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The microstructure and shape memory effect of Ti–16 at.%Nb alloy
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Abstract

The microstructure, phase composition, mechanical properties and shape memory effect of the Ti–16 at.%Nb alloy were investigated by means
of TEM, XRD, bending test and tensile test. The XRD results showed that the Ti–16 at.%Nb alloy is mainly composed of two phases: α″ phase
and β phase at room temperature. TEM observation proved that there is also a little amount of ω phase in the Ti–16 at.%Nb alloy solid solution
treated at 750 °C for 0.5 h. The martensite lath with a sub-structure of (111) type I twin was found in the Ti–16 at.%Nb alloy solid solution treated
at 750 °C for 0.5 h by TEM observation. While solid solution treated at 750 °C, the Ti–16 at.%Nb alloy has the best combination of mechanical
properties. The Ti–16 at.%Nb alloy has a certain shape memory effect. When the pre-strain is less than 2%, the deformed alloy can completely
recover to the original shape. The SME of the Ti–16 at.%Nb alloy has an acceptable reproducibility, because when pre-deformed with 3.26%
strain, after more than 20 times deformation cycling, the recovery ratio is still more than 40%.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The Ti–Ni alloys have been widely used for biomaterials
such as orthodontic archwire, endodontic file and cardiovascu-
lar stent due to their several smart functions represented by
shape memory effect and superelasticity. However, the anti-
corrosion properties of Ti–Ni alloys are not good enough in
human body [1], allowing for the release of the metal ions and a
risk of Ni-induced hypersensitivity has been recently pointed
out [2]. Therefore, from the safety point of view, the developing
Ni-reduced or Ni-free biomedical SMAs based on titanium and
other non-toxic elements are of great importance for biomedical
applications and is strongly required. In this work, a Ti–16 at.%
Nb alloy was investigated. The selection of constituent elements
was mainly based on the excellent biocompatibility of Ti, Nb
according to cytotoxicity of pure metals [3].

The shape memory effect of Ti–Nb binary alloys was firstly
reported by C. Baker in 1971 [4], indicating that the Ti–35 wt.%
Nb alloy shows good shape memory effect because of the
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presence of the α″ phase. The reversion of α″ phase toβ phase is
related to the shape memory effect in β Ti-alloys [5]. Nb acting
as a β-phase stabilizing element and a biocompatible element
[6], has attracted many researchers' attention to take great deal of
effort on it and it has been added to many β Ti-alloys and near β
Ti-alloys. The content of Nb can influence the phase compo-
sition of Ti–Nb binary alloy significantly [5]. So in this study, we
aimed to reduce the Nb content in order to obtain much more
amount of α″ phase and the microstructure and shape memory
behavior of the Ti–16 at.%Nb alloy were investigated.

2. Experimental procedures

The raw materials used here are sponge titanium (99.9% in
purity) and niobium ingot (99.9% in purity) and for the
convenience of weighing and melting, the niobium ingot was
planed to small pieces of chippings. The Ti–16 at.%Nb alloy was
fabricated by an arc melting method under Ar atmosphere and
button ingots were made. After that, the Ti–16 at.%Nb button
ingots were hot-rolled up to 95% reduction in thickness to
∼1.5 mm sheets. The sheets were cut into different kinds of
specimens by an electro-discharge machining. The specimens
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Fig. 1. The XRD patterns of Ti–16Nb alloy in different conditions.
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were cleaned with acetone, ethanol and distilled water in turn and
encapsulated in quartz tubes with a pressure of 10−3 Pa and then
solid solution treated at 750 °C, 850 °C, and 950 °C respectively
for 0.5 h and quenched into water by breaking the quartz tubes.
Then some of the specimens solid solution treated at 750 °C were
further aged at 300 °C, 400 °C, and 500 °C, respectively for 1 h
and air cooled. The surfaces of the specimens used for the XRD
analysis and bending test were mechanically polished via a
standard procedure to a wet sand paper of 2000# grit.
Transmission electron microscope (TEM) observation was
Fig. 2. The TEM micrographs: bright field images (a), (b), (c) and se
performed using a ZEISS MC80 DX type TEM operated at
120 kV. Thin foils for TEM were prepared using a twin jet
polisher in an electrolyte composed of 6% perchloric acid, 34% n-
butyl alcohol and 60%methanol (vol.%) at−60 °C~–50 °C. The
X-ray diffraction (XRD) for phase analysis was conducted using
Rigaku-D/maxrB diffractometer operated at 30 kVand 100mA at
room temperature. The tensile tests were carried out under a
displacement rate of 1.67×10−5 m/s at room temperature. The
shape memory effect was evaluated with bending test [7]. The
pre-strain is estimated by εt =h / (h+d), where h is the thickness of
lected area diffraction patterns (d), (e), (f) of the Ti–16Nb alloy.



Fig. 3. Stress–strain curves: (a) solid solution treated and (b) aged after solid solution treatment and shape memory effect: (c) shape recovery ratio vs. pre-strain and
(d) shape recovery ratio vs. bending times with a pre-strain 3.26% of the Ti–16Nb alloy in different heat treatment condition.

Table 1
The mechanical properties of the Ti–16 at.%Nb alloy in different heat treatment
conditions

Heat treatment Elastic
modulus

Yield
strength

Ultimate
strength

Elongation

E
(GPa)

σ0.2

(MPa)
σb

(MPa)
δ
(%)

Solid solution treated at
different temperatures

750 °C 58 461 613 19.2
850 °C 56 382 560 16.1
950 °C 60 386 551 13.8

Aged at different
temperatures after
solid solution treatment
at 750 °C

300 °C 110 – 506 0.4
400 °C 83 – 865 1
500 °C 85 302 755 9.5
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the sample and d is the radius of the column around which the
sample is deformed. The shape recovery ratio is calculated as: η=
(θd−θh) /θd×100%, where θd is the degree of the angle after
deformation and θh is the degree of the angle after the bent sample
is heated above the Af temperature.

3. Results and discussion

3.1. XRD analysis

Fig. 1 presents the XRD patterns of the Ti–16 at.%Nb alloy at
different conditions, including as-cast condition, as-rolled condition
and solid solution treated condition. The results showed that the Ti–
16 at.%Nb alloys in the three conditions are all mainly composed of
two phases (α″ phase and β phase) at room temperature. According to
the relative intensities of the α″ and β phase peaks, in the solid solution
treated condition and the as-rolled condition the α″ phase is dominant
in the microstructure of Ti–16 at.%Nb alloy. Comparing to the micro-
structure of the Ti–35 wt.%Nb, in which the β phase is dominant [4],
this indicates that our original intention to decrease the Nb content is
proper to obtain more amount of α″ phase.

3.2. TEM analysis

The TEM micrographs of Ti–16 at.%Nb alloy solid solution treated
at 750 °C and corresponding diffraction patterns are shown in Fig. 2.
Subpanels (a), (b) and (c) in Fig. 2 are the bright field images from the
Ti–16 at.%Nb alloy and subpanels (d), (e) and (f) in Fig. 2 are the
selected area diffraction (SAD) patterns corresponding to area A in Fig.
2(a), area B in Fig. 2(b) and area C in Fig. 2(c) respectively. From the
Fig. 2(d), diffraction spots can be indexed as bcc structure denoted as β
phase and the crystal zone axis parallels to [-111]. From the Fig. 2(e),
diffraction spots can be indexed as orthorhombic structure denoted as
α″ phase, and the martensite lath with a sub-structure of (111) type І
twin can be specified and the crystal zone axis parallels to [11-2]. These
results are consistent with the XRD analysis; both of them prove that
the two phases (α″ phase and β phase) are present in the Ti–16 at.%Nb
alloy. From the Fig. 2(f), diffraction spots can be indexed as bcc
structure denoted as β phase and the spots pointed by the arrows are
denoted to ω phase and the crystal zone axis parallels to [011]. The
results above in Fig. 2(e) and (f) indicate that the parent β phase
decomposes into α″ phase and ω phase during cooling from the solid
solution treated temperature.

3.3. Mechanical properties

Fig. 3(a) and (b) shows the stress–strain curves of the Ti–16 at.%Nb
alloy in different heat treatment conditions. Table 1 shows the mecha-
nical properties of the Ti–16 at.%Nb alloy taken from Fig. 3(a) and (b).
From Fig. 3(a), it can be noted that with increasing of solid solution
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treatment temperature, the elongation of the Ti–16 at.%Nb alloy
decreases. At the same time, the yield strength and the ultimate strength
also decrease slightly. So the Ti–16 at.%Nb alloy solid solution treated
at 750 °C has the best combination of plasticity and strength. From
Fig. 3(b) and Table 1, it is clear that the shapes of the curves are quite
different from that of the solid solution treatment condition, and the
elastic modulus of the aged Ti–16 at.%Nb alloy, especially aged at
300 °C, become much larger than that of the Ti–16 at.%Nb alloys in
solid solution treated condition. The alloy samples become quite brittle
after aging at 300 °C and 400 °C, with only the linear stress–strain
variation presenting as the main feature, as shown in Fig. 3(b). The
mechanical behavior of the Ti–16 at.%Nb alloy aged at 500 °C is much
better than the former two aged conditions with higher ultimate strength
and larger elongation. Comparing with the solid solution treatment
condition, the elongation decreases significantly and the ultimate
strength increases a lot.

3.4. Shape memory effect

The relationship of the shape recovery ratio and the pre-strain of the
Ti–16 at.%Nb alloy with different conditions is shown in Fig. 3(c). Just
like other SMAs, the recovery ratio decreases with the increasing of the
pre-strain, and it has been found that for the entire solid solution treated
samples, when the pre-strain is less than 2%, the deformed specimens
can completely recover to the original shape. Fig. 3(d) shows the
relationship of the shape recovery ratio and bending cycles of the
sample with the total pre-deformation strain keeping at 3.26%. It can be
seen that the shape memory ratio of the solid solution treated Ti–16 at.
%Nb alloy decreases with increase of the bending cycles and after more
than 20 times deformation cycling, the recovery ratio is still more than
40%. The solid solution treated temperature has little influence on the
recovery ratio, but with the same bending times the alloy sample solid
solution treated at 750 °C has a little bigger recovery ratio than the
other two samples solid solution treated at 850 °C and 950 °C.

4. Conclusions

The Ti–16 at.%Nb alloy is mainly composed of α″ phase
and β phase, and a little amount of ω phase also exists in the
alloy at room temperature. The martensite lath found in the Ti–
16 at.%Nb alloy has a sub-structure of (111) type I twin. The
sample which is solid solution treated at 750 °C for 0.5 h has the
best combination of mechanical properties with highest yield
strength 461 MPa and highest ultimate strength 613 MPa as
well as largest elongation rate 19.2%. The Ti–16 at.%Nb alloy
has moderate shape memory effect with at least 2% total reco-
very strain and when the pre-strain is around 3.2%, after more
than 20 times deformation cycling the recovery ratio is still
more than 40%.
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