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Ti-23Nb-0.7Ta-2Zr-O alloy
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Abstract: The microstructures of the cold-swaged and recrystallized Ti-23Nb-0.7Ta-2Zr-O (TNTZO) (mole fraction, %) alloy were
investigated by electron backscatter diffraction (EBSD). The difference in microstructure, texture and recrystallization process was
evaluated between the TNTZO alloy and traditional body centered cubic (bcc) metals. The results show that the cold-swaged TNTZO
alloy presents a pronounced (110) fiber texture in the axial direction. The recrystallization of the TNTZO alloy is achieved by the
nucleation of new grains and the growth of these new grains at the expense of the deformed structure. The TNTZO alloy behaves a
very similar way to traditional bcc metals in the features of the microstructure, texture and recrystallization.
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1 Introduction

Titanium and its alloys have been widely used in
aerospace and biomedical engineering owing to their
advantages such as high strength to mass ratio,
outstanding corrosion resistance and biocompatibility.
During the last decades, the use of biocompatible titanium
alloys has become wide in surgery and medicine relevant.
Ti-6Al-4V is the most commonly used material for an
orthopaedic to date. However, V and Al are toxic
elements[1-2] and the elastic modulus of Ti-6Al-4V
alloy is still greater than that of human bone[3].
Therefore, many efforts have been made for
development of new non-toxic titanium alloys with low
elastic modulus and high strength. The f type titanium
alloy composed of non-toxic elements is recognized as
the best candidates for this purpose. Recently, a new
multifunctional f titanium alloy, Ti-23Nb-0.7Ta-2Zr-O
(TNTZO, mole fraction, %), comprising IVa, Va
elements and oxygen was developed by SAITO et
al[4—5], which has been thought to deform via a unique
dislocation-free mechanism involving nano-scale lattice
accommodation, and to possess special properties such
as super elasticity, super plasticity, super high strength,
and Invar and Elinvar properties[6—9]. The TNTZO

alloy with these characteristics is more suitable for
biomedical applications than Ti-6Al-4V alloy.
However, the occurrence of the dislocation-free
deformation mechanism is controversial in the literature
[10—12]. If the new alloys deform without the aid of
dislocations, how does the recrystallization proceed
for this kind of new alloys? More detailed studies are
still necessary. In this paper, an automated EBSD system
was employed to study the microstructural evolution of
the cold-swaged TNTZO alloy under different annealing
conditions and evaluate the difference in microstructure,
texture and recrystallization process between the TNTZO
alloy and traditional body centered cubic (bcc) metals.

2 Experimental

The as-received material was the round rods of the
TNTZO alloy after cold-swaging with 90% reduction in
area. Specimens with the dimension of d4 mm X5 mm
were carefully cut from the rods by wire-cutting machine,
and then subjected to a heat treatment in argon
atmosphere at 1 093 K for 5 and 30 min, respectively,
followed by brine quenching rapidly to obtain partially
and completely recrystallized microstructure. The
cross-section of the specimens was mechanical ground
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to 5 um silicon carbide paper finish, and electro-polished
in a 6% perchloric acid + 30% butanol + 64% methanol
solution at a closed circuit voltage of 30 V. Crystal
orientation measurements were performed using EDAX
EBSD facilities attached to the JEOL JSM-6460
scanning electron microscope (SEM) operating at 20 kV.
A high speed CCD camera (DigiView) for pattern
acquisition and TSL OIM analysis software were used.
Orientation information was acquired on a hexagonal
grid using a step size of 0.1 pm. For generating
orientation and grain boundary maps, a grain tolerance
angle of 15° was used, which distinguishes the low angle
grain boundaries (LAGBs) and high angle grain
boundaries (HAGBs). The orientations of grains are
shown in inverse pole figure maps.

3 Results and discussion

The typical orientation imaging maps (OIMs) for
the cold-swaged, partially recrystallized (annealed at
1 093 K for 5 min) and completely recrystallized
(annealed at 1 093 K for 30 min) TNTZO alloys are
shown in Figs.1-3, respectively. Fig.1(a) shows the
image quality (IQ) map, in which the darker area
indicates poorer image quality, also means higher

internal stress, whereas the brighter area means lower
internal stress. Fig.1(b) shows the unique grain color
map. In this map, each grain is assigned a color to
distinguish it from neighboring grains. Fig.1(c) shows
the grain boundary map, in which the gray and dark lines
refer to LAGBs and HAGBs, respectively. Fig.1(d)
shows the inverse pole figure (IPF) map where the
change in color in each grain corresponds to that in
crystal orientation.

The TNTZO alloy is at as-soluted and texture free
condition before cold-swaging and the microstructure of
the alloy is composed of equiaxed f grains 50 to 100 pum
in size[5,7]. However, after cold-swaging the 1Q map in
Fig.1(a) shows that the original grain boundaries cannot
be distinguished in the microstructure anymore due to
the poor quality of acquired Kikuchi patterns induced by
the heavy strain in the TNTZO alloy. The corresponding
grain boundary map in Fig. 1(c) shows that there are high
densities of LAGBs developed by intense deformation in
the cold-swaged alloy. Misorientation angles of those
LAGBs fall into the range of 2°—15°, which are termed as
sub-boundaries. The fine network of sub-boundaries
forms bundles of small subgrains in the micron and
submicron range. These subgrains have also been
referred to as “deformed cells”’[13]. The nature of the

Fig.1 IQ map (a), unique grain map (b), grain boundary map (c) and IPF map (d) of cold-swaged TNTZO alloy
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Fig.3 1Q map (a), unique grain map (b), grain boundary map (c) and IPF map (d) of completely recrystallized TNTZO alloy
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substructure developed in the cold-swaged TNTZO alloy
varied significantly from one region to another,
indicating that individual regions behave quite
differently during deformation. The cold-swaged
TNTZO alloy presents a predominant (110) fiber
texture in the axial direction, as shown in Fig. 1(d).

The partially recrystallized TNTZO alloy is
characterized as a heterogeneous microstructure
composed of clusters of coarse structure and fine grains
with size of about/less than 1 pm which can be defined
as the recrystallized and recovered regions, respectively,
as shown in Fig.2. These fine grains are newly
recrystallized grains. The distributions of the LAGBs and
HAGBs are not homogeneous over the microstructure,
with the HAGBs mainly located in the recrystallized
regions and the LAGBs mainly in the recovered regions.
The (110) fiber texture parallel to the axial direction is
still the predominant texture, whereas the recrystallized
grains show different orientation compared to the
deformed structure, as shown in Fig.2(d).

After annealing at 1 093 K for 30 min, EBSD
analysis shows that complete recrystallization takes place,
giving rise to a fairly uniform equiaxed grain structure,
where the LAGBs have almost entirely disappeared. The
corresponding IPF map of the TNTZO alloy in Fig.3(d)
shows that the major texture components become
diffused after complete recrystallization and thus no
recrystallization texture forms in the TNTZO alloy.

The formation of the marble-like structure in the
cold-swaged TNTZO alloy is thought to be associated
with the appearance of the deformation band [7]. During
cold swaging, large amount of lenticular deformation
bands firstly appear in the coarse equiaxed grains of the
TNTZO alloy at low deformation degree. With
increasing reduction ratio, more deformation bands
appear and these bands gradually bend. After 90% cold
swaging, the marble-like structure forms in the TNTZO
alloy. This marble-like structure appears similar to the
“curly grain” or “swirled” structures that commonly
found in transverse sections of bcc metals heavily
deformed either by wire-drawing or by rotary swaging
process[14]. Generally, wire-drawing or rotary swaging
produces a pronounced fibrous (110) texture in
traditional bce metals. The swirled structures result from
the fact that plane strain deformation is a favorable strain
path for bcc metals developing (110) textures through
the multiple glide or double glide of dislocations along
(111) {110}, {112} or {123} systems under tensile
dominated applied stress [15]. In order to accommodate
this plane strain path, the grains curl about themselves as
the diameter of the rod or wire decreases, effectively
forming ribbon shapes in three dimensions. The

formation of (110) texture is also predicted for

materials with (111) slip systems by polycrystal
plasticity simulations based on plasticity models such as
Taylor-Bishop-Hill [16]. In the present study, the texture
results of the cold-swaged TNTZO alloy clearly indicate
a pronounced (110) So it is virtually

inconceivable that a dislocation-free deformation

texture.

mechanism could produce this (110) texture.

It is thought that the sub-boundaries in Fig. 1(c)
correspond to those deformation bands in the
cold-swaged TNTZO alloy. TEM observations revealed
that there are large amount of dislocations in the
recovered TNTZO alloy, which is thought to be
produced by intense deformation. The detail will be
reported elsewhere. Therefore, it is inferred that those
sub-boundaries appeared in the cold-swaged TNTZO
alloy are dislocation pile-ups. The heterogeneous
recovery  and
recrystallization occur simultaneously in the partially
recrystallized TNTZO alloy.

The recrystallization of the TNTZO alloy is
achieved by the nucleation of new grains, and then these
new grains grow at the expense of the deformed structure.
The primary recrystallization nuclei possess a different

microstructure indicates that

orientation from the deformed structure. Therefore, with
increasing the annealing time, the
recrystallization nucleus gradually increases and some
nuclei begin growing, and resultant diffused orientation

number of

of the alloy is obtained. This recrystallization process of
the TNTZO alloy makes no distinct difference in contrast
with that of ordinary bee metals. As discussed above, the
TNTZO alloy behaves similarly to traditional bcc metals
in the features of the microstructure, texture and
recrystallization progress. These results appear to
disagree with the specific dislocation-free plastic
deformation mechanism proposed by SAITO et al and
GUTKIN et al. So it seems that the TNTZO alloy
deforms by the traditional dislocation glide on slip
systems, rather than the dislocation-free deformation
mechanism.

4 Conclusions

1) The deformed structure of the cold-swaged
TNTZO alloy is characterized to be of high density of
LAGBs. The deformed texture is a distinctive (110)
fiber texture in the axial direction, which is consistent
with that of ordinary bec metals.

2) Primary recrystallization nuclei possess different
orientations compared to the deformed structure. After
complete recrystallization, the LAGBs have almost
entirely disappeared and no recrystallization texture
forms in the TNTZO alloy. The recrystallization process
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of the TNTZO alloy is also similar to that of ordinary

metals.
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