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Tensile Deformation Behavior of Ti-Nb-Ta-Zr Biomedical Alloys*!
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The composition of Ti-30Nb-10Ta-5Zr, which is simplified that of the Ti-29Nb-13Ta-4.6Zr alloy developed for biomedical applications,
was selected, and then Nb content in the basic composition was varied from 20 to 35%. The deformation mechanisms of such Ti-Nb-Ta-Zr
system alloys were investigated by loading-unloading tensile tests and characterizing deformed microstructures. The behavior of unloading and
reloading of the stress-strain curves up to strain about 2% of Ti-20Nb-10Ta-5Zr and Ti-25Nb-10Ta-5Zr alloys is similar to that obtained in
metastable B type titanium alloys where the stress induced martensite transformation occurs. This indicates that the stress and strain induced
martensite transformation occurred in these alloys. Furthermore, the elastic deformation of Ti-30Nb-10Ta-5Zr alloy disobeys Hooke’s law.
However, the behavior of stress or strain-induced martensite transformation does not recognized in the stress-strain curve up to strain about 2%
of this alloy. The main deformation mechanism up to fracture of Ti-20Nb-10Ta-5Zr alloy, Ti-25Nb-10Ta-5Zr alloy and Ti-35Nb-10Ta-5Zr alloy
is identified as the deformation - induced martensite transformation of B phase to &” phase, deformation-induced martensite transformation of 8
phase to o phase and deformation twin, and slip, respectively. The deformation mechanisms for Ti-30Nb-10Ta-5Zr alloy are not explained by
slip, deformation twining and deformation-induced martensite transformation. However, the super elastic behavior observed in this alloy is

expected to occur without deformation-induced martensite transformation.
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1. Introduction

Recently, titanium and its alloys have been widely used for
biomaterials due to their high biocompatibility. Initially,
titanium alloys made for general structural materials have
been used for biomaterials. However, from the point of view
of safety, the uses of the general structural titanium alloys
containing toxic elements like V and so on have become
serious problems. Therefore, new titanium alloys such as Ti-
13Nb-13Zr alloy? (In this study, all alloy compositions are
written by mass%), Ti-35Nb-5Ta-7Zr alloy® and Ti-29Nb-
13Ta-4.6Zr alloy>* etc. composed of non-toxic elements like
Nb, Ta, and Zr have been developed for biomaterials for next
generation.

However, the number of reports on the effects of alloying
elements on various properties of the Ti-Nb-Ta-Zr system
alloys is very small so far.>™ Therefore, the authors inves-
tigated the effect of Nb on the microstructures and mechan-
ical properties of the Ti-Nb-Ta-Zr system alloys. In that case,
the chemical composition of Ti-30Nb-10Ta-5Zr alloy, which
is simplified that of the Ti-29Nb-13Ta-4.6Zr alloy, was
selected as a base, and the Nb content of it was varied from 0
through 40 mass% by eight levels (0, 10, 15, 20, 25, 30, 35
and 40 mass%). In the Ti-Nb-Ta-Zr system alloys, the stress
induced martensite «” phase has been recognized in the
deformed microstructures of the Ti-20Nb-10Ta-5Zr alloy
and Ti-25Nb-10Ta-5Zr alloy after tensile tests.

Generally, deformation mechanism of § phase alters with
the change in the stability of B phase.''? The main
deformation mechanisms of B phase are as follows:

(1) Slip.

(2) Twining.

(3) Stress- or strain-induced martensite transformation of j
phase to «” phase.
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High ductility is obtained by combination of these
deformation mechanisms.

In Ti-Nb-Sn system alloys,'® Ti-Sc-Mo system alloys'®
and Ti-Mo-Ag system alloys,'> shape memory effect and
super elastic behavior have been reported. Very recently, the
shape memory effect has been also reported in Ti-20Nb-
10Ta-5Zr alloy.'®

However, the deformation behavior of Ti-Nb-Ta-Zr
system alloys has not been clear yet. Therefore, the
deformation behavior of Ti-Nb-Ta-Zr system alloys was
investigated in this study.

2. Experimental Procedures

Ti-30Nb-10Ta-5Zr alloy (TNTZ3,), which is simplified Ti-
29Nb-13Ta-4.6Zr alloy developed for biomaterials, was
selected as the basic alloy composition. The Nb content of
this alloy was varied by 3 levels of 20mass% (TNTZy),
25 mass% (TNTZ,s), and 35 mass% (TNTZss).

Blended elemental powder metallurgy method was applied
to fabricate these alloys. Mean particle size and purity of each
element powder used in this study were under 45 um and over
99.8%, respectively. These powders were mixed and pressed
to form green products with a diameter of 40 mm and a length
of about 100 mm by a cold isostatic pressing machine. Green
products were then sintered at 1573 K for 57.3 ks in a vacuum
of about 1.33 x 1073 Pa. Subsequently, they were forged and
swaged at 1223 K to make bars with a diameter of 10 mm.
Finally, the swaged bars were subjected to heat treatment at
1123 K for 1.8 ks followed by air cooling to remove residual
stress resulting from hot forging and hot swaging. Table 1
shows chemical composition of each Ti-Nb-Ta-Zr system
alloy.

The microstructures of Ti-Nb-Ta-Zr system alloys were
observed using an optical microscope and a transmission
electron microscope (TEM). Diffraction pattern analyses
using a TEM and X-ray diffraction analysis (XRD) using a
Cu-Ka tube were carried out in order to identify the phases
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Table 1 Chemical composition of each Ti-Nb-Ta-Zr system alloy.
TNTZy TNTZ,s TNTZ3 TNTZss

Ti bal. bal. bal. bal.

Nb 19.4 249 29.4 35.0

Ta 10.2 9.94 10.4 9.96

Zr 4.76 4.62 4.80 4.53

O 0.22 0.23 0.23 0.24
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Fig. 1 Schematic drawing of specimens for loading—unloading tensile tests
in mm.

constituent of the Ti-Nb-Ta-Zr system alloys.

Loading—unloading tensile tests were carried out using an
Instron type testing machine at a crosshead speed of
8.33 x 107*ms~! in air at room temperature. The load was
detected by a load-cell in the machine. The strain was
measured by both strain gage attached directly to the
specimen and movement of crosshead. Figure 1 shows the
geometry of the specimens used for loading—unloading
tensile tests. The crosshead was stopped at strains of 1.3%,
2.0% and 3.0%, and then the load was released after reaching
each target value of strain. Finally, the specimen was loaded
to fracture.

The vicinities of the fracture surfaces of specimens were
observed using a scanning electron microscope (SEM), and
subsequently, analyzed by XRD using a Cu-Kea tube in order
to identify the deformed structures. Furthermore, the dog
bone type specimens of Ti-Nb-Ta-Zr alloys, as shown in
Fig. 2, were fractured by tensile tests under the same testing
machine and crosshead speed as those of loading—unloading
tensile tests. During tensile test the crosshead was not
stopped. Subsequently, the specimens for TEM observations
were made from the parallel parts of fractured dog bone type
specimens.

3. Results and Discussion
3.1 Microstructures

Figure 3 shows optical micrographs of Ti-Nb-Ta-Zr
system alloys. The micrograph of each Ti-Nb-Ta-Zr system

o
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Fig. 2 Schematic drawing of dog born type specimens for tensile tests in
mm.
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Fig. 3 Optical micrograph of each Ti-Nb-Ta-Zr system alloy: (a) TNTZy,
(b) TNTZ,s, (c) TNTZ3 and (d) TNTZ3s.

Table 2 Mean grain diameter of each Ti-Nb-Ta-Zr system alloy.

TNTZx TNTZ,s TNTZ30 TNTZs5
87.4 57.8 62.3 44.1
T | T |
(110) l : Bphase [} : wphase
L (200) (211)
2 = - TNTZ;5
Z
= — TNTZ
— TNTZ,s
(0001) f\‘ (O(ﬁz)
L JL I TNTZ,,
| | | | 1 | | | |

30 40 50 60 70 80
Diffraction angle, 20/(7180)rad

Fig. 4 X-ray diffraction pattern of each Ti-Nb-Ta-Zr system alloy.

alloy shows equiaxed grains. The mean grain diameter of
each Ti-Nb-Ta-Zr system alloy was tabulated in Table 2.

Figure 4 shows XRD profiles of Ti-Nb-Ta-Zr system
alloys. The XRD profiles of TNTZ,s, TNTZ3p and TNTZ35
show the peaks of single 8 phase. Only the XRD profile of
TNTZ,y shows the peaks of w phase along with those of
phase.

Figures 5 and 6 show TEM dark field images, diffraction
patterns and key diagrams of TNTZ,y and TNTZ,s, respec-
tively. Fine grains of w phase are recognized in dark field
image of TNTZ,, (Fig. 5(a)). The diffraction pattern of
TNTZ;s clearly shows the spots corresponding to the w phase
with those of the B phase (Fig. 6(a)). However, the
morphology of @ phase is not able to be identified. The
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Fig. 5 TEM micrographs of TNTZy: (a) dark field image, (b) diffraction pattern and (c) key diagram. Beam parallel to [011].

= : @ phase

Fig. 6 TEM micrographs of TNTZ,s: (a) dark field image, (b) diffraction pattern and (c) key diagram. Beam parallel to [011]4.

XRD profile of TNTZ,s does not show peaks of @ phase
(Fig. 4). Therefore, it is considered that the size and volume
fraction of w phases in TNTZ,s are extremely small. These @
phases observed in TNTZ,y and TNTZ,s were able to be
diminished by water quenching after final heat treatment of
manufacturing process. Therefore, it is considered that these
 phases are isothermal @ formed during cooling. It was
found that TEM micrographs of TNTZj3y and TNTZ35 do not
show the diffraction patterns of w phase except for those of
phase.

3.2 Tensile deformation behavior up to strain about 2%

Figure 7 shows stress-strain curve up to strain about 2%
obtained from loading - unloading tensile test of each Ti-Nb-
Ta-Zr system alloy. During first loading, the stress propor-
tionally increases with increasing strain in TNTZ;, (Fig.
7(a)). This curve shows a yielding point at a strain about
0.9%. Then, the strain of this curve increases under constant
stress. In the unloading from a strain of 1.3%, this curve
shows a non-liner reversion. During second loading, the
stress increases with increasing the strain. This curve clearly

shows two gradients.

The stress-strain curve of TNTZ,s (Fig. 7(b)) shows a
yielding point at the strain of about 0.9% as same as that of
TNTZ,y. However, the yield stress of TNTZ,s is about
200 MPa lower than that of TNTZ,,. These yield stresses are
in accordance with the former report by authors.” Further-
more, the behavior of unloading and second loading of
TNTZ,s have similar shape to that of TNTZ,y. However, the
difference of the gradients of loading curve during second
loading is larger than that of TNTZy.

The behavior of unloading and reloading of the stress—
strain curves of TNTZ,y, and TNTZ,s is similar to that
obtained in metastable § type titanium alloys where the stress
induced martensite transformation occurs.'"'?) This indicates
that the stress and strain induced martensite transformation
occurred in TNTZ,y and TNTZ 5.

On the other hand, the loading curves and the unloading
curves of TNTZ3, (Fig. 7(c)) do not show liner behavior.
Furthermore, these curves trace the same line. The loading
curves and unloading curves of TNTZss (Fig. 7(d)) show
liner behavior, and have same gradient. In general, the elastic
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Fig. 7 Tensile loading—unloading stress-strain curve of each Ti-Nb-Ta-Zr system alloy: (a) TNTZy, (b) TNTZ;s, (¢) TNTZ;3, and

(d) TNTZ3s.

deformation of general structural metallic material obeys
with Hooke’s law. Therefore, the stress proportionally
increases with increasing strain during elastic deformation
region. The stress-strain curve of TNTZss accords with
Hooke’s law. However, the stress-strain curve of TNTZ; is
different from that of general structural metallic material.
This curve shows the elastic—plastic deformation behavior.
Therefore, the elastic deformation of TNTZs, disobeys
Hooke’s law. Furthermore, the stress-strain curve of TNTZ 3
does not show the behavior relating to the deformation
induced martensite transformations, which are recognized in
TNT220 and TNTZZS.

Figure 8 shows the relationship between the total strain and
the elastic strain of each Ti-Nb-Ta-Zr system alloy. The
elastic strain of TNTZ3s is almost independent of change in
the total strain. On the other hand, the elastic strains of
TNTZ,o, TNTZ,s and TNTZ3 increase with increasing the
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Fig. 8 Relationship between total strain, &7, and elastic strain, &g, of each
Ti-Nb-Ta-Zr system alloy.

total strains. In particular, this trend is remarkable in
TNTZ3p. In general, the elastic strain is able to be estimated
by following equation:

£ =1 ey

Therefore, the elastic strain is equal to the total strain in
elastic deformation region. The trends of the elastic strains
increasing with the total strain observed in TNTZ,, and
TNTZ,s are explained by increasing the amount of deforma-
tion induced martensite transformation and its reversion.
However, as stated above, the behavior of stress or strain-
induced martensite transformation does not recognized in the
stress-strain curve of TNTZjzo. Therefore, the behavior of
TNTZ3 is not able to be explained by increasing the amount
of deformation induced martensite transformation and its
reversion.

The strain recovery behavior due to the deformation
induced martensite transformation in TNTZ, and TNTZ,s is
similar to the super elastic behavior and shape memory
behavior reported for the Ti-Nb-Sn system alloys,'® Ti-Sc-
Mo system alloys'? and Ti-Mo-Ag system alloys.'> There-
fore, the super elastic behavior and shape memory behavior
are expected to occur in TNTZ;p and TNTZ;s. On the other
hand, the strain recovery of TNTZj3 is greater than those of
TNTZ,y and TNTZ,s. Therefore, the super elastic behavior
observed in TNTZj is expected to occur without deforma-
tion induced martensite transformation.

3.3 Tensile deformation behavior up to fracture
3.3.1 Stress-strain curves up to fracture

Figure 9 shows stress-strain curve obtained by tensile test
up to fracture of each Ti-Nb-Ta-Zr system alloy. Each stress-
strain curve shows different shape. In particular, it is clear
that the stress-strain curve of TNTZ,5 shows the lowest yield
stress and the greatest elongation. Furthermore, the shape of
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Fig. 9 Tensile stress-strain curve of each Ti-Nb-Ta-Zr system alloy:
(a) TNTZy0, (b) TNTZss, (c) TNTZ3 and (d) TNTZss.

this stress-strain curve is different shape from that of TNTZ,,
which shows the same behavior of unloading and second
loading in Fig. 7. Therefore, Ti-Nb-Ta-Zr system alloys in
this study have different deformation mechanisms up to
fracture, even if they show same behavior up to strain about
2%.

3.3.2 Deformed microstructures

Figure 10 shows SEM micrograph taken from a vicinity of
fracture surface of each Ti-Nb-Ta-Zr system alloy. There are
a number of lines near the fracture surfaces of TNTZ,y and
TNTZ,5. The morphology of the lines is very similar to that
formed during deformation-induced martensite transforma-
tion of B phase to ” phase.'” However, these lines are not
recognized in TNTZ3, and TNTZ3s.

() TNTZ,, (e= 14.5 %)
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Figures 11, 12 and 13 show TEM bright field images,
diffraction patterns and key diagrams of deformed micro-
structures obtained from tensile tests of TNTZ,y, TNTZ,5
and TNTZj,, respectively. The deformed microstructures of
TNTZ,y and TNTZ,s show ellipse or platelike phases, as
shown in Fig. 11(a) and Fig. 12(a), whose shapes are similar
to those of the deformation twins'”'® or deformation-
induced martensite o phases.!” Both diffraction patterns
taken from TNTZ,, and TNTZ,s consist of several diffrac-
tion patterns of 8 phases. However, the diffraction pattern of
TNTZ,y does not have the relation to twin (Fig. 11(b)). On
the other hand, the diffraction pattern of TNTZ,s shows a
relation to twin, as shown in the key diagram (Fig. 12(c)).
This relation to twin is one of {112}(111) that have been
identified in usual structural metallic materials with body
center cubic structure. Therefore, the deformation mecha-
nism up to fracture of TNTZ,s is identified different from that
of TNTZ,g, although they show the same behavior up to
strain about 2%. On the other hand, ellipse or platelike phases
were not recognized in TNTZ3, and TNTZ3s. In particular, a
large number of tangled dislocations are recognized in
deformed structure of TNTZ3, (Fig. 13(a)). The relation to
twin shown in Fig. 13(b) is rarely recognized in TNTZj3.

Figure 14 shows XRD profile obtained near the fracture
surface of each Ti-Nb-Ta-Zr system alloy after tensile test.
The peaks of «” phases that were not recognized in XRD
profiles of specimen surfaces before tensile tests (Fig. 4) are
recognized on the specimen surface near the fracture surfaces
of TNTZ,y and TNTZ,s. Therefore, it is considered that o

(b) TNTZ,s (€= 41.8 %)

Load axis

Fracture surface

Load axis

Fracture surface |
I,_ NS
y &)

Fig. 10 SEM image taken near the fracture surface of each Ti-Nb-Ta-Zr system alloy after tensile test: (a) TNTZy, (b) TNTZ,s, (c)

TNTZ30 and (d) TNTZ35‘
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(b)

Fig. 11
diffraction pattern and (c) key diagram.
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(c) o: ﬁ[lll]
o: 81001
o: B[001]

TEM micrographs obtained near the fracture surface of TNTZy (¢ = 16.5%) after tensile test: (a) bright field image, (b)

(c) @: ﬁ[Qll]
O L twWingyyy¢111)
=: wphase

twin axis /

Fig. 12 TEM micrographs obtained near the fracture surface of TNTZ,s (¢ = 40.4%) after tensile test: (a) bright field image, (b)

diffraction pattern and (c) key diagram.

(b)

(©) @:B[011]

O : twin

twin axis

Fig. 13 TEM micrographs obtained near the fracture surface of TNTZ;3, (¢ = 18.6%) after tensile test: (a) bright field image, (b)

diffraction pattern and (c) key diagram.

phase was formed during deformation. The peaks of «”
phases are not recognized in XRD profiles obtained near the
fracture surfaces of TNTZ3y and TNTZss. The peaks of B
phase in XRD profile obtained near the fracture surface of
TNTZj shift to a lower angle than those before tensile test.
Therefore, it is considered that the lattice of 8 phase has been
distorted in TNTZ3.

From the results of the TEM observations and XRD

analyses on deformed structures after tensile tests, the main
deformation mechanism up to fracture of TNTZ,p, TNTZ;s
and TNTZj;s is identified the deformation — induced
martensite transformation of 8 phase to «” phase, deforma-
tion-induced martensite transformation of B phase to o”
phase and deformation twin, and slip, respectively. As stated
in introduction, deformation mechanism of S phase alters
with the change in the stability of B phase.'®"'? This change
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Fig. 14 X-ray diffraction patterns obtained near the fracture surface after
tensile test: (a) TNTZ,g, (b) TNTZ,s, (c) TNTZ3y and (d) TNTZ3s.

of deformation mechanism with changing Nb composition in
TNTZ,9, TNTZ,5 and TNTZj35 is in accordance with the
tendency by the stability of 8 phase.

However, in the present state, the deformation mechanisms
for TNTZ3( are not explained by slip, deformation twining
and deformation-induced martensite transformation, and a
further investigation is necessary to make it clear.

4. Conclusions

The deformation behavior of Ti-Nb-Ta-Zr system alloys
with different Nb contents was investigated in this study. The
following results were obtained.

(1) The behavior of unloading and reloading of the stress-
strain curves up to strain about 2% of TNTZ,, and
TNTZ,s are similar to that obtained in metastable g
type titanium alloys where the stress induced martensite
transformation occurs. It is indicated that the stress and
strain induced martensite transformation occurred in
these alloys.

(2) The elastic deformation of TNTZ3, disobeys Hooke’s
law. However, the behavior of stress or strain-induced
martensite transformation does not recognized in the
stress-strain curve up to strain about 2% of this alloy.

(3) The main deformation mechanism up to fracture of
TNTZ,y, TNTZ,5 and TNTZ55 is identified the defor-
mation-induced martensite transformation of 8 phase to
«” phase, deformation-induced martensite transforma-
tion of B phase to «” phase and deformation twin, and
slip, respectively.
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(4) The deformation mechanisms for TNTZj, are not
explained by slip, deformation twining and deforma-
tion-induced martensite transformation. However, the
super elastic behavior observed in TNTZ3 is expected
to occur without deformation-induced martensite trans-
formation.
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