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Effect of annealing temperature on microstructure and shape memory characteristics of Ti—22Nb—6Zr(at%) biomedical alloys was
investigated by using tensile tests, XRD measurement, scanning electron microscopy (SEM) and transmission electron microscopy (TEM). After
severe cold-rolling, the plate was annealed at temperatures between 773 and 1173 K. The «/ 8 transus temperature in this alloy was determined to
be between 823 and 873 K. The specimen annealed at 823 K for 3.6 ks exhibited a fine subgrain structure. A fully recrystallized structure was
observed in the specimens annealed above 873 K. The annealing temperature less affected the transformation temperature and recovery strain.
However, the critical stress for slip decreased considerably with increasing annealing temperature, because the grain size increased. All

specimens annealed above 823 K exhibited stable superelastic behavior at room temperature.
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1. Introduction

Ti-based alloys have been applied as biomedical materials
to date due to their high corrosion resistance, high bio-
compatibility and low Young’s modulus. Among biomedical
alloys, Ti-Ni alloys have been applied as orthodontic arch
wires, bone plates and stents, owing to their unique shape
memory effect and superelasticity. However, it has been
reported that pure Ni is a toxic element and causes Ni-
hypersensitivity.” Although clear Ni-hypersensitivity to
human body in Ti-Ni alloys has not been reported until
now, it is preferable to develop absolutely safe Ni-free Ti-
based shape memory alloys for biomedical applications.

Many p-type Ti-based alloys have been investigated to
date, e.g., Ti-V based alloys,” Ti-Mo based alloys®*® and
Ti-Nb based alloys>'> since Baker reported the shape
memory effect in a Ti—35mass%Nb alloy.” Considering
biomedical applications, the Ti—V based alloys are not
suitable because of cytotoxicity of V.!9 The shape memory
effect in the Ti-based alloys may be affected by the following
factors; (1) aging treatment, which may cause precipitation
hardening due to « phase and @ phase and (2) thermo-
mechanical treatment (cold work followed by annealing),
which may improve shape memory characteristics by dense
dislocations and grain refinement. The fine thermal o
precipitates formed by aging treatment improve the shape
memory properties, because they increase the critical stress
for slip. On the other hand, it is known that grain refinement
via cold working followed by low temperature annealing may
be useful method for improving mechanical properties of
alloys. However, no systematic research on the effect of
annealing condition on the shape memory characteristics has
been carried out in the B-type Ti-based alloys to date.

Recently, the effect of Zr addition to the Ti—Nb alloy on
shape memory characteristics has been reported.'> Accord-
ing to this study, a solution-treated Ti—22Nb—6Zr(at%) alloy
exhibits superior superelastic behavior at room temperature
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than Ti—Nb binary alloys. In the present study, in order to
improve shape memory characteristics of Ti—22Nb—6Zr(at%)
alloy, the effect of annealing temperature on shape memory
characteristics were investigated by tensile tests at various
temperatures, XRD (X-ray diffraction) measurement, scan-
ning electron microscopy (SEM) and transmission electron
microscopy (TEM).

2. Experimental

A Ti-22Nb-6Zr(at%) ingot was fabricated by an Ar arc
melting method. The ingot was cold-rolled to a plate of
0.5 mm in thickness with a final cold working ratio of 95%.
Specimens for XRD measurement, tensile tests, SEM
observation and TEM observation were cut from the plate
by an electro-discharge machine. All the specimens were
finally annealed at 773, 823, 873, 973, 1073 K for 3.6 ks and
1173K for 1.8ks in an Ar atmosphere, followed by
quenching into water. After the annealing treatment, the
specimens were etched in order to remove oxidized surface.
In order to investigate the shape memory characteristics,
tensile tests were carried out at a strain rate of 1.67 X
10~*s~! at various temperatures. The gage length of speci-
mens for tensile tests was 20 mm. XRD measurement was
conducted at room temperature with Cu Ko radiation to
determine the constituent phases. Specimen for TEM
observation were prepared by a conventional twin-jet polish-
ing technique using an electrolyte solution of 5 vol% sulfuric
acid, 2vol% hydrofluoric acid and 93 vol% methanol at
230K. The TEM observation was conducted using a
JEOL2010F microscope operated at 200kV. Grain size was
measured using SEM micrographs.

3. Results and Discussion

3.1 Effect of annealing temperature on microstructure

In order to identify the constituent phases of each annealed
specimens at room temperature, X-ray diffraction measure-
ment was carried out. Figure 1 shows X-ray diffraction
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Fig. 1 XRD profiles measured at room temperature in the specimens

annealed at temperatures between 773 and 1173 K.

profiles of the specimens annealed at temperatures between
773 and 1173 K. Within the 26 range shown in this figure, the
o phase is identified by two major reflections from (100),, and
(110)y, whereas the B phase is identified by three major
reflections. Comparing with the intensities of {211} 4 peak in
the specimens annealed at 773 and 823 K, those of {200}
peak are very strong. It is assumed that this is due to a
deformation texture. Kim et al.'” reported that a well
developed {100}(110) texture was obtained in as-rolled and
annealed Ti-22Nb-6Ta alloys after severe cold-rolling. On
the other hand, the intensities of {211} peak are stronger

than those of {200} 4 peak in the specimens annealed at 1073
and 1173 K. This is due to a recrystallization texture. It has
been also reported that a recrystallization texture of 112(110)
is developed in Ti—22Nb—6Ta!” and Ti-22Nb-3A1'® alloys
heat treated at 1173 and 1273 K, respectively, after severe
cold-rolling. Based on previous researches'”'® and present
XRD results, it is expected that the deformation and
recrystallization texture of Ti-22Nb-6Zr alloy exhibit
similar one as those of other Ti—Nb based alloys. It is also
noted that both of the {200}4 peak and {211}g peak are
strong in the specimen annealed at 873K for 3.6ks,
indicating that the deformation and recrystallization textures
coexist.

While the diffraction peaks corresponding to the o phase
are observed in the specimens annealed at 773 and 823 K,
there exist only the peaks corresponding to the 8 phase in the
specimens annealed above 873 K. This means that the o/
transus temperature of this alloy is between 823 and 873 K.
According to the Ti-Nb binary phase diagram, the «/f
transus temperature of Ti—22Nb is about 830K. This
indicates that the addition of Zr does not affect the o/
transus temperature significantly. On the other hand, the
peaks corresponding to «” can not be observed in any
specimen. This indicates that the martensitic transformation
start temperature (M) of these specimens is below room
temperature.

Figure 2 shows the microstructures observed by SEM in
the specimens annealed at 873, 973, 1073 and 1173 K. It is
also clear that no martensite phase («”) was observed in all
annealed specimens. As shown in these figures, any secon-
dary phase can not be observed. The results of these SEM
micrographs are well consistent with those of the XRD

Fig. 2 SEM micrographs of the specimens annealed at (a) 873 K, (b) 973K, (c) 1073 K and (d)1173 K.
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Fig. 3 TEM bright field micrographs of the specimens annealed at (a)
823K and (b) 873 K.

measurement. Figure 3 shows the bright field TEM micro-
graphs of the specimens annealed at (a) 823 K and (b) 873 K.
In the specimen annealed at 823 K, the subgrains with size of
about 1.5 um are observed and the secondary phase is also
observed. This secondary phase is identified to be « phase as
shown in Fig. 4. On the other hand, a bimodal grain structure
consisting of fine subgrains and large recrystallized grains is
observed in the specimen annealed at 873 K as shown in
Fig. 3(b). No secondary phase is observed in the specimen
annealed at 873 K.

Figure 4 shows bright field images and the corresponding
selected area diffraction patterns (SADP) in the specimens
annealed at (a) 823K, (b) 873K and (c) 973 K. Figure 4(d)
shows the key diagram corresponding to Fig. 4(a). The beam
directions are parallel to [100] of S phase. As shown in
Fig. 4(a), the secondary phase with size of 30 nm can be seen
in the grains. In the SADP, diffuse spots at 1/2{110}4 and
1/2{013}4 can be seen in addition to primary reflections
from B phase. These spots can be identified to be « phase in
Fig. 4(a). On the other hand, the « phase can not be detected
in the specimens annealed at 873 and 973 K as shown in
Figs. 4(b) and (c). These results of TEM observation are well
consistent with the XRD measurement.

Figure 5 shows dark field TEM micrographs and the
corresponding SADP of the specimens annealed at (a) 823 K,
(b) 873K and (¢c) 973K. All SADPs were obtained
from [110]4 zone axis. In all SADPs, diffuse scattering at
1/3{112}4 positions corresponding to the w phase can be
seen in addition to the primary reflections from g matrix. The
spot indicated by a circle in each SADP was used to take the
corresponding dark field micrograph. Dispersion of very fine
w particles with a dimension of 3 nm was observed in all dark
field micrographs. It is clear that the density and size of the @
phase do not depend on annealing temperature. The w phase
is athermal one formed during quenching, since the thermal @
phase is formed by aging below 698 K in Ti-Nb alloys.'”

The grain size was measured using SEM micrographs and
it is plotted against the annealing temperature in Fig. 6. The
grain size was measured by a linear intercept method. Based
on the TEM observation, the subgrain size of the specimen
annealed at 823 K, about 1.5 um, was also plotted. The grain
size increases with increasing annealing temperature to
40um at 1173 K.

3.2 Effect of annealing temperature on shape memory
properties

Figure 7 shows stress—strain curves of the specimens
annealed at temperatures between 773 and 1173 K. The
tensile tests were carried out at room temperature. The
specimens annealed at temperatures between 823 and 1173 K
exhibit a two-stage yielding. The first stage yielding
indicated by a black-headed arrow corresponds to the
deformation of the stress-induced martensitic transformation
because the M; of these specimens is below room temper-
ature as shown in the XRD measurement, SEM and TEM
observation. The second stage yielding indicated by a white-
headed arrow corresponds to the starting point of plastic
deformation. The specimens annealed at 773 K exhibits a
single-stage yield. Therefore, this specimen starts plastic
deformation prior to the stress induced martensitic trans-
formation. The fracture stresses and fracture strains were
evaluated using the stress—strain curves of all the specimens,
and they are plotted against annealing temperature in Fig. 8.
The fracture stress decreases from 720 to 420 MPa with
increasing annealing temperature from 773 to 873K, and
then exhibits similar values in the specimens annealed at
temperatures between 873 and 1173 K. On the other hand, the
fracture strain increases with increasing annealing temper-
ature from 7 to 29% due to the recovery and recrystallization.

In order to determine the martensitic transformation
temperature, tensile tests were carried out at various temper-
atures. Figure 9 shows a series of stress—strain curves
obtained at various temperatures for the specimens annealed
at 873 K. All the specimens were deformed to a strain of 2.5%
followed by unloading. All the specimens were heated up to
500K (above the reverse martensitic transformation finish
temperature; Ay) after unloading: lines with an arrow indicate
the shape recovery by heating. The yield point, indicated by a
larger arrow, is determined at the intersection of the stress—
strain curve and a line parallel to the initial elastic portion of
the stress—strain curve but offset by 0.2% from the origin as
shown in Fig. 9. The shape memory effect was mainly
observed for the specimens deformed at temperatures
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Fig. 4 TEM bright field micrographs and the corresponding diffraction patterns in the specimens annealed at (a) 823K, (b) 873 K and

(c) 973 K, (d) being a key diagram of the diffraction pattern.

between 173 and 233 K. The residual strain after unloading
was recovered by heating. The superelastic behavior was
mainly observed for the specimens deformed at temperatures
between 253 and 313 K. However, the superelastic strain
upon unloading decreases with increasing test temperature
above 298 K. The yield stress for each curve was plotted as a
function of test temperature in Fig. 10. The results of other
specimens annealed at various temperatures were also plotted
in this figure. The yield stress in all specimens decreases with
increasing test temperature to the minimum, and increases
with further increasing test temperature. In general, the
temperature exhibiting the minimum yield stress is taken as
the martensitic transformation start temperature (M;); e.g.,
M of the specimen annealed at 873K is determined to be
233 K. As shown in this figure, the M in all specimens were
determined to be between 213 and 233K irrespective of
annealing temperature. According to these experimental
results, it is confirmed that the M temperature is less affected
by annealing temperature between 873 and 1173 K.

Figure 11 shows stress—strain curves of a specimen
annealed at 873 K. Each stress—strain curve and recovery
strain was obtained at room temperature by a loading and
unloading cycle followed by heating: the strain recovery by

heating being indicated by a broken arrow. The similar
measurement was repeated by increasing the maximum strain
by 0.5% upon loading in the same specimen. In order to
characterize the shape memory behavior of the specimen,
four types of strains are defined as follows; (1) the
permanently remained strain ep after unloading followed by
subsequent heating, (2) the elastic strain &g recovered
elastically upon unloading, (3) the recovered strain er, due
to the reverse transformation, i.e., the summation of the strain
recovered superelastically upon unloading and strain recov-
ered by heating and (4) the total recovered strain &yq
consisting of ey, and eg. Almost complete superelastic
behavior was observed in the first six curves, while the strain
recovery by heating above Ay temperature in addition to the
superelastic strain recovery was observed after the 7th cycle.
The plastic strain increases with increasing applied strain
upon loading. Similar cyclic tensile tests were also carried
out for other specimens.

The eg, err and ety estimated in Fig. 11 were plotted
against the applied stress in Fig. 12. The ep starts to increase
from 422 MPa. The et, and et increase to the maximum
with increasing stress and saturate with further increasing
stress. Generally speaking, the shape memory behavior can
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Fig. 5 TEM dark field images and the corresponding diffraction patterns in the specimens annealed at (a) 823 K, (b) 873 K and (c) 973K,
(d) being a key diagram of the diffraction pattern.
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Fig. 9 Stress—strain curves obtained at various temperatures in the speci-
men annealed at 873 K.

be characterized by the critical stress (o5) for slip, the
maximum total recovery strain (ef') and the maximum
recovery transformation strain (e1**). The oy indicated by a
white-headed arrow is defined in this study as the stress
where 0.5% plastic strain is induced, while the ef3* indicated
by a dashed arrow is the maximum total recovery strain and
the e7 indicated by a black-headed arrow is the maximum
recovery transformation strain as shown in Fig. 12. The oy is
estimated to be about 460 MPa, while the eT5* and T to be
4.9 and 2.8%, respectively.

The o, ey and e™ of the specimens are plotted against
annealing temperature in Fig. 13. As shown in this figure, the
epot and ef®™ are almost constant irrespective of the
annealing temperature. This indicates that the annealing

temperature less affect the transformation strain. However,

400

[m1173K
|01073K
®973K

| 2873K

300

Stress, oc/MPa

100

.

200
Temperature, 7/K

050 250 300 350 400

Fig. 10 Test temperature dependence of critical yield stress in the
specimens annealed at temperatures between 773 and 1173 K.
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Fig. 11 Stress—strain curves obtained by cyclic loading-unloading tensile

tests in the specimens annealed at 873 K.

the oy decreases with increasing annealing temperature from
560 MPa at 823K to 315MPa at 1173 K.

In order to apply Ti-based alloys to medical uses, the
stability of superelasticity near body temperature is impor-
tant. Cyclic tensile tests were carried out at room temper-
ature. The specimens were elongated up to 2.5% strain
followed by unloading at each cycle. The results for the
specimens annealed at (a) 823 K, (b) 873 K and (c¢) 973 K are
shown in Fig. 14. All the specimens show an excellent
superelasticity. In particular the specimen annealed at 823 K
exhibits superior superelastic behavior with a narrow stress
hysteresis as shown in Fig. 14(a). Although the first curve
exhibits incomplete superelastic recovery with a plastic strain
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of 0.2%, the curves after the 2nd cycle exhibit almost
complete superelastic recovery. The yield stress indicated by
an arrow decreases from 295MPa at the first cycle to
270 MPa at the third cycle, then it becomes almost constant
irrespective of increasing cyclic number. It is clear that this
yield stress is higher than those of the specimens annealed at
873 and 973 K. This is caused by the increase in the stress for
inducing martensites due to the presence of « phase and fine
subgrain structure for the specimen annealed at 823 K as
shown in Figs. 3 and 4.
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Fig. 14 Stress—strain curves obtained by repeated loading to the maximum
strain of 2.5% followed by unloading at room temperature in the
specimens annealed at (a) 823 K, (b) 873 K and (c) 973 K.

3.3 Relation between microstructure and shape memo-
ry properties

The change of microstructure with increasing annealing
temperature for the Ti—22Nb-6Zr alloy is summarized as
follows. (1) The specimens annealed above 873 K exhibited
the fully recrystallized structure while the specimen annealed
at 823 K exhibited the fine subgrain structure. The grain size
increased with increasing annealing temperature. (2) The
texture changed from the {100}(110) deformation texture to
the {112}(110) recrystallization texture with increasing
annealing temperature. It is noted that the rolling direction
is parallel to (110) crystal directions in both textures. Thus, it
is supposed that the effect of the texture change on
mechanical properties is small in this study because the
tensile direction is parallel to the rolling direction in all
specimens. (3) The « precipitates were observed in the
specimens annealed at 773 and 823 K while they were
dissolved in the specimens annealed above 823 K. As shown
in Fig. 5, the fine athermal o phase formed by quenching was
observed in all specimens, indicating that the athermal w
phase is not related to the change of shape memory
properties.

As mentioned above, the critical stress for slip (oy)
decreased with increasing annealing temperature. The speci-
men annealed at 823 K exhibited very high oy of 560 MPa,
due to the o precipitates and fine subgrain structure. The
drastic decrease in oy with increasing annealing temperature
from 823 to 873K is due to the recrystallization and
dissolution of « precipitates. On the other hand, it is
supposed that the decrease in o between 873K and 1173 is



512 J. I. Kim, H. Y. Kim, T. Inamura, H. Hosoda and S. Miyazaki

(o)
(=
(=]

~l
(=
(=]

N

D
S
(=]

(®

N
=4
(=]

Critical stress for slip, o /MPa
(98 W
g 8

3}
=
S

—_

- L
0.8
-172

PR R
0.6
2 um

L | L L | L
0.2 0.4
Grain size, d

(=)

Fig. 15 Critical stress for slip (o) as a function of grain size (d~'/?) in the
Ti—22Nb-6Zr(at%) alloy.

originated from the increase in grain size. Generally speak-
ing, the Hall-Petch relationship,?’2" has been applied to
polycrystalline aggregates to explain the relationship be-
tween yield stress o, and grain size d.

oy =00+ kyd™'? (M

where oy is a lattice friction stress and k, is the slope of the
Hall-Petch relationship. The Hall-Petch slope k, depends on
the resistance of grain boundaries to dislocation motion
across the boundaries. It is expected that this relationship can
be also applied to the relationship between the critical stress
for slip and grain size in shape memory alloys. The critical
stress for slip (o) is plotted against grain size (d~'/?) in
Fig. 15. The grain size of the closed circle in parentheses is
an average diameter of subgrains estimated in TEM micro-
graphs. It is seen that the Hall-Petch relationship qualita-
tively holds between the critical stress for slip and grain size.
The Hall-Petch slop in this study is estimated at about
0.4 MN/m>?. Further research is required to determine the
oy and k, precisely. It has been reported in literature that the
value of ky is 0.25 MN/m*/? in a o-Ti*? and 0.37 MN/m*/? in
a Ti-15.2at%Mo alloy,? respectively, suggesting that the
value of 0.4 MN/m?*? in the Ti-22Nb-Zr alloy is consid-
erably reasonable. Up to date, the quantitative researches on
the effect of grain size on shape memory properties have
hardly been reported. This present study revealed that grain
refinement is a very effective method in order to improve the
shape memory and mechanical properties in S-type Ti-based
alloys.

4. Summary

The specimen annealed at 823 K for 3.6 ks exhibited a fine
subgrain structure. A bimodal grain structure with a fine
subgrain and recrystallized grain was observed in the
specimen annealed at 873K for 3.6ks, while a fully

recrystallized structure was observed in the specimens
annealed above 873 K. The grain size increased with
increasing annealing temperature. The annealing temperature
slightly affected the transformation temperature and recovery
strain. However, the critical stress for slip decreased consid-
erably with increasing annealing temperature, because the
grain size increased with increasing annealing temperature.
The specimen annealed at 823 K exhibited excellent super-
elasticity due to fine subgrains and « precipitates. The Hall—-
Pecth relationship holds between the critical stress for slip
and grain size in the Ti-22Nb—6Zr(at%).
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