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Effect of aging on the tensile and superelasticity (SE) behaviors of Ti-9.8Mo-3.9Nb-2V-3.1Al (wt.%) alloy
have been investigated. It is found that the ultimate tensile strength (UTS) and yield strength of aged alloy
change with the aging temperature following a nonlinear relationship due to m-phase and a-phase pre-
cipitates. The SE, especially elastic recovery behavior, is closely related with the morphology of a-phase
precipitates, as well as o-phase formed during aging. At a maximum tensile strain of 4%, the specimen aged
at 673 K with o + a-phase precipitates shows a superelastic recovery strain of 3.2%. Lots of a-phase
precipitates, distributing homogeneously in specimen aged at 773 K, result in the lost of SE. A maximum
recovery strain of 3.3% is obtained for specimens aged at 873 or 973 K for 30 min, with coarse short bar-

like a-phase precipitates.
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1. Introduction

Recently, Ni-free B-type titanium alloys with shape memory
effect (SME) and superelasticity (SE) have attracted attention as
promising functional materials for medical applications (Ref 1).
The Ti-xMo-4Nb-2V-3Al (TMNVA) alloys are newly devel-
oped metastable B-Ti alloys for biomedical application with
Mo-contents (x) in the range of 7.5-11.5 wt.% (Ref 2, 3),
exhibiting SE of about 3% recovery strain after solution
treatment at 1143 K. Zhang (Ref 4) studied the origin of SE of
Ti-xMo-4Nb-2V-3Al alloy and attributes the SE to a new
reversible martensitic phase o”’. The microstructures, phase
transformation, and mechanical properties of the Ti-Mo-based
alloys have been investigated (Ref 5, 6). It is noticed that the
SE of Ti-9.59Mo0-3.98Nb-1.99V-3.13Al alloy has been
improved after solution treated (ST) and flash annealing at
temperature between 623 and 823 K for 10s (Ref 7).
Thermomechanical treatment is an effective way to improve
the SME and SE (Ref 8). However, the microstructure
evolution and precipitation during aging processes are still
not well understood for Ti-xMo-4Nb-2V-3Al alloys. In order to
apply the thermomechanical treatment, e.g., severe plastic
deformation (SPD) and aging to enhance the SME and SE of
TMNVA alloy, a fully understanding of the precipitates during
aging and the effect of aging on SME and SE is necessary. In
this study, the effect of aging on the tensile and superelastic
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behaviors of Ti-9.8Mo-3.9Nb-2V-3Al alloy has been investi-
gated systematically.

2. Experimental Procedures

A Ti-9.8Mo0-3.9Nb-2V-3.1Al wt.% (TMNVA) metastable {3
titanium alloy was received as hot rolled bars of 12 mm in
diameter from Memry Corporation, USA. The as-received bars
were ST at 1143 K for 1 h followed by quenching. Superelastic
behavior of TMNVA alloy was analyzed by tensile test at room
temperature. Specimens for tensile tests were cut from the ST
bars and aged at a series of temperatures from 373 to 973 K for
30 min followed by quenching into water. The dimension of
tensile specimens is shown in Fig. 1. Tensile tests were carried
out under a strain rate of 1.0 x 10~*/s. Strain were measured
using a clip-on extensometer with a gauge length of 25 mm.
Specimens for microstructure observation were mounted,
polished, and then etched in a solution of water, nitric acid,
and hydrofluoric acid with a volume fraction of 80:15:5. Phase
constitution of polished solid specimen was identified by x-ray
diffraction (XRD) with Cu Ko radiation, obtained from a tube
operated at 200 mA, 40 kV and the scan speed was 10°/s. For
TEM observation, thin foil specimens were obtained by
mechanical grinding to 80 um thickness and twin jet eletrop-
olishing (5% perchloric acid, 35% butyl alcohol, and 60%
methyl alcohol; 30 V; 243 K). The chemical composition of
TMNVA alloy specimens was assessed by energy dispersive
x-ray (EDX) analysis. The EDX experiments were conducted
using scanning electron microscope (JSM-6460).

3. Results and Discussion

3.1 Microstructures

Figure 2 and 3 shows the optical micrographs and the
corresponding XRD results of specimens ST and aged at a
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series of temperature from 573 to 973 K. It is seen in Fig. 2(a)
and 3(a) that solution-treated specimen is single B-phase. After
aging at 573 K for 30 min, the microstructure is almost the
same as that of ST specimen, as shown in Fig. 2(b). However,
the XRD result of 573 K aged specimen is different from that
of ST specimen and a small peak of m-phase appears as seen in
Fig. 3(b). The m-phase usually precipitates during aging at
moderate temperature (Ref 9, 10). The dimension of m-phase is
so small that it is invisible under optical microscope and the
transmission electron microscope (TEM) is usually applied to
identify it.

As the aging temperature increased to 673 K, very fine
precipitates appear in grains, as seen in Fig. 2(c). XRD result

4

F -

l—!

5

Y

70
40

R1
1.50

—g—

h=0.8mm

|

!

Fig. 1 The dimension of TMNVA alloy specimen for tensile test

shows that the (1012),, peak of w-phase exists and a very small
(1010),, peak of a-phase appears, as shown in Fig. 3(c), which
reveals that w-phase and a-phase coexisting. Figure 4 shows
the w-phase observed under TEM in specimen aged at 673 K
for 30 min. The size of w-phase is only about 10 nm.

It is noticed that there are bright zones along the grain
boundary in Fig. 2(c), which are similar to the o-phase free
areas (Ref 11). It is reported that the w-phase precipitated as
intermediate phase inside grains during aging at temperatures
lower than 773 K and the m-phase precipitates act as the
nucleation site of a-phase preferentially. The a-phase nucleated
and grew inside grains, so there formed the bright a-phase free
zone along grain boundary (Ref 11, 12).

As the aging temperature increased to 773 K, lots of fine
o-phase distribute in the grains homogeneously, as shown in
Fig. 2(d), but w-phase disappears as identified by XRD, shown
in Fig. 3(d). It has been reported in Ref 11, 12 that when the
aging temperature was higher than 773 K, the a-phase
precipitated from B-phase directly, and the grain boundary
was also the nucleation sites of o-phase for metastable B
Ti-15Mo-2.7Nb-3Al-0.2Si alloy.

After aging at 873 K, coarse bar-like o-phase precipitates
appear preferentially on the grain boundaries, which causes the
grain boundaries coarse and dark, and a little a-phase
precipitates inside grains, as shown in Fig. 2(e). There are
very little a-phase precipitates inside the grains after aged at
973 K and small fish-bone like a-phase appears along the grain
boundary. The fish-bone like a-phase is well developed after
aging at 973 K for 1 h (Ref 13). It is clear seen that the grain
boundaries are preferential nucleation sites for o-phase during
aging at temperatures from 773 to 973 K.

Comparing (1010),, peaks of a-phase in Fig. 3(c)-(f), it is
clear that the amount of a-phase increases to a maximum value
after aging at 773 K for 30 min.

3.2 Tensile Behavior

Figure 5(a) shows tensile stress-strain curves of the
TMNVA alloy ST and aged at a serious of temperatures of
573-973 K for 30 min. The stress-strain curves can be classi-

Fig. 2 Optical micrographs of TMNVA alloy specimens: (a) ST, and aged at (b) 573, (c) 673, (d)773, (e) 873, and (f) 973 K
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Fig. 3 XRD spectra for TMNVA alloy specimens: (a) ST and aged
at (b) 573, (c) 673, (d) 773, (e) 873, and (f) 973 K
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fied into three groups, as shown in Fig. 5(a) marked by I, II,
and III, based on their yielding and strain hardening behaviors.

Group I, for the stress-strain curves showing work hardening
after yielding. The specimen aged at 673 K belongs to group I,
showing a similar deformation behavior to that of ST specimen,
with obvious work hardening after yielding.

Group II, for the stress-strain curves showing little work
hardening after yielding. Specimens aged at 573 and at 773 K
belong to Group II.

Group III, for the stress-strain curves showing two yielding
phenomena and a high work-hardening rate after the first
yielding, but very small after the second yielding. Specimens
aged at 873 and 973 K belong to group III. The ultimate tensile
strength (UTS) and yield strength of aged specimens change with
the aging temperature following a nonlinear relationship. The
UTS decreases first with the aging temperature, to a minimum
value (920 MPa) after aging at 573 K, then increases, to a
maximum value (1240 MPa) after aging at 773 K, and decreases
again with aging temperature, as shown in Fig. 5(b).

According to microstructure analysis of Fig. 2(a)-(d) and
3(a)-(d), it is reasonably suggested that lots of homogeneously
distributed fine a-phase precipitates result in the maximum
UTS of specimen aged at 773 K, as well as the lost of work
hardening after yielding. The specimen aged at 573 K shows a
similar tensile deformation behavior to that of 773 K aged
specimen, but with much lower stress plateau (920 MPa),
which reveals that the strengthening effect of fine w-phase
precipitates is less than that of fine a-phase precipitates.

It is noticed that the specimen aged at 573 K has a
maximum elongation, larger than 9% showing no obvious
embitterment, although there are -phase precipitates as
identified in Fig. 3(b).

In order to investigate the deformation mechanism of the
specimens belonging to above three groups, the microstructure
observation and the XRD analysis are carried out after
elongated at a strain of 4% and unloaded, as shown in Fig. 6.
It is seen that all specimens exhibit needle-like microstructures.
However, the XRD result shows that there is no any new
diffraction peak emerged for the specimen aged at 573 K,
which belongs to group II, comparing Fig. 6(b) with Fig. 3(b),
which implies that there is no new phase formed during tensile
deformation. The needle-like microstructure may be the
deformation twin (Ref 14, 15).

In contrast, the XRD results for specimens, aged at 673
(belonging to group I) and 973 K (belonging to group III), after
tensile deformation are different from those as aged, comparing
Fig. 6 with Fig. 3. The (111),, peak is identified on spectrum
of XRD as shown in Fig. 6(d, ), which reveals that the needle-
like structure in these specimens is stress induced o’ phase (Ref
16). It is suggested that the deformation mechanism of the
specimens belonging to group II is general plastic deformation,
while the deformation mechanism, at least after the first
yielding, of the specimens belonging to group I and group III is
stress induced B — o transformation.

As seen in Fig. 5, the critical stress for inducing transfor-
mation B — o in specimen aged at 673 K, belonging to
group I, is higher than that (i.e., the first yield stress) in
specimens aged at 873-973 K, belonging to group IIL. It is
suggested that the difference in stress-strain curves for spec-
imens belonging to group I and group III maybe attribute to the
driving force for the stress-induced transformation B — o”.
The driving force of transformation § — o for group III, is
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Fig. 4 TEM micrographs of TMNVA alloy specimen aged at 673 K for 30 min: (a) dark field image obtained with the diffraction spot marked

with circle in (b); and (b) the corresponding select area diffraction pattern
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Fig. 5 The tensile curves (a) and UTS vs. aging temperature curve (b) of TMNVA alloy specimens solution treated (ST) and aged at 573-

973 K for 30 min

lower than that of group I. The mechanism of effect of
microstructures on the deformation behavior needs further
investigation.

3.3 Superelastic Behavior

Usually, shape memory alloys exhibit SE, after the first
yielding and unloading which is associated with the reversible
stress-induced martensitic transformation or reorientation of
martensitic variants (Ref 17, 18). The aged TMNVA specimens
with three different shapes of stress-strain curves show different
superelastic behaviors at a maximum strain of 4% as shown in
Fig. 7, especially the unloading curves are different among the
three groups.

It is seen in Fig. 7(a, b) that the specimens of ST and aged at
373 K (with stress-strain curves of Group I) show SE and have
a recovery strain of 2.8-2.6%. However, during unloading, the
unloading stress-strain curve is linear-like without stress
plateau. For specimens aged at 473-523 K with stress-strain
curves of group II in Fig. 5(a), no SE is observed, and only
linear elastic strain of 1.2-1.4% recovered, as seen in Fig. 7(c,
d). The SE is restored as the aging temperature increases from
623 to 723 K, as seen in Fig. 7(f-h), and the specimens show a
similar superelastic behavior to that of ST and aged at 373 K
specimens, with stress-strain curves of group I in Fig. 5(a). A
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recovery strain of 3.2% is obtained for specimens aged at
673 K, as shown in Fig. 7(g).

SE lost completely for specimen aged at 773-823 K with
stress-strain curves of group Il in Fig. 5(a), and only linear elastic
strain of 1.6-1.7% recovered during unloading, as seen in
Fig. 7(i, j). As aging temperature increases further, the SE is
restored again and a maximum recovery strain of 3.3% is
obtained for specimens aged at 873 and 973 K, as seen in
Fig. 7(k, 1), with stress-strain curves of group Il in Fig. 5(a). Itis
noticed that a typical two-stage recovering behavior exhibits for
those specimens, where there are first linear elastic recovery and
then, nonlinear recovery with an obvious inflexion during
unloading, which is well-known typical recovering behavior
for shape memory alloys.

The decrease and lost of SE for specimens aged at 473-523 K
may be attributed to the m-phase precipitating, as detected by
XRD in Fig. 3(b). The lost of SE for those specimens aged at
773-823 K is obviously attributed to the homogeneously
distributed huge fine o-phase precipitates. However, some
o-phase or o + m-phase exist in specimens aged at 673
(Fig. 2¢), 873, and 973 K (Fig. 2e, f), but good SE is obtained.
It is reasonably suggested that a coarsening of o-phase or
m-phase precipitates is in favor of superelastic recovery, but fine
homogeneously distributed o-phase precipitates or ®-phase
precipitates constraint the superelastic recovery.
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Fig. 6 Optical micrographs and XRD profiles of aged TMNVA alloy specimens after tensile test until failure; (a, b) aged at 573 K, (c, d) aged

at 673 K, and (e, f) aged at 973 K

The effect of aging on the SE of TMNVA alloy maybe
attribute to two reasons. One is the change of chemical
composition in the matrix of aged specimens and the other is
the micrograph of precipitated phase. For Ti-Mo or Ti-Nb-
based P alloys, there are a-phase and m-phase, both solute-lean,
precipitation during aging and the matrix (B) becomes solute-
rich after aging. As a result, the martensite start temperature
(Ms) is lowered and the stress to induce martensite is increased
by the aging (Ref 6, 19).

In order to evaluate the aging effect, the chemical compo-
sition change in the matrix of aged TMNVA alloy specimens
were assessed by EDX method. The Mo content dependence of
aged temperature for TMNVA alloy is shown in Fig. 8. It is
seen that the Mo content increases with the aging temperature
increases when aging temperature is <773 K. And as the aging
temperature increases to 973 K, the Mo content decreases. The
Mo content is higher than that of ST specimen, but <11% for

370—Volume 21(3) March 2012

specimens aged at 673, 873, and 973 K where some o-phase
precipitates, as well as m-phase precipitates. The martenstic
transformation temperature decreases with the Mo content
increases, which improve the SE, as seen in Fig. 7. A max-
imum Mo content is about 11.8% for specimen aged at
773 K, where lots of a-phase precipitates observed, as shown
in Fig. 2, and this specimen does not exhibit superelasticity. It
has been reported (Ref 18) that as the B-stable element (such
as Mo, Nb, V, etc.) increase, the f-phase becomes more stable
and the stress-induced martensitic transformation will not
occur.

However, it is noticed that the specimen aged at 573 K
does not exhibit SE, though it’s Mo content is higher than
that of ST specimen and <11%, due to m-phase precipitates.
It seems that the lost of SE for specimen aged at 573 K may
rise from other factor, such as the micrograph of precipitated
phase and the plastic deformation ability of the precipitates,
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besides the chemical change in the matrix. The mechanism
for the effect of a-phase precipitates, as well as -phase
precipitates, with different morphologies and Mo content on
superelastic behavior is not clear completely and still under
investigation by in situ TEM.

4. Conclusions

The effect of aging on tensile and superelastic behaviors of
the metastable § Ti-Mo-based TMNVA alloy was investigated.
The results are summarized as follows:

(1) The UTS of aged TMNVA alloy change with the aging
temperature following a nonlinear relationship. Fine
o-phase precipitates, distributing homogeneously, result
in a maximum UTS and the lost of superelasticity. The
superelastic behavior is closely related with the

Volume 21(3) March 2012—371



@

morphology of a-phase precipitates, as well as w-phase
precipitates formed during aging.

When aged at 673, 873, or 973 K for 30 min, TMNVA
alloy shows good SE. At a maximum tensile strain of
4%, the specimen aged at 673 K with ® + a-phase pre-
cipitates shows superelastic recovery strain of 3.2%.
Specimens aged at 473-523 K and 773-823 K for
30 min lost superelasticity completely. A maximum
recovery strain of 3.3% is obtained for specimens aged
at 873 and 973 K for 30 min, with coarse short bar-like
o-phase precipitates along grain boundaries and a few
inside grains.
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