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a b s t r a c t

In present work, microstructure, martensitic transformation behavior and mechanical properties of
(Ti50Ni40Cu10)100�xNbx (x ¼ 0, 5, 10, 15 at.%) alloys were investigated as a function of Nb content. The
addition of Nb to TiNiCu alloy leads to the presence of b-Nb phase. During cooling and heating, the alloys
show one-step B2 4 B19 transformation. As the Nb content increases, the transformation temperatures
almost linearly decrease and the transformation hysteresis monotonously increases due to the decrease
of middle eigenvalue of the phase transformation matrix. The addition of Nb is effective in improving the
elongation because of the introduction of b-Nb phase. With the increase of Nb content, both the yield
strength and the critical stress to induce martensitic transformation increase, resulting in the improved
superelastic strain.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

TiNiCu shape memory alloys (SMAs) with proper Cu contents
have attracted much attention due to their small transformation
hysteresis and relative large shape recovery strain [1e5]. The Cu
usually substitutes for Ni due to their similar electronic configu-
ration and atom size if adding Cu with a formula of Ti50Ni50�xCux
[6]. When the Cu content is larger than 7.5 at.%, a two-stage
B2/B19/B190 transformation occurs [1]. The transformation
hysteresis decreases from 12 �C to 4 �C with increasing Cu content
from 7.5 at.% to 20 at.% [1]. The shape recovery strain changes from
4.2% to 2.9% depending on Cu content and annealing treatment [5].
However, when the Cu content is more than 10 at.%, the alloys are
too brittle to be plastically worked [7], which seriously hinders
their practical engineering applications.

The introduction of ductile phase is effective in improving the
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workability of brittle alloys, which has been confirmed by several
reported results. It is generally accepted that solubility of Nb in
Ti50�x/2Ni50�x/2Nbx (X � 15 at.%) SMAs is less than 5 at.% [8],
resulting in the formation of ductile b-Nb phase. Previously, the
introduction of b-Nb phase has been found to be effective in
increasing the cold workability of Ti35.5Ni49.5Hf15 alloy [9]. Very
recently, the ductile b-Nb was introduced into TiNiCu alloy. The
(Ti50Ni38Cu12)93Nb7 and (Ti50Ni40Cu10)93Nb7 ingots were success-
fully cold-drawn into the thin wire with a diameter of 0.5 mm at
room temperature [10,11]. This means that the introduction of b-Nb
phase can be used to enhance the workability of TiNiCu alloy. The
effect of annealing temperature on martensitic transformation and
mechanical properties of cold-drawn (Ti50Ni38Cu12)93Nb7 alloy was
investigated [10]. However, the dependence of microstructure,
martensitic transformation and mechanical properties of TiNiCuNb
alloy on Nb content remains unknown. In the present work,
microstructure, martensitic transformation and mechanical prop-
erties of (Ti50Ni40Cu10)100�xNbx (x ¼ 0, 5, 10, 15 at.%) were inves-
tigated as a function of Nb content. On the basis of experimental
results, the effects of Nb content on transformation temperature
and hysteresis, mechanical properties were discussed.
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2. Experimental procedure

A series of (Ti50Ni40Cu10)100�xNbx (x ¼ 0, 5,10,15 at.%) ingots
were prepared by arc-melting of 99.99% Ti plate, 99.99 Ni plate,
99.99% Cu plate and 99.99% Nb wire in a water-cooled copper
crucible under an argon atmosphere. Hereafter, the alloys for X¼ 0,
5, 10 and 15 were represented by Nb0, Nb5, Nb10 and Nb15,
respectively. The ingots were re-melted at least six times, being
flipped over after eachmelting step in order to ensure homogeneity
in composition. A pure Ti button was also melted and used as a
getter. After melting, the ingots were hot rolled into plates with a
thickness of 1.2 mm. After hot-rolling, the plates were solution-
treated at 900 �C for 20 min. The samples were spark-cut from
the ingots and polished for the subsequent measurement. The
transformation temperatures were determined by differential
scanning calorimetry (DSC) using a Perkin Elmer diamond DSC. The
heating and cooling rate was 20 �C/min. Microstructure was
observed on a JEOL JXA-8230 electron probe micro-analyser
(EPMA) operated at 15 kV. Before measurement, the instrument
was carefully calibrated. The X-ray diffraction (XRD) was carried out
on a PANalytical Xpert'pro diffractometer using Cu Ka radiation by
step-scanning in the 2q range of 20e80�. The mechanical proper-
ties were tested by a WDW3100 tensile machine equipped with a
thermal chamber. The superelasticity was evaluated by the cyclic
deformation at Afþ 20 �C. The gauge length was fixed at 17 mm.

3. Results and discussion

Fig. 1 shows the XRD patterns of the (Ti50Ni40Cu10)100�xNbx al-
loys with different Nb contents at room temperature. The pattern of
Nb0 sample can be indexed as a mixture of B19 martensite and
Ti2(Ni,Cu) using the following lattice parameters: B19,
a ¼ 0.2908 nm, b ¼ 0.4214 nm and c ¼ 0.4523 nm and Ti2(Ni,Cu),
Fig. 1. XRD patterns of the (Ti50Ni40Cu10)100�xNbx with differe
a ¼ 1.0895 nm. When the Nb was added into the alloys, in addition
to the peaks corresponding to Ti2(Ni,Cu) phase, the patterns of Nb5,
Nb10 and Nb15 samples can be indexed as mixture of B2 parent
phase and b-Nb phase using the following lattice parameters: B2,
aNb5 ¼ 0.3030 nm, aNb10 ¼ 0.3033 nm, aNb15 ¼ 0.3040 nm and b-Nb,
aNb5 ¼ 0.3297 nm, aNb10 ¼ 0.3297 nm, aNb5 ¼ 0.3301 nm respec-
tively, which is quite similar to the phase constituent of (Ti50Ni38-
Cu12)93Nb7 alloy [10]. The above results indicates that the addition
of Nb reduces the transformation temperatures of Ti50Ni40Cu10
alloy.

Fig. 2 shows the back-scattered electron (BSE) images of the
samples with different Nb contents. The microstructure of Nb0
sample is characterized by some dark particles dispersed into the
grey matrix. The dark particles are determined to be Ti2(Ni,Cu)
phase by EPMA measurement, which is possibly due to the intro-
duction of oxygen during melting [12] and will not be discussed
hereafter. This is consistent with the XRD results. After addition of
Nb, the samples show a typical hypoeutectic microstructure con-
sisting of B2 matrix, bright phase and small amount of dark
Ti2(Ni,Cu) phase. The bright phase is b-Nb phase, as confirmed by
EPMA analysis. The microstructure elongated after rolling. The
compositions of different phases determined by EPMA are listed in
Table 1. It is seen that the solubility of Ni and Cu is smaller than that
of Ti in b-Nb phase. A small amount of Nb also dissolve into the
Ti2(Ni,Cu) phase.

Fig. 3(a) shows the DSC curves of the samples with different Nb
contents. Both forward and reverse transformation curves of all
samples are characterized by single-stage transformation. When
the Cu content is larger than 7.5 at.%, TiNiCu alloys usually show a
two stage B2/B19/B190 martensitic transformation [1]. In the
present work, no B194 B19' transformation can be identified. This
is possibly because that this transformation is too diffuse to be
detected by DSC measurement [1]. In this aspect, the electrical
nt Nb contents, (a) Nb0, (b) Nb5, (c) Nb10 and (d) Nb15.



Fig. 2. BSE images of the samples with different Nb contents, (a) Nb0, (b) Nb5, (c) Nb10 and (d) Nb15.

Table 1
Chemical composition of different phases.

Samples Ti/at.% Ni/at.% Cu/at.% Nb/at.%

matrix Nb0 51.1 37.0 11.9 e

Nb5 49.7 38.0 10.4 1.9
Nb10 49.5 38.0 10.5 2.0
Nb15 48.6 37.8 11.0 2.6

b-Nb phase Nb0 e e e e

Nb5 24.7 3.0 1.2 71.1
Nb10 17.6 3.3 1.1 78.0
Nb15 15.6 2.7 0.9 80.8

Ti2(Ni,Cu) Nb0 60.7 26.5 12.8 e

Nb5 61.7 28.2 6.0 4.2
Nb10 61.5 28.7 5.7 4.1
Nb15 60.0 29.4 3.3 7.3

Fig. 3. DSC curves of the samples with different Nb contents (a) and effect of Nb

G.C. Wang et al. / Intermetallics 72 (2016) 30e3532
resistivity measurement may provide clear information. It is seen
that the transformation interval increases with increasing Nb
content. It is seen that Nb15 sample shows the weak exothermic/
endothermic peaks upon cooling/heating, as indicated by the ar-
rows. This may result from the fact that the volume fraction taking
part in phase transformation reduce with the increase of b-Nb
phase inwhich the transformation does not occur. This is supported
by the results shown in Fig. 2. The influence of Nb content on
transformation temperatures is shown in Fig. 3(b), in which Ms is
forward transformation start temperature, Mf is forward trans-
formation finish temperature, As is reverse transformation start
temperature and Af is reverse transformation finish temperature.
With increasing Nb content, the transformation temperatures
content on transformation temperatures and transformation hysteresis (b).
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monotonously decreases. This agrees well with the previous re-
ports on the effect of Nb content on transformation temperatures of
TiNiFe [13] and TiNiHf [9] alloys. It is generally accepted that the Cu
preferentially occupies the Ni position in the crystal lattice of B2
parent phase [6]. According to the results shown in Table 1, with
increasing Nb content from 5 at.% to 15 at.%, the Ti content of matrix
decreases and the Nb content increases, leading to the increased
ratio of (Ni þ Cu)/Ti from 0.96 to 1.0. With increasing Ni/Ti ratio or
Nb content, the transformation temperatures of TiNiNb SMAs
decrease [14]. This suggests that the compositional change of ma-
trix resulting from the addition of Nb is responsible for the
dependence of transformation temperature on Nb content.

In the present work, the transformation hysteresis is defined as
the difference between Af and Ms. For the present (Ti50Ni40-
Cu10)100�xNbx alloys, the transformation hysteresis gradually in-
creases from 9.1 �C to 20.2 �C when the Nb content increases from
0 to 15 at.%, as shown in Fig. 3(b). It is generally accepted that
B2 4 B19 transformation is usually characterized by smaller
transformation hysteresis due to the smaller lattice deformation
than B2 4 B19' transformation [6]. When the Cu content is 10 at.%,
the hysteresis of B2 4 B19 transformation in Ti50Ni40Cu10 alloy is
about 11 �C [1] which is close to the present value. It is envisaged
that the addition of Nb possibly influences the transformation
hysteresis in the following ways: (1) change of martensite structure
from B19 to B190 and (2) change of middle eigenvalue of the phase
transformation matrix (l2) resulting from the change of lattice
parameters. Low temperature XRD was carried out at �60 �C to
determine the phase constituent of Nb10 sample, the result is
shown in Fig. 4. The pattern can be indexed as a mixture of B19
martensite, b-Nb phase and Ti2(Ni,Cu) phase. The lattice parame-
ters of B19 martensite was determined to be a ¼ 0.2884 nm,
b¼ 0.4245 nm and c¼ 0.4561 nm. Therefore, the effect of change of
martensite structure can be excluded. According to the geometric
non-linear theory of martensite [15], the transformation hysteresis
decreases as l2 approaches to one. For the B2/B19 transformation,
l2 can be calculated by bB19

ffiffiffi

2
p

aB2
, where bB19 and aB2 are the lattice

parameters of B19 martensite and B2 parent phase, respectively [2].
For Nb0 and Nb10 alloy, the value of l2 were calculated to be 0.995
and 0.990 according to the lattice parameters determined by the
present work, respectively. Therefore, it is concluded that the effect
of Nb content on transformation hysteresis is due to the change of
lattice parameters that leads to the change of l2.
Fig. 4. XRD pattern of Nb10 alloy at �60 �C.
In order to evaluate the effect of Nb content on the mechanical
properties, the samples were deformed at Afþ 20 �C to ensure the
same thermodynamic conditions. The stressestrain curves are
shown in Fig. 5. The stressestrain curve of Nb0 sample does not
show an obvious stress-plateau, which is quite similar to the results
reported in Ti50Ni25Cu25 ribbon [16] and Ti36Ni49Hf15 alloy [17]. The
absence of stress plateau can be attributed to the dislocation slip
during stress-induced martensitic transformation. After the addi-
tion of Nb, clear stress-plateaus are observed. The stressestrain
curves of the samples with the addition of Nb can be divided into
four stages, as schematically shown in the curve of Nb15. The first
stage shows that the stress almost linearly increases with
increasing strain, corresponding to the elastic deformation of the
samples. At the second stage, the stress slightly increases with
increasing strain. This can be mainly contributed to the stress-
induced B2/B19 transformation and plastic deformation of b-Nb
phase [18]. At the third stage, the preferred formation of martensite
variants and the continuous stress-induced martensitic trans-
formation occur [18]. The fourth stage is related to the plastic
deformation of B19 martensite. The elongation increases from
10.2% to 26.2% as the Nb content increases from 0 to 15 at.%. This
indicates that the introduction of ductile b-Nb phase is effective in
increasing the ductility of Ti50Ni40Cu10 alloy as expected.

It is seen that the critical stress to induce martensitic trans-
formation and yield stress both increase with increasing Nb con-
tent. This can be rationalized by the following reasons. Firstly,
according to the chemical analysis shown in Table 1, with increasing
the added Nb content, the Nb content of matrix increases. The so-
lution strengthening of Nb dissolved into the matrix may enhance
the mechanical properties [19]. Secondly, the addition of Nb may
refine the grain size of matrix. This suggestion is supported by the
reported results in which the solution-treated Ti44Ni47Nb9 alloy
shows an average grain size of about 3 mm which is much smaller
than the typical value of TiNi alloy [20]. This mean that the b-Nb
particles may act as the barrier to the grain growth of matrix. In the
present work, with increasing Nb content, the interspacing of b-Nb
particles decreases, as shown in Fig. 2. The reduced interfacing may
refine the microstructure of matrix and hinder the shear defor-
mation of matrix, contributing to the increase of critical stress to
induce martensitic transformation and yield stress. Finally, the load
of matrix may be transferred to the Nb, resulting in the increased
critical stress to induce martensitic transformation, similar to the
case of nanostructured Nb reinforced TiNi [21]. However, this
Fig. 5. Stressestrain curves of the samples with different Nb contents. The tests were
carried out at Afþ 20 �C.



Fig. 6. SEM images of fracture surfaces of the samples with different Nb contents tensile tested at Afþ 20 �C, (a) Nb0, (b) Nb5, (c) Nb10 and (d) Nb15.

Fig. 7. Cyclic stressestrain curves of the samples with different Nb contents, (a) Nb0, (b) Nb5, (c) Nb10 and (d) Nb15.
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Fig. 8. Effect of deformation strain on recoverable strain of the different samples.
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requires further investigation.
Fig. 6 shows the fracture surfaces of the samples with different

Nb contents. All of the fracture surfaces are characterized by the
dimples which is an indicator of ductile fracture. With the increase
of Nb content, the dimples become smaller due to the increase of b-
Nb particles. This is also supported by the microstructure obser-
vation shown in Fig. 2.

Fig. 7 shows the cyclic stressestrain curves of the samples with
different Nb contents. The deformation temperature was fixed at
Afþ 20 �C. The Nb0 sample does not show obvious superelasticity
possibly due to the relatively low critical stress for slip (Fig. 7(a)).
After the addition of Nb, the significant superelasticity can be
observed. Fig. 8 shows the dependence of recoverable strain on the
deformation strain of different samples. In the present work, the
recoverable strain (εR) consists of two components, i.e. superelastic
strain (εSE) and elastic strain (εe). The two components were
determined by the method described in Ref. [22], as schematically
illustrated in Fig. 7(d). The recoverable strain of Nb0 sample in-
creases with increasing deformation strain, and the superelastic
strain is between 0.6% and 1%. After the addition of Nb, the recov-
erable strain and the superelastic strain of Nb5, Nb10 and Nb15
samples are larger than those of Nb0 sample. It should be empha-
sized that the maximum value of superelastic strain increases with
increasing Nb content. The maximum superelastic strain of Nb15
sample is about 3.4%, which is larger than the value reported in
Ti50Ni40Cu10 alloy (3.0%) [1]. The above results indicate that the
addition of Nb is effective in improving the shape recovery strain of
TiNiCu alloy. This can be ascribed to the increased yield stress as
shown in Fig. 5. With increasing Nb content, the yield stress in-
creases, which is responsible for the dependence of maximum
superelastic strain on Nb content.

4. Conclusions

(1) Microstructure of Ti50Ni40Cu10 alloy consists of B19
martensite and Ti2(Ni,Cu) phase. After the addition of Nb, the
alloys contains B2 parent phase, Ti2(Ni,Cu) phase and b-Nb
phase at room temperature.

(2) (Ti50Ni40Cu10)100�xNbx alloys show one stage B2/B19
martensitic transformation upon cooling. With the increase
of Nb content, the transformation temperatures decrease
monotonously, and the transformation hysteresis increases
due to the decrease of middle eigenvalue of the phase
transformation matrix.
(3) The addition of Nb to Ti50Ni40Cu10 alloy is effective in
improving the ductility because of the introduction of soft b-Nb
phase. With the increase of Nb content, both the yield strength
and the critical stress to induce martensitic transformation
increase, leading to the increased shape recovery strain.
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