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Abstract

Shape memory and superelastic properties associated with the martensitic transformation from f to o” martensite were investigated in
Ti—~(15-35) at.% Nb alloys. The transformation strain and transformation temperature linearly decreased with increasing Nb content.
The low critical stress for slip deformation resulted in only a small superelastic strain in solution-treated Ti-Nb binary alloys. Fine
and dense o precipitates formed during aging in the temperature range between 573 and 673 K were effective in increasing the critical
stress for slip deformation in a Ti-26 at.% Nb alloy. An intermediate-temperature annealing at 873 K for 600 s without solution treat-
ment was also effective in increasing the critical stress for slip deformation due to the fine subgrain structure. The higher critical stress for
slip deformation resulted in a larger recovery strain and stable superelasticity. Excellent superelasticity was achieved by annealing at
873 K for 600 s followed by aging at 573 K due to the combined effect of work hardening and age hardening.
© 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Ti-Ni shape memory alloys have been successfully
applied as biomedical materials, such as orthodontic arch
wires, bone plates and stents, owing to their superior shape
memory properties, superelasticity and corrosion resis-
tance. Recently, the issues of the hypersensitivity and tox-
icity of Ni have stimulated the development of Ni-free
shape memory alloys. Continuing research and develop-
mental efforts have shown that B-type Ti-based alloys are
promising materials for biomedical shape memory and
superelastic alloys [1-7].

Ti-based alloys have been widely used as biomaterials
due to their high corrosion resistance, good biocompatibil-
ity, high strength and low elastic modulus. The B-type Ti
alloys also exhibit a martensitic transformation from f (dis-
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ordered body-centered cubic) to orthorhombic (o”) mar-
tensite above a critical alloying content. It was first
reported by Baker [8] that a change of o” to B resulted in a
shape memory effect in Ti-35 wt.% Nb (Ti-21.7 at.% Nb)
alloy. Although he reported that aging of short durations
at 573-773 K improved shape recovery due to the precipita-
tion of ® phase, he did not demonstrate superelasticity. Fur-
thermore, microstrcutural observation and quantitative
analysis of the relationship between shape memory proper-
ties and o phase have not been conducted. The shape mem-
ory effect has also been observed in Ti—-10V-2Fe-3Al (wt.%)
[1], Ti-15.4V—4Al (wt.%) [9] and Ti-Mo—Al alloys [10] with
recoverable strains in the range 3.0-4.0%. It is noted that
these alloys do not exhibit superelasticity at room tempera-
ture. Recently it has been reported that superelasticity can
be obtained in Ti-Nb- and Ti-Mo-based multinary alloys
such as fB-Cez (Ti-4Mo—4.4Zr—4.9A1-2Sn-2Cr-1Fe
(wt.%)) [2], Ti-Nb-Sn [3], Ti~(8-10)Mo-4Nb-2V-3Al
(wt.%) [5], Ti-Nb-Al [6], Ti-Mo-Ga [7], Ti-Nb-Zr [11],
Ti-Nb-O [12] and Ti-Nb-Ta [13] alloys.
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Superelasticity has also been observed in Ti-Nb binary
alloys at room temperature, although the recovery strain
is small due to the low critical stress for slip deformation
[14]. In order to improve the superelasticity of binary Ti-
Nb alloys, it is necessary to increase the critical stress for
slip deformation. Two different approaches are suggested
in this study. One is an aging treatment after the solution
treatment, using the precipitation hardening effect due to
the fine ® phase. The w phase in Ti-based alloys has been
studied extensively because of its deleterious effects on
mechanical properties. The ® phase is a metastable phase
existing in Ti- and Zr-based alloys containing f-stabilizing
elements. The o phase can even be formed by quenching
from a high temperature, when it is known as athermal ®
phase. Another type of ® phase can also be formed by
aging at a low or intermediate temperature, this being
called thermal o phase. It is generally acknowledged that
the thermal  phase leads to a severe loss of ductility and
an increase in hardness. Although some reports have been
published on the ® phase in Ti-Nb binary alloys, no
detailed study has reported on the effect of @ phase on
shape memory and superelastic properties. The other
method suggested for increasing the critical stress for slip
deformation in Ti-Nb binary alloys is intermediate-tem-
perature annealing rather than solution treatment after
cold rolling, making use of the work hardening effect.

The superelastic strain is determined by the lattice defor-
mation creating a martensite lattice from a parent lattice.
Therefore, it is very important to investigate the lattice con-
stants of the parent and martensite phases in Ti-Nb-based
alloys in order to develop superelastic alloys with a larger
recovery strain. However, the reported lattice constants
of the o martensite and P parent phases show a broad
scatter [15-19].

In this study, the effect of Nb content on the transfor-
mation strain was investigated by measuring the lattice
constants of the parent and martensite phases in Ti—(15—
35) at.% Nb alloys. The effect of aging temperature and
time on the formation of ® phase in a solution-treated
Ti-26 at.% Nb alloy was investigated using transmission
electron microscopy (TEM). The effect of ® phase on the
mechanical properties and shape memory and superelastic
behavior was investigated using tensile tests. The effect of
intermediate-temperature annealing on the microstructure
and superelastic behavior was also investigated.

2. Experimental

The Ti—(15-35) at.% Nb alloys were prepared using the
Ar arc melting method. The ingots were sealed in a vacuum
in a quartz tube and homogenized at 1273 K for 7.2 ks,
4and then cold-rolled with a reduction in thickness of
99%. Specimens for X-ray diffraction (XRD) measure-
ments, mechanical tests and TEM observation were cut
using an electro-discharge machine. The damaged surface
was removed by mechanical polishing and chemical etch-
ing. The specimens were cleaned with ethanol, wrapped

in Ti foils and encapsulated in quartz tubes under a 25 Torr
partial pressure of high-purity Ar, and then solution trea-
ted at 1173 K for 1.8 ks. The specimens were quenched into
water by breaking the quartz tubes. After the solution
treatment, some specimens were aged at temperatures of
between 473 and 873 K. Some cold-rolled specimens were
annealed at 873 K for 0.6 ks without solution treatment,
followed by aging at 573 K for 3.6 ks.

XRD measurements were conducted at room tempera-
ture with Cu Ka radiation. Tensile tests were carried out
at a strain rate of 1.67 x 10™*s~! at various temperatures.
The gage length of specimens was 20 mm. Specimens for
TEM observation were prepared by a conventional
twin-jet polishing technique. TEM observations were con-
ducted using a JEOL2010F instrument operated at
200 kV.

3. Results and discussion

3.1. Lattice constants of f and martensite phases in Ti—-Nb
alloys

A schematic of the crystal structures of the B austenite
phase and o” orthorhombic martensite phase is shown in
Fig. 1. The lattice correspondence between B and o phases
can be expressed as follows:

| 1
[100],-[100],,, [01 O]B_§ 011],, [00 I]B—5 011],,
alternatively
[100],,~[100];, [010],~[011];, [00 1,01 1,

The lattice constants of the f and o phases were measured
at room temperature in Ti—(15-35) at.% Nb alloys and they
are plotted as a function of Nb content in Fig. 2. It is seen
from Fig. 2(a) that the lattice constant ¢, of the B phase
slightly increases by 0.013x107*nm/1 at.% Nb in the
Ti—(22-35) at.% Nb alloys. The Nb content dependence
of @', b’ and ¢’ of the o” orthorhombic martensite phase

B phase

o" martensite phase

Fig. 1. A schematic illustration exhibiting lattice correspondence between
B and o phases.
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Fig. 2. Nb content dependence of the lattice constants of the  and o” phases.

is shown in Fig. 2(b)—(d), respectively. The lattice constants
of the o” phase change linearly in the Ti—(15-24) at.% Nb
alloys: a' increases by 1.364 x 107° nm and b’ decreases
by 1.546x 107> nm with a 1 at.% increase of Nb. The
change of ¢’ is small compared with those of a’ and &/,
i.e. —0.238 x 10 nm/1 at.% Nb.

The lattice deformation strains (7, 7, and #3) needed to
form the o” phase from the B phase along the three princi-
pal axes of [100],~, [010],» and [001],» were calculated and
they are plotted as a function of Nb content in Fig. 3 for
the Ti—~(15-24) at.% Nb alloys. The lattice constant of the
B phase for the Ti~(15-20) at.% Nb alloys was determined
by extrapolation using the linear dependence of lattice con-
stant on Nb content as shown in Fig. 2. Fig. 3 reveals that
two principal lattice strains (n; and #,) of the martensitic
transformation are approximately equal and opposite in
sign, and their absolute values decrease with increasing
Nb content for the Ti—(15-24) at.% Nb alloys. Lattice
strain 53 is small compared with #; and #,, ranging from
—0.24% to 0.30%.

The transformation strain due to the martensitic trans-
formation from the P to o” phase was calculated using
the lattice constants of the parent § phase (ap) and those
of the orthorhombic o martensite phase (a’, »’, ¢’). The
lattice distortion matrix T with respect to the coordinates
of the parent  phase can be expressed as follows:
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Fig. 3. Nb content dependence of the lattice deformation strains needed to
form the o from the B phase along the three principal axes of the o
phase.
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If we assume that a given vector x in the coordinates of the
parent phase is transformed to x’ due to the martensitic
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transformation, the maximum transformation strain &},
along each orientation can be calculated as follows:

: (2)

where x’ = Tx. For example, the calculated result of the
transformation strain &), for the Ti-22 at.% Nb alloy is
shown in Fig. 4. &, is expressed by contour lines for each
orientation in a [001]-[011]-[111] standard stereographic
triangle. The maximum transformation strain of 4.2%
was obtained along the [0 1 1] direction. The transformation
strain decreases with changing direction from the [011] to-
ward the [001] and [111] directions. The transformation
strains along the [001]and [1 1 1] directions were calculated
to be 2.1 and 1.5%, respectively. This indicates that the
maximum transformation strain can be obtained when
the loading axis is parallel to the [01 1] direction. The aver-
age transformation strain &, for a polycrystal with ran-
domly distributed grains was estimated by a simple
approximation of averaging &}, for 36 representative orien-
tations located in the [001}-[011]-[111] standard stereo-
graphic triangle. The maximum transformation strain, i.e.
the transformation strain along the [011] direction, and
the average transformation strain gy are plotted as a func-
tion of Nb content in Fig. 5(a). The maximum transforma-
tion strain sﬁl 'l decreases with increasing Nb content and
can be expressed by the following equation:

oM (%) = 11.7 — 0.34 x Crp(at.%), (3)

where Cyp (at.%) is the Nb content. This means that a lar-
ger shape recovery strain can be obtained in an alloy with a
lower Nb content. The martensitic transformation start
temperature M; also decreases with increasing Nb content
as shown in Fig. 5(b) [8,14,20,21]. M, decreases by 40 K
with a 1 at.% increase of Nb content for Ti—(20-28) at.%
Nb alloys. M becomes lower than room temperature when
the Nb content increases more than 25.5 at.%.

Fig. 6 shows a series of stress—strain curves obtained at
various temperatures for the Ti—(26-28) at.% Nb alloys

X Ix
NMTTN

[111]
(1.5%)

-14.1%
[001] [011]
(2.1%) (4.2%)

Fig. 4. Orientation dependence of the calculated transformation strain
associated with the martensitic transformation from the B to o phase in
the Ti-22 at.% Nb alloy.
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Fig. 6. Stress—strain curves obtained upon loading and unloading at
various temperatures for the Ti—(26-28) at.% Nb alloys.

after solution treatment at 1173 K for 1.8 ks. The tensile
stress was applied until the strain reached about 2.5%,
and then the stress was removed. After unloading, speci-
mens that did not exhibit complete superelastic recovery
were heated to about 500 K: broken lines with an arrow
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indicate shape recovery by heating. The shape memory
effect was observed for the Ti-26 at.% Nb alloy deformed
at temperatures between 193 and 273 K. The residual strain
after unloading was completely recovered by heating to
about 500 K. Superelastic behavior was observed at
293 K, although the shape recovery was incomplete. For
the Ti-—27 at.% Nb alloy, incomplete superelastic behavior
was also observed at temperatures between 193 and
293 K. The residual strain was recovered by heating. This
indicates that the finish temperature of the reverse transfor-
mation (A4y) is higher than 293 K for the Ti-27 at.% Nb
alloy. The Ti-28 at.% Nb alloy exhibited excellent super-
elastic behavior at 193 K. The residual strain increased
with increasing temperature. Shape recovery was hardly
observed when the test temperature was higher than
273 K. The critical stress to induce the martensitic transfor-
mation increased with increasing temperature, while the
critical stress for slip decreased with increasing tempera-
ture. Slip occurs if the critical stress level for slip becomes
lower than the stress to induce the martensite. Thus, the
strain by slip deformation increased with increasing tem-
perature, causing the recoverable strain to decrease. As a
result, it is concluded that the low critical stress for slip
deformation caused the superelasticity not to reveal a large
strain in the solution-treated binary Ti-Nb alloys.

3.2. Effect of aging treatment on tensile property and
microstructure

Fig. 7 shows stress—strain curves of Ti-26 at.% Nb spec-
imens aged at temperatures between 473 and 873 K for
3.6 ks after solution treatment. The stress—strain curve of
a specimen solution treated at 1173 K for 1.8 ks is also
shown for reference. All specimens exhibited a two-stage
yielding. The first yielding is due to the induction of mar-

600
______ 573K
500 [ :
. 673K
400 . _4T3K
< Cor” e s
= S = 873K
~ ,,' T
o 300 [ t S
2 ‘
2 4
A 200 F Py
w2
T sl
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1 1 | 1 1 1 1 1 L 1
0 2 4 6 8 10

Strain, & (%)

Fig. 7. Stress-strain curves of a solution-treated specimen (ST) and
specimens aged at various temperatures between 473 and 873 K for 3.6 ks
for the Ti-26 at.% Nb alloy.

tensite upon loading rather than the rearrangement of mar-
tensite variants, because the Ti—26 at.% Nb alloy is B single
phase at room temperature [14]. The critical stress for the
first yielding and fracture strain did not change signifi-
cantly. In contrast, the ultimate tensile strength (UTS)
increased with increasing aging temperature reaching a
maximum at 573 K; the UTS then decreased on further
increasing the aging temperature to 873 K. The specimen
heat treated at 873 K exhibited no age hardening, i.e. the
UTS is the same as that of the solution-treated specimen.

Fig. 8(a) shows a dark-field TEM image and the corre-
sponding selected-area diffraction pattern of the solution-
treated Ti-26 at.% Nb alloy. The selected-area diffraction
pattern was obtained from the [110]g zone axis. In addition
to the primary reflections from the f matrix, diffuse scatter-
ing at 1/3 {112} positions corresponding to the athermal ®
phase is visible in the selected-area diffraction pattern of
the solution-treated specimen. A circle in the diffraction
pattern indicates the spot of ® phase which was used to
obtain the dark-field micrograph. A dispersion of very fine
o particles with a dimension of 3 nm was observed in the
dark-field TEM image taken from the solution-treated
specimen. The athermal ® phase in Ti-Nb binary alloys
with compositions between 14 and 50 at.% Nb has been
also observed in previous studies [15,19,22,23].

After aging at 473 K for 3.6 ks, the reflections from the
® phase became discrete spots and the size and volume
fraction of the ® particles increased slightly as shown in
the dark-field image if compared with the solution-treated
specimen. With increasing aging temperature, the intensity
of the o diffraction spot increased. In the specimen aged at
573 K for 3.6 ks, the volume fraction of ® phase markedly
increased, which is consistent with the strong o reflections
in the diffraction pattern. This indicates that the substantial
increase of tensile strength after aging at 573 K is due to the
growth of the thermal o phase, instead of o phase. How-
ever, further increasing the aging temperature above
673 K resulted in a decrease of the volume fraction of ®
phase. This is also consistent with the fact that the tensile
strength decreased on further increasing the aging temper-
ature from 673 to 873 K.

Fig. 9 shows the dark-field TEM images obtained from
the specimens aged at 573 and 673 K for 36 ks. Aging at
573 K for 36 ks caused an increase in the size of the o par-
ticles, as can be seen by comparing the o particle size in
Figs. 9(a) and 8(c). When the specimen was aged at
673 K for 36 ks, the coarsening of the ® particles can be
seen more clearly. The average length of the ® particles
increased up to 40 nm after aging at 673 K for 36 ks.

In order to investigate the orientation relationship
between [ phase and ® phase, a high-resolution TEM
(HRTEM) study was carried out. Fig. 10(a) shows an
example of a HRTEM image obtained from the specimen
aged at 673 K for 36 ks. The incident beam was along the
[110] direction of the B matrix. The corresponding fast
Fourier transformation (FFT) diffraction pattern is also
shown in Fig. 10(a). It is found that the FFT diffraction
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Fig. 8. Dark field TEM micrographs and the corresponding selected area diffraction patterns of (a) the solution treated Ti-26 at.% Nb alloy and

specimens aged at (b) 473 K, (c) 573 K, (d) 673 K and (e) 873 K for 3.6 ks.

pattern is almost the same as the selected-area diffraction
pattern shown in Fig. 9(b). Two different variants of ®
phase can be seen in Fig. 10(a). It can be also seen that
the ellipsoidal o phase is elongated along one of the
(111) directions of the B phase. Fig. 10(b) shows a higher
magnification HRTEM image. The lattice spacing of
0.23 nm corresponding to the {110} planes of the B phase
is visible at the upper part. The FFT diffraction pattern
obtained from the w phase in Fig. 10(b) indicates that
the incident beam is parallel to [1210] of the » phase. The
lattice spacings of 0.28 and 0.40 nm correspond to the
(0001) and (1010) planes of the w phase, respectively. It
is confirmed that the interface between the  phase and ®
phase is coherent. It is seen that the ® phase has an orien-
tation relationship with the B phase: [0001],// [TII]B,
(1011],//[110]; and [1210],//[110];. This is consistent
with the well-established orientation relationship between

o and B, i.e. {0001},//{111}g and [1120],//[110]4, in
Ti- and Zr-based alloys. Fig. 10(b) also indicates the
following relationship: d( o010 = 3d(222)8 = \/§a[3/2. This
confirms that the ® phase was formed by collapsing of
two among three of the {111} planes of the B phase into
one plane at an intermediate position, retaining the third
(111) plane as a single layer, as suggested by de Fontaine
[24].

3.3. Effect of isothermal o phase on shape memory and
superelastic behavior

In order to elucidate the effect of @ phase on shape mem-
ory and/or superelastic behavior, cyclic tensile tests were
carried out at room temperature. Fig. 11 shows the
stress—strain curves for a specimen subjected to solution
treatment and specimens subjected to aging treatment at
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Fig. 9. Dark field TEM micrographs and the corresponding selected area
diffraction patterns of the specimens aged at (a) 573 K and (b) 673 K for
36 ks.

673 K after the solution treatment. At the first cycle, tensile
stress was applied until the strain reached about 1.5%, and
then the stress was removed. The measurement was
repeated by increasing the maximum strain by 0.5% upon
loading for the same specimen. After unloading, the speci-
mens that did not complete superelastic recovery were
heated to about 500 K. The starting points of the stress—
strain curves are shifted in order to separate each curve.
Superelastic behavior was observed in the solution-treated
specimen at the first cycle. With increasing tensile strain,
the superelastic behavior became incomplete. The residual
strains were almost completely recovered by heating at the
second and third cycles. In order to characterize the shape
memory behavior of the specimen, four types of strains are
defined as follows: (1) the elastic strain ¢ recovered elasti-
cally upon unloading, (2) the recovered strain ¢, due to the
reverse transformation (which is equal to the sum of the
transformation strain recovered superelastically upon
unloading (&) and the strain recovered by heating (&),
(3) the total recovered strain ¢, consisting of & and ¢, and
(4) the permanently retained strain ¢, after unloading fol-
lowed by the subsequent heating.

The magnitudes of ¢, and ¢, are plotted as a function of
tensile strain in Fig. 12(a). Almost perfect recovery was
exhibited up to about 2.5% tensile strain for the solution-
treated specimen. The data points deviate from the diago-

nal line beyond 2.5% strain. The residual permanent strain
indicated by the deviation from the diagonal line increased
with increasing tensile strain. &, increased up to approxi-
mately 2.2% with increasing tensile strain. The specimen
aged at 673 K for 3.6 ks exhibited almost perfect shape
recovery up to about 4% tensile strain. It is important to
note that the aged specimens revealed almost perfect super-
elasticity until the fourth cycle as shown in Fig. 11. When
the specimen was unloaded after deforming up to 3%
strain, only 0.3% of strain remained for both specimens
aged at 673 K for 3.6 and 36 ks. The superelastically recov-
ered strain increased up to about 3%, although ¢, increased
with increasing cycle. The maximum ¢ of 4.2% and maxi-
mum ¢, of 2.8% were obtained for the specimen aged at
673 K for 3.6 ks as can be seen in Fig. 12. It is noted that
the maximum ¢, of 2.8% obtained by the cyclic tensile test
for the Ti-26 at.% Nb aged at 673 K for 3.6 ks is quite
close to the transformation strain along [011] estimated
from Eq. (3). It is supposed that this is due to the recrystal-
lization texture developed during the solution treatment. It
has been reported that a strong recrystallization texture of
{112} (110) is developed in B-Ti-based alloys such as Ti—
22Nb—-6Ta [25] and Ti-22Nb-3Al [26] solution treated in
the temperature range between 1173 and 1273 K after
severe cold-rolling.

For the specimen aged for 36 ks, it is obvious that the
critical stress for the first yielding increased when com-
pared with the solution-treated specimen. This means that
the stress for inducing martensite increased with an
increasing amount of ® phase, and this resulted in a
decrease in the maximum recovered strain of the specimen
aged at 673 K for 36 ks. It is well known that the ® phase
is Ti-rich [27], although the exact composition of @ phase
is difficult to determine. This implies that the increase in
the amount of ® phase increases the Nb content of the
matrix, resulting in a decrease of the martensitic transfor-
mation temperature. The dispersed ® particles mechani-
cally suppress the martensitic transformation, also
causing the transformation temperature to decrease. As
a result, it is reasonable that the stress for inducing mar-
tensite increased with an increasing amount of ® phase.
Stable superelasticity was observed even though the max-
imum stress reached 460 MPa upon loading in the
specimen.

The total recovered strain and retained plastic strain are
plotted as a function of applied stress in Fig. 12(b). In gen-
eral, the stability of shape memory and superelastic behav-
ior is evaluated by the critical stress for slip deformation
(6¢). This is defined as a stress inducing 0.5% plastic strain
in this study. o; was determined as 400 MPa for the solu-
tion-treated specimen. ¢, increased with increasing aging
time. For the specimen aged at 673 K for 36 ks, o reached
550 MPa, which resulted in stable superelasticity. This sug-
gests that the stable superelasticity and larger recovery
strain were due to the decrease in the transformation tem-
peratures and the increase in the critical stress for plastic
deformation in the aged specimens.
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Fig. 10. (a) A high resolution TEM micrograph and the corresponding FFT diffraction pattern obtained from the specimen aged at 673 K for 36 ks; (b) a
higher magnification HRTEM micrograph and the corresponding FFT diffraction pattern.

Fig. 13 shows the stress—strain curves obtained by strain
increment cyclic tensile tests for the specimens subjected to
aging treatment at 573 K. The specimen aged at 573 K for
3.6 ks exhibited almost perfect superelasticity at the first
and second cycles. The superelastically recovered strain
increased with increasing applied strain although the
retained plastic strain increased. For the specimen aged
at 573 K for 36 ks, it is obvious that the critical stress for
the first yielding, which corresponds to the stress for induc-
ing martensite, increased and the superelasticity was stabi-
lized when compared with the specimen aged at 573 K for
3.6 ks. The maximum superelastic strain of 2.9% was
obtained by aging at 573 K for 36 ks. It is also noted that
stable superelasticity was observed even though the maxi-
mum stress reached 520 MPa upon loading in the speci-
men. The critical stress for the first yielding and the
maximum stress reached at each cycle are higher when
compared with the specimen aged at 673 K for 36 ks as
can be seen by comparing with the results in Fig. 11. This
seems reasonable because the high-density fine o precipi-
tates are more effective for increasing the stresses inducing
the martensitic transformation and plastic deformation.
This can easily be confirmed by the TEM images in
Fig. 9. The o phase precipitated with a very high density

with a size of about 15 nm in the specimen aged at 573 K
for 36 ks. In contrast, when the aging is conducted at
673 K for 36 ks, the precipitates are larger and the density
is lower. It has also been reported by Kim and Miyazaki
[28] that fine and dense TizNi, precipitates (<10 nm) act
as effective obstacles such as pinning points against the
movement of dislocations in Ni-rich Ti—Ni alloys. They
also suggested that the shape memory behavior of Ni-rich
Ti—Ni alloys can be improved by increasing the density of
nanoscaled Ti;Niy precipitates which are formed by aging
at low temperatures ranging between 473 and 573 K. It is
generally accepted that the o phase results in high hardness
and brittleness; thus the aging treatment for precipitation
of the ® phase is avoided in Ti-based alloys. However, in
this study, it is suggested that the fine ® precipitates are
effective in improving the shape memory and superelastic
properties by increasing the critical stress for plastic
deformation.

3.4. Effect of annealing temperature on shape memory and
superelastic behavior

In order to investigate the effect of annealing conditions
on shape memory and superelastic behavior, strain incre-
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Fig. 11. Stress-strain curves obtained from cyclic loading—unloading
tensile tests for the solution treated specimen and the specimens aged at
673 K for 3.6 and 36 ks.

ment cyclic tensile tests were carried out for the specimen
subjected to annealing at 873 K for 0.6 ks (ITA, intermedi-
ate-temperature annealing), and the result is shown in
Fig. 14. Fig. 14 also shows the stress—strain curves for
the specimen annealed at 873 K for 0.6 ks followed by
aging treatment at 573 K for 3.6 ks (ITA + AG). Perfect
superelasticity was obtained at the first cycle in the ITA
specimen. It can be seen that the tensile stress at each cycle
is higher and the stress hysteresis is smaller when compared
with the results for the solution-treated specimen shown in
Fig. 11. Fig. 15(a) shows a bright-field TEM image reveal-
ing a recovered microstructure with fine subgrains consist-
ing of a high density of thermally rearranged dislocations
in the specimen annealed at 873 K. It is noted that fine w
particles with a dimension of 3 nm were also observed in
the dark-field TEM image (Fig. 15(b)). This suggests that
fine subgrains and a high density of thermally rearranged
dislocations stabilized the superelasticity for the specimen
heat treated at 873 K. Furthermore, it can be seen that
the ITA + AG specimen exhibited excellent superelasticity.
Perfect superelasticity was observed until the fourth cycle.
Superelastic behavior can be obtained even though the
maximum stress reached 660 MPa upon loading in the
ITA + AG specimen. It is also noted that the ITA + AG
specimen exhibited more stable superelasticity when com-
pared with the solution-treated + AG specimen shown in
Fig. 13, due to the combined effect of work hardening
and age hardening.
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Fig. 12. Total recovered strain (¢;), transformation strain (g,) and plastic
strain (g,) obtained by cyclic loading—unloading tensile tests as shown in
Fig. 11. (a) & and &, as a function of tensile strain; (b) & and ¢, as a
function of maximum applied stress of each cycle.

The magnitudes of the retained plastic strain and the
superelastic strain including elastic strain were measured
at each cycle in Fig. 14, and they are plotted as a function
of applied stress at each cycle in Fig. 16. The data for the
solution-treated specimen are also plotted for comparison.
It can be seen that g, of the solution-treated specimen
increased from 400 to 490 MPa on aging at 573 K for
3.6 ks. It can be seen that the ITA specimen revealed a
higher o, when compared with the solution-treated speci-
men. o of the ITA specimen further increased on aging
at 573 K for 3.6 ks, which resulted in a larger superelastic
strain for the ITA + AG specimen. Fig. 16 reveals that
the maximum superelastic strain of 3.3% was obtained in
the ITA + AG specimen.
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Fig. 13. Stress—strain curves obtained by cyclic loading—unloading tensile
tests for the specimens aged at 573 K for 3.6 and 36 ks.

600 I~ 873K/0.6ks (ITA)

400
L 200 /
=
= 0 A A L3 K
b ' \ o o
2 873K/0.6ks+573K/3.6ks (ITA+AG)
2 600
w2

400 F

200 F

0

(I

Strain, £(%) "y
0

Fig. 14. Stress-strain curves obtained by cyclic loading—unloading tensile
tests for the specimen annealed at 873 K for 0.6 ks (ITA) and the specimen
aged at 573 K for 3.6 ks after annealing treatment (ITA + AG).

In order to investigate the stability of the superelasticity
of the ITA + AG specimen, a cyclic tensile test was carried
out by elongating the tensile specimen up to 2.5% strain
followed by unloading. The results are shown in Fig. 17.
The ITA + AG specimen exhibited almost perfect super-
elastic behavior from the first cycle. The apparent yield
stress indicated by an arrow, which is the stress for induc-
ing the martensitic transformation, decreased slightly with
increasing cycle number up to the third cycle. However, it
was constant after the third cycle irrespective of increasing
cycle number. This is same tendency observed in Ti—Ni
alloys during cyclic deformation. It has been reported that
the critical stress to induce the martensitic transformation
decreases with increasing cyclic deformation in Ti—Ni
alloys, since the internal stress field formed by the accumu-
lation of dislocations introduced during cyclic loading
assists the formation of the stress-induced martensites

100nm

Fig. 15. (a) A bright-field TEM micrograph and (b) a dark field TEM
micrograph with the corresponding selected area diffraction pattern of the
specimen annealed at 873 K for 0.6 ks.
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Fig. 16. The superelastic strain and the remained plastic strain as a
function of applied stress for the ST, ST + AG, ITA and ITA + AG
specimens.

[29]. After the second cycle, complete superelastic behavior
is observed with a narrow stress hysteresis. As a result, it
can be concluded that excellent superelasticity can be
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Fig. 17. Stress—strain curves obtained by cyclic tensile tests by elongating
a tensile specimen up to 2.5% strain followed by unloading for each cycle
in the ITA + AG specimen.

achieved by annealing at an intermediate temperature
lower than the recrystallization temperature followed by
aging at a lower temperature in binary Ti-Nb alloys.

4. Conclusions

(1) Transformation strains were calculated using the lat-
tice constants and the lattice correspondence between
the B and o” phases. The maximum transformation
strain was obtained along the [01 1] direction of the
B phase. The transformation strain linearly decreased
with increasing Nb content.

(2) Athermal o particles with a dimension of 3 nm were
observed in the solution-treated Ti-26 at.% Nb alloy.
The size and volume fraction of the m phase increased
with increasing aging temperature from 473 to 573 K.
However, further increasing the aging temperature
above 673 K resulted in a decrease of the size and vol-
ume fraction of the o phase. The average length of
the o phase increased to 15 and 40 nm after aging
at 573 and 673 K for 36 ks, respectively.

(3) The  phase coarsened while maintaining an orienta-
tion relationship with the B phase during aging at
temperatures between 473 and 673 K: {0001},//
{111}gand [1120],//[110];. The o phase is of ellip-
soidal shape elongated along each of the (111) direc-
tions of the B phase which is parallel to the [0001]
direction of the @ variant.

(4) The critical stress for slip increased with increasing
size and volume fraction of the ® precipitates. A
higher critical stress for slip resulted in a larger recov-
ery strain and stable superelasticity in the specimens
aged at 673 K. The maximum recovered strain of
4.2% was obtained for the specimen aged at 673 K
for 3.6 ks. The high density of fine precipitates for
the specimen aged at 573 K for 3.6 ks is more effective
in increasing the stress for inducing the martensitic
transformation and the critical stress for plastic
deformation, resulting in good superelasticity.

(5) The intermediate-temperature annealing at 873 K for
0.6 ks formed fine subgrains and a high density of
thermally rearranged dislocations which resulted in

a higher critical stress for permanent deformation.
Excellent superelasticity with a recoverable strain of
3.3% can be obtained even though the maximum
stress reached 660 MPa on intermediate-temperature
annealing followed by aging at 573 K.
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