable
facets are observed near the crack initiation site in both
low and high cycle fatigue life regions. In the fast
fracture area, a mixed mode fracture surface composed
of intergranular and intragranular fractures where fine
dimples and flat facets are mixed is observed. This trend

(a) Low cycle fatigue life region

(b) High cycle fatigue life region

Fast fracture areaCrack initiation area Stable crack propagation area

Crack propagation

   direction

Crack initiation site

Cack
 propagation

   
direction

Crack initiation site

20 µm
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Crack propagation
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Crack propagation
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Fig. 12. SEM fractographs of as-solutionized Ti–29Nb–13Ta–4.6Zr tested in (a) low cycle fatigue life region and (b) high cycle fatigue life region.
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Fig. 13. SEM fractographs of Ti–29Nb–13Ta–4.6Zr aged at 573K for 259.2 ks after ST tested in: (a) low cycle fatigue life region and (b) high cycle

fatigue life region.
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in fracture surface was similar to that of STA alloy aged
at 593K. Therefore, the fatigue crack initiation and
propagation characteristics of the alloy aged at 593K
was considered to be similar to those in STA alloy aged
at 573K.
Fatigue cracks in STA alloys aged at 573 and 593K

tended to initiate from the subsurface of the specimens
especially in high cycle fatigue life region (Fig. 11). The
subsurface crack initiation in this study is considered to
occur due to slip plane decohesion, which is initiated
near the o phases, because o phases in b phase are very
fine and their volume fraction is relatively large.
Therefore, slip cannot move actively in the o phases
or near the o phases, which leads to the dislocation
accumulation near the o phases. However, further
investigation is needed on this point. It is difficult to
estimate which stress concentration becomes the crack
initiation site, which occurs preferentially near the
surface of the specimen or subsurface of the specimen.
However, in this study, an obvious change in fatigue life
depending on the crack initiation site may not occur.
It has been reported [19] that, as a mechanism of the

subsurface crack initiation, when coarse a phases
precipitate in b phase, cleavage occurs at {1 0 0} plane
of b phase due to the inconsistent slip between {1 1 0 0}
plane of a phase and {1 1 0} plane of b phase, especially,
in high cycle fatigue life region. Many reports [20–25]
have been made on the mechanism of subsurface fatigue
crack initiation in b type titanium alloys, but it is
difficult to identify the subsurface crack initiation site,
and the mechanism of subsurface fatigue crack initiation
may change according to the microstructure.

Fig. 14 shows SEM fractographs of STA alloy aged at
673K in low cycle and high cycle fatigue life regions.
The fatigue crack of the present alloy with mixed
microstructure of a, b and o phases mainly initiates
from the surface of the specimen in both low and high
cycle fatigue life regions. However, a facet is observed
near the crack initiation site. The fatigue fracture
surface of the alloy aged at 673K shows slightly more
ductile fatigue fracture morphology as compared to
other STA alloys because a little striation can be
observed on the stable fatigue crack propagation area,
which cannot be observed in the other STA alloy, and
equiaxed dimples tend to form on the fast fatigue crack
propagation area.
Every STA alloy shows more or a little more brittle

fracture surface morphology than that of ST alloy.
However, the fatigue strength, especially fatigue limit of
STA alloy, is more than around two times greater than
that of ST alloy. The increase in fatigue strength of STA
alloy may be due to the increase in the resistance against
small fatigue crack initiation and propagation caused by
the precipitation of a and o phases that leads to the
increase in the tensile strength. It has been reported [26]
that, for the titanium alloys with relatively fine micro-
structures, a large part of fatigue life is occupied by the
small fatigue crack initiation and propagation life. In
the present STA alloys, a fatigue crack was found to
initiate due to slip plane decohesion mainly at the
surface of the specimen in low cycle fatigue life region,
and mainly at the subsurface of the specimen in high
cycle fatigue life region. In general, the longer the slip
line, the more easily the slip plane decohesion occurs.
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Fig. 14. SEM fractographs of Ti–29Nb–13Ta–4.6Zr aged at 673K for 259.2 ks after ST tested in: (a) low cycle fatigue life region and (b) high cycle

fatigue life region.
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When aging is carried out after ST with the present
alloy, fine a or o phase precipitates in b phase with an
average diameter of 20 mm, and movement of disloca-
tions is suppressed and length of slip or slip band is
decreased. Consequently, the small fatigue crack initia-
tion and propagation are considered to be suppressed.

3.5. Young’s modulus

Young’s moduli of ST and STA alloys, conventional
biomedical a+b type Ti–6Al–4V ELI and b type Ti–
13Nb–13Zr are shown in Fig. 15. Young’s moduli of Ti–
6Al–4V and Ti–13Nb–13Zr are quoted from the
literature [27,28]. Young’s moduli of ST alloy are
around 65GPa, which is much lower than that of Ti–
6Al–4V ELI. Young’s modulus of STA alloy is greater
than that of ST alloy, but still much lower than that of
Ti–6Al–4V ELI. Young’s modulus of Ti–29Nb–13Ta–
4.6Zr is similar to that of Ti–13Nb–13Zr. Young’s
modulus of Ti–29Nb–13Ta–4.6Zr is found to be
controlled by heat treatment.

3.6. Cyto-toxicity

The cyto-toxicity of Ti–29Nb–12Ta–46Zr, Pure Ti
and Ti–6Al–4V evaluated by NR and MTT methods are

shown in Figs. 16 and 17, respectively, regardless of the
evaluation methods, the cell viability of Ti–29Nb–13Ta–
4.6Zr is nearly the same as that of pure Ti and greater
than that of conventional biomedical Ti–6Al–4V in both
as-extracted and filtrated extracted solutions. Therefore,
the biocompatibility of Ti–29Nb–13TA–4.6Zr is judged
to be excellent. The trend of cell viability among Ti–
29Nb–13Ta–4.6Zr, pure Ti and Ti–6Al–4V is nearly the
same regardless of extracted period, although the cell
viability of both as-extracted and filtrated extracted
solutions decreases with increasing extracted period.
However, since the cell viability of filtrated extracted
solution is greater than that of as-extracted solution in
both NR and MTT methods, not only dissolved metallic
ion but also fine debris affects the cyto-toxicity. This fact
suggests that it is necessary to suppress the formation of
wear as much as possible when metallic materials are
used as biomaterial.

4. Conclusions

The fatigue characteristics, Young’s modulus and
cyto-toxicity of the newly developed b type titanium
alloy composed of non-toxic elements such as Nb, Ta
and Zr (Ti–29Nb–13Ta–4.6Zr), subjected to ST and
various aging treatments after ST, were investigated in
relation with microstructures. The following results were
obtained:

1. o phases precipitate in b phase with an average
diameter of 20 mm in the Ti–29Nb–13Ta–4.6Zr
subjected to aging treatments at 573, 598 and 673K
for 259.2 ks after ST at 1063K for 3.6 ks. In
particular, for the alloy aged at 673K for 259.2 ks,
acicular and bar type a phases precipitate in addition
to the o phases.

2. The fatigue limit of Ti–29Nb–13Ta–4.6Zr aged at
673K for 259.2 ks after ST at 1063K for 3.6 ks is the
greatest (700MPa) among other aged alloys due to
the precipitation of fine a and o phases by aging
treatment.

Fig. 17. Cell viability of L-929 in (a) non-filtrated and (b) filtrated

cultivate solutions evaluated by MTT method for pure titanium, Ti–

6Al–4V and Ti–29Nb–13Ta–4.6Zr.

Fig. 16. Cell viability of L-929 in: (a) non-filtrated and (b) filtrated

cultivate solutions evaluated by NR method for pure titanium, Ti–

6Al–4V and Ti–29Nb–13Ta–4.6Zr.
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Fig. 15. Comparison of Young’s moduli of conventional titanium

alloys (Ti–6Al–4V ELI and Ti–13Nb–13Zr) and Ti–29Nb–13Ta–4.6Zr

subjected to aging at 573K, 598K and 673K, respectively, for 259.2 ks

after ST at 1063K for 3.6 ks; ST: solution treated, STA: aged after ST.
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3. Striations on the stable fatigue crack propagation
area and equiaxed dimples on the fast fatigue crack
propagation area are observed in low and high cycle
fatigue life regions of Ti–29Nb–13Ta–4.6Zr aged at
673K for 259.2 ks after ST at 1063K for 3.6 ks.
Therefore, the fatigue fracture surface of Ti–29Nb–
13Ta–4.6Zr aged at 673K for 259.2 ks shows slightly
more ductile fracture surface morphology as com-
pared with the alloys aged by other aging methods.

4. Young’s modulus of Ti–29Nb–13Ta–4.6Zr is much
lower than that of Ti–6Al–4V ELI.

5. Young’s modulus of Ti–29Nb–13Ta–4.6Zr can be
controlled by aging treatments.

6. Cyto-toxicity of Ti–29Nb–13Ta–4.6Zr is nearly the
same as that of pure Ti, and lower than that of
Ti–6Al–4V.

7. Based on the data obtained from tensile and fatigue
tests, Young’s modulus and cyto-toxicity in this
study, Ti–29Nb–13Ta–4.6Zr is proposed as a very
useful biomaterials.
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