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bstract

The effect of Sn content on the microstructure, phase constitution and shape memory effect of Ti–16Nb–xSn (x = 4.0, 4.5, 5.0 at%) alloys
ere investigated by means of optical microscopy, X-ray diffraction, transmission electron microscopy and bending test. With the increase of Sn

ontent, the � phase becomes stable. The solution-treated Ti–16Nb–4Sn alloy is composed of �′′ and � phases at room temperature, whereas the
olution-treated Ti–16Nb–5Sn alloy is only composed of � phase at room temperature. TEM observation shows that there is parallel lamellar �′′

artensite with the substructure of (1 1̄ 2̄) type I twin in the Ti–16Nb–4Sn alloy. There exists the dislocation wall inside the single � phase in the

i–16Nb–5Sn alloy. The shape recovery ratio decreases with increasing the bending strain and the bending temperature, which is in correspondence
ith the different deformation mechanisms at different temperature ranges. The shape recovery ratio shows a decreasing trend with the increase of
n content at the same bending strain and temperature. The maximum completely recovery strain is around 4%.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Titanium–nickel shape memory alloys are widely used in
iomedical fields such as orthopaedics, dentistry and interven-
ional radiology because of their superior shape memory effect
nd superelasticity [1], yet the possibility of Ni-hypersensitivity
nd toxicity have been pointed out [2,3]. People devote to the
evelopment of Ni-free shape memory alloys. Titanium alloys
ave been widely used as biomaterials due to their high corro-
ion resistance, excellent biocompatibility, high strength and low
odulus. The � titanium alloys exhibit a martensite transforma-

ion from disordered bcc � phase to metastable orthorhombic �′′
artensite phase, which is accommodated primarily by inter-

al twinning. The shape memory effect is associated with the
eversion of �′′ to � in � titanium alloys. According to stud-

es on both the cytotoxicity of pure metals and polarization
esistance-tissue reaction of surgical implant materials, shape
emory alloys consisting of Ti, Zr, Nb, Ta and Sn elements
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ould be recommended for biological applications [4]. It was
rst reported by Baker [5] that shape memory effect resulted
rom the reversion of �′′ to � in Ti–35 wt% Nb alloy. A maximum
.25% recovery strain was obtained through aging of short dura-
ion at 300–500 ◦C. However, the microstructure observation has
ot been conducted. Recently, new kinds of Ni-free biomedical
hape memory alloys such as Ti–Nb based alloys (with addition
f Ge, Ga, Al, Ta, Sn, etc.) have been developed with the recovery
tain of 3–4% [6–14]. It is confirmed the mechanical proper-
ies and phase transformation temperature can be adjusted by
ddition of further alloying elements. Kim et al. [6] have found
hape memory effect and superelasticity in the Ti–(22–25) at%
b and Ti–(25.5–27) at% Nb alloys, respectively. The effect
f deformation texture, recrystallization texture and alloying
ontent on the shape memory effect and superelasticity was
eported in Ti–Nb–Ge [7], Ti–Nb–Zr [8], Ti–Nb–Al [9] and
i–Nb–Ta [10,11] alloys. It was revealed by X-ray diffraction
ole figure analysis that a {0 0 1}�〈1 1 0〉� deformation texture
nd a {1 1 2}�〈1 1 0〉� recrystallization texture were confirmed.

here is also reported that Ti–24Nb–4Zr–7.9Sn alloy exhibits
3.3% maximum recovery stain with unstable elastic and plastic

eformation [12]. Nitta et al. [13] have reported that the phase
ransition temperature in Ti–Nb–Sn alloys is very sensitive to

mailto:yfzheng@pku.edu.cn
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b and Sn contents and a maximum recovery strain of 3.5% is
btained in Ti–18Nb–4Sn alloy. Takahashi et al. found that the
uperelasticity of Ti–Nb–Sn alloys depends on the alloy com-
osition and heat treatment [14]. However, there is no detailed
eport on the substructure of martensite, the effects of alloy com-
osition, deformation strain and deformation temperature on the
hape recovery ratio in Ti–Nb–Sn alloys. The purpose of this
tudy is to explore them.

. Experimental methods

The Ti–Nb–Sn alloys with nominal composition of Ti–16Nb–
Sn (x = 4.0, 4.5, 5.0 at%) were prepared by arc-melting method
nder an Ar atmosphere. The ingots were re-melted five times
or ensuring homogeneity. Then they were hot rolled to the plates
ith a thickness of 1.5 mm under 800 ◦C. The hot-rolled plates
ere finally solid solution treated at 850 ◦C for an hour and
uenched into iced water. All the samples were prepared by
lectro-discharge machining from the solution-treated plates.

Surfaces of the samples were mechanically polished via a
tandard metallographic procedure and then etched in a solu-
ion of hydrofluoric, nitric acid and water (10:5:85 in volume).

icrostructure of the etched samples was examined using
n optical microscope (Aiovert 200 MAT). X-ray diffraction
XRD) was conducted using a Philip X’Pert Pro diffractometer
perated at 40 kV and 40 mA. A Ni-filtered Cu K� radiation
λ = 1.5406 nm) was used. Transmission electron microscopy
TEM) observation was performed using a Philips CM12 oper-
ted at 120 kV. TEM thin foil samples were prepared using a
win jet polisher in an electrolyte with 30 mL perchloric acid,
75 mL n-butyl alcohol and 300 mL methanol at −50 ◦C.

We tried to detect the phase transition temperatures of the
lloy samples by DSC with heating rate of 10 K/min. Because
f small transformation heat, it cannot be determined by DSC.
o we use the bending method to measure the phase transition

emperature. Fig. 1 gives the schematic illustration for the bend-
ng test. The samples were fixed and then bent until “deformed

osition” under external force. When the external force was
emoved, the samples moved to the “spring-back position”.

hen heated, it moved to the “heating position” because of
he shape memory effect. The shape memory effect tests were

Fig. 1. Schematic illustration for the bending test.
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arried out at different temperatures and strains. The samples
ere bent around cylinders with different diameters at different

emperatures and then heated up to the temperature above the Af
emperature.

. Results and discussion

.1. Effects of Sn content on the microstructure and phase
onstitution of Ti–Nb–Sn alloys

Fig. 2 shows the optical micrographs of the solution-treated
i–Nb–Sn alloy samples. In all the samples, the grains have
egular polygons and the grain boundaries are flat and straight.
he change of Sn content has no influence on the grain size.

Fig. 3 shows the X-ray diffraction patterns of the solution-
reated Ti–Nb–Sn alloy samples. The XRD profiles in Fig. 3(a)
ndicates the coexistence of �′′ and � phases in the solution-
reated Ti–16Nb–4Sn alloy sample. On the contrary, the
olution-treated Ti–16Nb–5Sn alloy sample is only composed
f � phase, as shown in Fig. 3(c). From Fig. 3, we can see that
he Sn content has influence on the phase constitution of the
olution-treated Ti–Nb–Sn alloys. When the Sn content is low,
here exists �′′ phase. With the increase of Sn content, the inten-
ity of �′′ phase becomes weaker. There exists �′′ (1 1 1) and
′′ (0 2 2) peaks in the Ti–16Nb–4Sn alloy sample; only weaker
′′(0 2 2) peak appears in the Ti–16Nb–4.5Sn alloy sample and
nly single � phase exists in the Ti–16Nb–5Sn alloy sample.
learly, with the Sn content increasing, the � phase becomes

table.
Fig. 4 shows the TEM micrographs of the solution-treated

i–16Nb–4Sn alloy sample. Fig. 4(a) is a TEM bright field
mage revealing the uniform lamellar �′′ martensite formed in
he parent � matrix. Fig. 4(b) is the corresponding selected-area
lectron diffraction (SAD) pattern taken from the region marked
y A in Fig. 4(a). It is pointed out that the (1 1̄ 2̄) type I twins
ere observed as the substructure of �′′ martensite. Fig. 4(c) is

n enlargement of �′′ martensite. The �′′ martensite is also be
ested by XRD in the Ti–16Nb–4Sn alloy sample, which is con-
istent to the TEM observation. Fig. 4(e) is the SAD pattern taken
rom the region marked by B in Fig. 4(d), which derived from
he � phase. A change in the microstructure has been observed
n the Ti–16Nb–5Sn alloy sample. The typical TEM microstruc-
ure is the grain of the � phase. However, there are dislocations
o be observed. Fig. 5(a) shows the dislocation wall inside the
ingle � phase. Fig. 5(b) shows SAD pattern corresponding to
he parent � phase. However, there is no lamellar �′′ martensite.

.2. Effects of Sn content on the shape memory effect of
i–Nb–Sn alloys

Fig. 6(a) shows the curves of heat flow vs. temperature
y DSC for the Ti–Nb–Sn alloy samples. There is not any
eak observed because of small phase transformation heat.

ig. 6(b) shows the inclined angle vs. heat temperature curves
or the solution-treated Ti–Nb–Sn alloy samples. The inclined
ngle was defined as the cross angle between “fixed position”
nd “heated position”. The samples were bent 180◦ in liquid
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Fig. 7(b) shows the curves of the shape recovery ratio vs.
bending temperature for the solution-treated Ti–Nb–Sn alloy
samples. The samples were deformed to 4% at −180, −80,
−60, −40, −20, 0, 20, 40, 60 ◦C, and then heated up to the

Table 1
The As and Af temperatures for solution-treated Ti–Nb–Sn alloys samples (◦C)
ig. 2. Optical micrographs of the solution-treated Ti–Nb–Sn alloy samples, (a)
i–16Nb–4Sn, (b) Ti–16Nb–4.5Sn, and (c) Ti–16Nb–5Sn.

itrogen, and then heated to different temperatures. The As tem-
erature is the temperature at which the inclined angle begins to
hange. The Af temperature is the final temperature at which the

nclined angle cannot change. The As and Af temperatures are
etermined by tangent rule. Table 1 summarizes the As and Af
emperatures measured by bending test for the solution-treated
i–Nb–Sn alloy samples.

A
A

ig. 3. X-ray diffraction patterns for the solution-treated Ti–Nb–Sn alloy sam-
les, (a) Ti–16Nb–4Sn, (b) Ti–16Nb–4.5Sn, and (c) Ti–16Nb–5Sn.

Fig. 7(a) shows the curves of the total bending strain on the
hape recovery ratio at −196 and −70 ◦C for the solution-treated
i–Nb–Sn alloy samples. The Ti–Nb–Sn alloy samples were
eformed to 4, 6, 8 and 10%. Then they were heated above
he Af temperature after unloading. From these curves we can
ee that the shape recovery ratio decreases when the bending
train increases. At 4% bending strain, the shape recovery ratio
an reach 100% for the solution-treated samples except for the
i–16Nb–5Sn alloy sample. At 10% bending strain, the shape
ecovery ratio is about 70%. The maximum completely recov-
ry strain is 4%. The reason is that the plasticity deformation
ncreases when the bending strain increases. The same phe-
omenon has been reported in Ti–10V–2Fe–3Al alloy [15] and
i–30–Nb–3Pd alloy [16], with the maximum recovery strain
eing 3 and 2%, respectively. All the result show the trends
n terms of the evolution of the shape memory effect with the
mount of initial strain: (i) almost perfect recovery is possible for
ow initial strain; (ii) the shape memory effect decreases with the
ncrease of the initial strain. However, the shape recovery ratio
or the Ti–16Nb–5Sn alloy sample bent to different strains at
70 ◦C decreases quickly. The reason may be attributed to that

he As temperature is close to the bending temperature and the
lloy sample may be in the parent phase condition. The plastic-
ty deformation for parent phase is unrecoverable. From these
urves we can also see that the shape recovery ratio shows a
ecreasing trend with the increase of Sn content at the same
ending strain and bending temperature.
Ti–16Nb–4Sn Ti–16Nb–4.5Sn Ti–16Nb–5Sn

s 4 −49 −79
f 20 −40 −73
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Fig. 4. (a) TEM micrograph of lamellar �′′ martensite in the solution-treated Ti–16Nb–4Sn alloy sample, (b) the corresponding SAD pattern taken from the region
marked by A, (c) an enlargement of �′′ martensite, (d) parent phase, and (e) the corresponding SAD pattern taken from the region marked by B.
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Fig. 5. (a) Dislocation wall and (b) SAD pattern of � phase, parallel to [1 1 1]� in the Ti–16Nb–5Sn alloy sample.

Fig. 6. (a) The curves of heat flow vs. heat temperature and (b) the curves of
inclined angles vs. heat temperature for the solution-treated Ti–Nb–Sn alloy
samples.

Fig. 7. The curves of shape recovery ratio vs. bending strain (a) and bending
temperature (b) for the solution-treated Ti–Nb–Sn alloy samples.
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emperature above the Af temperature. There are three regions
or all Ti–Nb–Sn alloy samples. For the Ti–16Nb–4Sn alloy
ample, the region when the bending temperature is lower than
40 ◦C is the first region where the sample can recover com-

letely. The second region lies in the interval between −40 and
0 ◦C where the shape recovery ratio decreases quickly with
he increase of the bending temperature. When the bending
emperature is higher than 20 ◦C, the shape recovery ratio is
lmost zero, which is the last region. For the other two alloys,
here are still three regions, but only the interval is different.
uch regularity is determined by different deformation mech-
nisms at different temperatures. In the temperature range of
180 to −40 ◦C, the Ti–16Nb–4Sn alloy sample can recover

ompletely. This may due to the rearrangement of marten-
ite variants or stress-induced-martensite phase transformation.
ince the stress-induced transformation may occur between As
nd Ms temperatures and the stress-induced martensite is stable
elow the As temperature, a complete shape memory recov-
ry is possible on subsequent heating through the As and Af
emperatures. We can deduce that the As temperature for the
i–16Nb–4Sn alloy sample should be −40 ◦C. For the last two
egions, there may be two possible deformation mechanisms.
ne possibility is slip deformation. The critical stress for induc-

ng martensite increases with increasing temperature. On the
ther hand, the stress for slip decreases with increasing temper-
ture. Slip occurs if the stress level for slip becomes lower than
he stress to induce the martensite. The strain which arises from
he slip of martensite or � parent phase is unrecoverable Thus,
he strain by slip deformation increases with increasing tem-
erature, causing the recoverable strain to decrease. The other
ossibility is the pseudoelasticity at temperatures above −40 ◦C,
hich can also result in the decrease of shape memory ratio at

ubsequent heating segment. Since no martensite can be retained
pon the release of deformation, hence no shape memory recov-
ry strain can be obtained; the Af temperature should be about
0 ◦C.

. Conclusions
1) The solution-treated Ti–Nb–Sn alloy samples have
almost the same average grain size. The solution-treated
Ti–16Nb–4Sn alloy sample is composed of �′′ and � phases

[

[
[
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at room temperature. There is only � phase observed for the
Ti–16Nb–5Sn alloy sample at room temperature.

2) The parallel lamellar �′′ martensite in the solution-treated
Ti–16Nb–4Sn alloy is observed. The substructure of marten-
site is (1 1̄ 2̄) type I twin. In other solution-treated alloys,
stripped dislocations and dislocation wall are observed
inside the � phase grain. Sn content has influence on the
microstructure and the phase constitution of the Ti–Nb–Sn
alloys.

3) The shape memory effect of Ti–Nb–Sn alloys is influenced
by the bending strain and the bending temperature. The
shape recovery ratio decreases with the increase of the
bending strain and the bending temperature according to
different deformation mechanisms at different temperatures.
The maximum completely recovery strain is about 4%.
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