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Abstract: The phase constituents of Ti-Nb—Cu shape memory alloys were designed based on d electron theory, in
order to optimize their performances. The XRD analysis and TEM observation revealed that Cu addition led to the
reduction of the bond order (Bo) and metal d-orbital energy level (Md ), which caused the evolution of phase
constituents. With increasing Cu content, the variation of phase constituents can be concluded as follows:
fta"—p+to—pro"+w—p. The yield strength, ultimate tensile strength and elongation of Ti—Nb—Cu shape memory
alloys firstly increased and then decreased with increasing Cu contents. By optimizing the content of Cu alloying
element, Ti-Nb—Cu shape memory alloys possess superior mechanical properties with yield strength of 528 MPa and
ultimate tensile strength of 742 MPa, which can mainly be attributed to the comprehensive effect of solution
strengthening and grain refinement as well as precipitation strengthening.
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1 Introduction

Compared with binary Ti—Ni shape memory
alloys, f-type Ti-based shape memory alloys have
become the most promising candidates for
biomedical shape memory alloys due to various
advantages such as lower elastic modulus, excellent
biocompatibility, high corrosion resistance, non-
toxicity and good cold workability [1-3]. The
functional performances including shape memory
effect and superelasticity for f-type Ti-based shape
memory alloys are originated from the reversible
p==0" martensite transformation [4,5]. Recently,

primary S-Ti-based shape memory alloys consist
of Ti—Nb [6], Ti—-Mo [7], Ti—Cr [8], Ti—Au [9] and
Ti—Cr [10] etc. Particularly, there has been
tremendous progress in developing Ti—Nb-based
shape memory alloys in the past decade. For
instance, the microstructural features, martensitic
transformation behaviors, mechanical properties
and shape memory effect or superelasticity of
Ti—Nb-based shape memory alloys have been
extensively studied [11,12]. It is found that the
small transformation strain and low strength are two
major drawbacks of binary Ti—Nb shape memory
alloys [13]. Especially, developing p-type Ti-
based shape memory alloys with a lower Young’s
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modulus and higher strength is necessary for the
replacement of human bone [14]. However, recent
researches have shown that the intrinsic problem of
small transformation strain, low Young’s modulus
and strength of Ti—Nb-based shape memory alloys
can be solved by adding alloying elements and
controlling microstructure [15]. The Young’s
modulus and mechanical properties of S-Ti based
shape memory alloys change, as the phase
constituents are distinctive. The Young’s moduli of
different phases in most Ti-based shape memory
alloys decrease as follows: w phase > o' martensite
phase > o martensite phase > f§ phase [16]. However,
the phase compositions of Ti-based shape memory
alloys can be evaluated by Bo—Md diagram
(Bo is the bond order and Md is the metal d-orbital
energy level) diagram [17]. This implies that the
Bo—Md diagram can be used for designing the
biomedical Ti-based alloys and predicting the
functional performances based on the d electron
theory. For example, the bio-implant S-Ti shape
memory alloys mainly appear in the neighborhood
of two parameters, Bo=2.87 and Md=2.45 in the
Bo—Md diagram [18]. In addition, the Ti—12Ta—
9ONb—3V—-6Zr—1.50 and Ti—23Nb—0.7Ta—2Zr—1.20
gum metals shape memory alloys have been
optimized based on the Bo—Md diagram [17].
They not only possess good cold working, but also
show superelasticity and ultra-low elastic modulus.
Hence, designing the values of Bo and Md in
S-Ti shape memory alloys by controlling alloying
elements is an effective method to improve the
mechanical and functional properties.

It has been reported that Cu element plays a
great important role in the development of
biomedical alloys [19]. For instance, Cu can
enhance the mechanical properties owing to the
solution strengthening mechanism or dispersion
strengthening mechanism [20]. Moreover, proper
addition of Cu can also improve the bio-
corrosion properties and provide strong antibacterial
activity [21,22]. Besides, Cu addition also can
endow with the new biological functions, such as
stimulating proliferation and differentiation of
osteoblasts and angiogenesis of endothelia cells,
inhibiting the proliferation of wvascular smooth
muscle cells (VSMC) and promoting the proliferation
of vascular endothelial cells (VEC) [19]. This
means that Cu addition can promote the biomedical
application of Ti—Nb shape memory alloys.

Nevertheless, there are few investigations on the
microstructure, martensitic transformation and
mechanical properties of Ti—-Nb—Cu shape memory
alloys.

Hence, the ternary Cu element was adopted to
tailor the phase constituents to further obtain the
Ti—Nb biomedical shape memory alloys with high
performances in the present study. At the same time,
the relationships between the Cu content and micro-
structural features, mechanical properties of Ti—Nb
based shape memory alloys were established. The
mechanisms for achieving the high performances of
Ti—Nb-based shape memory alloys are clarified.

2 Experimental

2.1 Materials preparation

(Ti—-16Nb)100-»—Cu. (x=0.5, 1.0, 1.5, 2.0, 3.0,
and 5.0 at.%) shape memory alloy ingots with a
mass of 60 g were melted in an arc-melting furnace
under the argon atmosphere. For homogenization,
all Ti-Nb—Cu shape memory alloy ingots were
solution-treated at 900 °C for 24 h under vacuum
condition. The homogenized samples were hot-
rolled into sheets with a thickness of 4 mm
followed by the cold-rolling. The total reduction
rate of cold rolling was 75%. The specimens with
suitable sizes were prepared by spark-cutting for the
following characterization. Then, they were sealed
into the vacuum quartz tubes and solution-treated at
900 °C for 3 h followed by ice-water quenching.

2.2 Samples characterization

Crystal structures of the Ti—Nb—Cu shape
memory alloys were examined by adopting X-ray
diffraction spectrometer (XRD, Bruker Discover D8)
at room temperature and 26=30°-80° using Cu K,
radiation. The microstructure was observed by
optical microscope and transmission electron
microscope (TEM). For optical observation, the
specimens were mechanically polished and etched
in a solution composed of 10 vol.% HF + 40 vol.%
HNO; + 50vol.% H,O. TEM observations were
carried out using a Talos F200X electron microscope
operated at 200 kV. Specimens for TEM observation
were prepared by twin jet-polishing in a solution of
6 vol.% perchloric acid, 60 vol.% methyl alcohol
and 34 vol.% n-butyl alcohol. Tensile tests were
performed at room temperature on an MTS880
machine with an initial strain rate of 0.2 mm/min.
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The tensile samples were prepared by spark-cutting
parallel to the rolling direction with a gage length of
45 mm. Tensile fracture surface morphologies were
observed by means of scanning electron microscope
(SEM, ZEISS EVO MAI10). The microhardness
(HV) measurements were performed on a micro-
Vicker hardness tester. The applied loading and
duration were 50g and 10s, respectively. The
microhardness were evaluated by the
average value of at least ten different regions
after excluding the highest and lowest values.
The specimens for microhardness
mechanically polished using 400% SiC papers, until
approximately 20 um depth from the rolling surface
was removed. Then, 800 — 1200 — 2000 —
3000% SiC papers were used for finer polishing to
obtain a mirror surface.

values

tests were

3 Results and discussion

3.1 Microstructure

Figure 1 shows the XRD patterns of the
solution-treated Ti—Nb—Cu shape memory alloys
with various Cu contents. Obviously, the phase
constituents of Ti—-Nb—Cu shape memory alloys are
closely related to the Cu content. Single f phase
with a cubic structure corresponding to the primary
peaks of (110), (200) and (211) is observed in
Ti—Nb—Cu shape memory alloys, as Cu content is
1.0 at.%, 3.0 at.% and 5.0 at.%, respectively. While
the phase constituents of other Ti—Nb—Cu shape
memory alloys with Cu contents of 0.5 at.%,
1.5at% and 2.0 at.% consist of predominant f
phase and a small amount of orthorhombic a"
martensite. It has been reported that Ti—16Nb shape
memory alloys are in martensitic state at room
temperature [11]. This indicates that Cu element
belongs to the p-stabilizing element, which can
promote to the formation of § phase. The similar
conclusions have been drawn in other S-Ti shape
memory alloys [20,23].

It is calculated from Fig. 1 that the lattice
constants of Ti—Nb—Cu shape memory alloys are
different as the Cu content changes, which are
shown in Fig. 2. The lattice constant of £ parent
phase (a,) for Ti—Nb-based shape memory alloys
increases with Cu content increasing from 0.5 at.%
to 3.0 at.%; whereas a slight drop occurs in Ti—Nb-
based shape memory alloys with 5.0 at.% Cu. The
lattice constants of a” martensite phase in Ti—Nb-
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Fig. 1 Room temperature XRD patterns of Ti—Nb—Cu
shape memory alloys with various Cu contents
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Fig. 2 Effect of Cu content on lattice constants (a) and
lattice volume (b) of Ti—Nb—Cu shape memory alloys

based shape memory alloys with 1.5 at.% and
2.0 at.% Cu are different, which are respectively
as follows: a=3.1197 A, b=4.6608 A, ¢=4.7766 A;
a=3.1203 A, b=4.7786 A, c=4.7008 A. In proportion,
the lattice volume of S parent phase first increases
and then decreases as Cu content increases from
0.5 at.% to 5.0 at.%. Similarly, the lattice volume of
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o martensite phase in Ti—-Nb—Cuz, shape memory
alloy is larger than that of Ti—Nb—Cu;s shape
memory alloy. The evolution of lattice constants of
Ti—Nb—Cu shape memory alloy with increasing the
Cu content can be ascribed to different degrees of
lattice distortion induced by different Cu contents
dissolving into Ti—Nb matrix.

Figure 3 exhibits the optical images of
Ti—Nb—Cu shape memory alloys with different Cu
contents. The microstructural features of Ti—-Nb—Cu
shape memory alloys with various Cu contents are
obviously different. Nevertheless, the optical
images of Ti—Nb—Cu shape memory alloys are well
consistent with the XRD patterns. The featureless S
parent phase is found in all Ti—Nb—Cu shape
memory alloys, regardless of Cu contents. However,
the lath-like «” martensite phase can also be
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observed in Ti—Nb—Cu shape memory alloys with
0.5 at.%, 1.5 at.% and 2.0 at.% Cu. The differences
are that the martensite lath mainly distributes along
the grain boundary in Ti—Nb—Cu shape memory
alloys with 0.5 at.% and 2.0 at.% Cu, while the
complete martensite lath crosses through the whole
grain in Ti—Nb—Cu shape memory alloys with
1.5 at.% Cu.

In addition, the average grain size is obtained
from the optical images. The previous studies have
shown that the grain size is largely dependent on
the composition and processing history of Ti—Nb-
based alloys [24—27]. In the present Ti—Nb—Cu
shape memory alloys, the Cu content also plays an
important role in grain size of Ti—-Nb—Cu shape
memory alloys, as shown in Fig. 4. With increasing
the Cu content, the average grain size first increases

Fig. 3 Optical images of Ti—Nb—Cu shape memory alloys with different Cu contents: (a) 0.5 at.%; (b) 1.0 at.%;

(c) 1.5 at.%; (d) 2.0 at.%; (e) 3.0 at.%; (f) 5.0 at.%
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Fig. 4 Effect of Cu content on grain size of Ti—-Nb—Cu
shape memory alloys

and then decreases. As the Cu content increases
from 0.5at.% to 1.5at.%, the mean grain size
increases from 405 to 500 um. When the content of
Cu is more than 1.5at%, the grain size
continuously decreases to 340 um. This indicates
that higher Cu content can play an important role in
grain refinement. Similarly, it has been revealed
that Al and Sn elements can also result in the
reduction of grain size of Ti—Nb shape memory
alloys [24—26].

Figure 5 shows the bright field TEM images
and corresponding SAED patterns of Ti—Nb—Cuqs
shape memory alloys. As shown in Fig. 5(a), the
cubic f parent phase and parallel o” martensite
phase coexist in the present Ti—Nb—Cu shape
memory alloy, which can be verified by SAED
patterns in Figs. 5(b) and (c). Moreover, the SAED
pattern taken from Zone B further confirms that
martensite lath is {111} type I twins related.

The bright field TEM image and the
corresponding SAED pattern of Ti—Nb—Cu, o shape
memory alloy are shown in Fig. 6. It can be seen
from Fig. 6(a) that the microstructure of Ti—-Nb—Cu
shape memory alloy is featured with the anonymous
[ austenite phase. However, in addition to the
diffraction spot of S parent phase, some extra
diffraction spots corresponding to w phase are also
detected. This means that the higher density o
phases exist in the f-phase matrix.

Similarly, f parent phase matrix modified by
lots of w phases is also found in Ti—Nb—Cu, s shape
memory alloy, which can be confirmed by TEM
image in Fig. 7(a) and the corresponding SAED
pattern in Fig. 7(b). Besides, it is found that the

Fig. 5 Bright field TEM image (a) and corresponding
SAED patterns (b, ¢) taken from Zones 4 and B in (a),
respectively, for Ti—Nb-based shape memory alloys with
0.5 at.% Cu

Fig. 6 Bright field TEM image (a) and corresponding
SAED pattern (b) of Ti—Nb-based shape memory alloys
with 1.0 at.% Cu

martensite lath coexists in the § parent phase matrix.
The corresponding SAED pattern in Fig. 7(c) can
further affirm the appearance of orthorhombic o”
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martensite phase. Figure 7(d) represents the typical
morphology of another area in Ti—-Nb—Cu, s shape
memory alloy. Obviously, the typical self-
accommodation martensite configuration with a
V-shape and triangular shape is observed in
Ti—Nb—Cu, s shape memory alloy.

Fig. 7 Bright field TEM image (a) and corresponding
SAED patterns (b, c) taken from Zones A4 and B in (a) for
Ti—Nb-based shape memory alloys with 1.5 at.% Cu,
respectively, and TEM image of another area (d) (CVn
represents different martensite variants)

With further increasing Cu content to 2.0 at.%,
both an orthorhombic a” martensite phase and cubic
p parent phase still coexist, as shown in Fig. 8(a).
Differing from Ti—Nb—Cu; s shape memory alloy,
the corresponding SAED patterns in Figs. 8(b) and
(c) indicate that o precipitates completely disappear
in Ti—-Nb—Cuzo shape memory alloy. Moreover,
the tip of &" martensite lath embeds into the S
parent phase, which is consistent with the energy
minimization theory. Similar to Ti—Nb—Cu; s shape
memory alloy, the V-shape martensite phase is still
frequently observed in Ti—-Nb—Cu, shape memory
alloy.

As Cu content is up to 3.0at.%, only
featureless f parent phase matrix with a cubic
structure is observed, while no martensite lath is

detected in Ti—Nb—Cuso shape memory alloy,
as shown in Fig. 9(a). Meanwhile, the single
diffraction spots corresponding to S phase are
detected in SAED pattern in Fig. 9(b) taken from
Fig. 9(a). This implies that both w precipitates
and o" martensite phase also fully disappear in
Ti—Nb—Cus shape memory alloy.

170

[011]

Fig. 8 Bright field TEM image (a) and corresponding
SAED patterns taken from g (b) and a” (c) zones of
Ti—Nb-based shape memory alloys with 2.0 at.% Cu

w:s&}"" -

Fig. 9 Bright field TEM image (a) and corresponding
SAED pattern (b) of Ti—Nb-based shape memory alloys
with 3.0 at.% Cu
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3.2 Martensitic transformation

For p-Ti-based shape memory alloys, there
exists six orientation relationships between f phase
and o" martensite variants during martensitic
transformation process, as listed in Table 1 [27,28].

Table 1 Orientation relationship between f phase and a”
martensite variants in martensitic transformation [27,28]

CVn [100],~ [010],~ [001],
CVvl1 [100] [011]5 [0117,
Cv2 [100]5 [010]5 [011]4
CV3 [010]; [101]p [101]s
CV4 [010]; [101] [101];
CV5 [001]; [1107 [110]5
CV6 [001]5 [110]5 [110]5

As the basis vector of martensitic phase is
regarded as the coordinate system, lattice
transformation matrix (7'1) can be expressed as

ala, 0 0
T/=| 0 b/\N2a, 0 (1)
0 0 c/xﬁao
When taking the base vector of the parent
phase as the coordinate system, the lattice

transformation matrix (7") can be indicated as
T'=R,T/R/ ()

where R; expresses the transformation matrix of
martensite variant transformation to parent phase;
R/ is the transpose of R.

Taking martensitic variant CV1 as an example,
based on the relationship between the martensite

phase and parent phase R; can be calculated as
follows:

1 0 0
R,=[0 1/N2 -1/\2 3)
0 1/N2 -1/\2

Hence, T’ can be calculated by Eq.(2) as
follows:
ala, 0 0
T'=| 0 (b+o)/(N2a)) (b-c)/(2V2a,)
0 (b-0)/(N2a,) (b+c)/(2\2a,)
“)
Plugging lattice constants of Ti—Nb—Cu, s and
Ti—-Nb—Cu,o in Fig.2 into Eq.(4), T’ can be
obtained respectively as follows:
[0.9452 0 0
T!,s=| O 1.0109 —-0.0124 (5)
0 -0.0124 1.0109

[0.9441 0 0
T!no=| 0 1.0141 0.0083 (6)
0 0.0083 1.0141

Lastly, we can obtain the lattice distortion
matrix corresponding to six martensite variants, as
listed in Table 2 and Table 3, respectively.

It has been reported that the martensite
which show a self-accommodation
configuration, are frequently observed in f-Ti-based
shape memory alloy in the previous literature, such
as V-shape or triangular-shape [12,29]. Based on
the energy minimization theory, multiple martensite

variants,

Table 2 Lattice distortion matrix of Ti—Nb—Cu, s alloy for corresponding six lattice variants

CVn T CVn T
0.9452 0 0 0.9452 0 0
CVl1 0 1.0109 -0.0124 CV2 0 1.0109 0.0124

0 -0.0124 1.0109

1.0109 0 0.0124
CV3 0 09452 0
0.0124 0 1.0109

1.0109 0.0124 0
0.0124 1.0109 0
0 0 0.9452

CVs

0 1.0109 0.0124

1.0109 0 -0.0124
Cv4 0 0.9452 0
-0.0124 0 1.0109

1.0109 -0.0124 O
-0.0124 1.0109 0
0 0 0.9452

CVeé




868 Xiao-yang Y1, et al/Trans. Nonferrous Met. Soc. China 34(2024) 861—-873

Table 3 Lattice distortion matrix of Ti-Nb—Cu, alloy for corresponding six lattice variants

CVn T: CVn T;
0.9441 O 0 0.9441 0 0
CV1 0 1.0141 0.0083 CV2 0 1.0141 -0.0083

0 0.00831.0141

1.0141 0 -0.0083
CV3 0 0.9441 0
-0.0083 0 1.0141

1.0141 -0.0083 O
CV5 —-0.0083 1.0141 0
0 0 0.9441

0 1.0141 -0.0083

1.0141 0 0.0083
Cv4 0 09441 O
0.0083 0 1.0141

1.0141 0.0083 0
CVé 0.0083 1.0141 O
0 0 0.9441

variants forming self-accommodation configuration
can effectively minimize the transformation strain
during the martensitic transformation. In addition,
the martensite morphologies are largely dependent
on the lattice distortion matrix (77). Generally
speaking, the lattice distortion matrix (7;) should
immortally approach to unit matrix in order to
achieve the lowest energy. It can be calculated that
the combination of two martensite variants or three
martensite variants can tend to unite matrix and
further obtain the minimized energy. For instance,

_ T +T,
0.97805 0 0.0062 100
0 097805 -0.0062 |01 0| (7)
0.0062 -0.0062 1.0109 001
0.9890 0.0041 0.0041 100

0.0041 0.9890 -0.0041|={010 (8)
0 —0.0041 0.9890 001

The above results reveal that the martensite
variants tend to show a V-shape or triangular
morphologies in order to keep the minimum energy
of the whole system, which is almost consistent
with the TEM observations in Ti—Nb—Cu;s and
Ti—Nb—Cuz, shape memory alloys.

It has been reported that the phase constituents
of p-Ti-based shape memory alloys are largely
dependent on two electronic parameters including
the bond order (%) and the metal d-orbital
energy level (M_d) [17]. Figure 10 shows Bo—Md

diagram of Ti—Nb—Cu shape memory alloys with
various Cu contents. Relationships between Bo,
Md and Cu content (x) can be expressed by the
following equations:

Md =2.44-0.019x 9)
Bo0=2.8394-0.0073x (10)

It can be found that adding Cu alloying
element into Ti—Nb-based shape memory alloy
results in the decrease of Bo and Md. As Cu
content increases from 0.5 at.% to 5.0 at.%, Ti—Nb—
Cu shape memory alloys change from " martensite
phase zone to S phase zone, crossing the boundary
of p/(f+w). Hence, martensite phase is observed
in Ti—Nb—Cuos shape memory alloy. Adding
1.0 at.% Cu and 1.5 at.% Cu into Ti—Nb—Cu shape
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1.5Cu

2.82F  0cue

2.80 [#5.0Cu -

-
-
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2782
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Fig. 10 Bo-Md diagram for Ti—Nb-based shape memory

alloys containing different Cu contents [17]
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memory alloys makes them locate near the f/(f+w)
boundary, which leads to the precipitation of w
phase in the present Ti—Nb—Cu shape memory
alloys. With further increasing Cu content to
3.0at% or 5.0at.%, Ti—Nb—Cu shape memory
alloys gradually become far away from the f/(f+w)
boundary, suppressing the precipitation of @ phase.
This is almost consistent with the evolution of
phase constituents in Ti—-Nb—Cu shape memory
alloy containing various Cu contents.

From the view point of microstructural
evolution, it can be speculated that the martensitic
transformation temperatures are closely related to
Cu content in Ti—Nb-based shape memory alloys.
For comparison, the martensitic transformation
temperature of Ti—-Nb—Cuos shape memory alloy is
higher than that of Ti—Nb—Cu;o shape memory
alloy. Moreover, the martensitic transformation
temperature of Ti—Nb—Cu shape memory alloy
firstly increases and then decreases with further
increasing Cu content from 1.0 at.% to 5.0 at.%.
The wvariation of martensitic transformation
temperature of Ti—-Nb—Cu shape memory alloys can
be attributed to the evolution of Bo and Md.

3.3 Mechanical properties

Figure 11(a) shows the room temperature
tensile stress—strain curves of Ti—Nb—Cu shape
memory alloys with various Cu contents. The
results reveal that Cu content has an important
influence on the mechanical properties of
Ti—Nb—Cu shape memory alloys. The above XRD
analysis and TEM observations reveal that all
Ti—-Nb—Cu shape memory alloys are mainly
composed of S phase, regardless of the Cu content.
Among them, Ti—Nb—Cu shape memory alloys
with 0.5at.% Cu and 1.0 at.% Cu have similar
stress—strain curves, containing elastic deformation,
stress-induced martensite transformation and elastic
deformation of martensite phase. As the stress is
up to the ultimate tensile stress, the samples are
necked and failure. For Ti-Nb—Cu shape memory
alloys with 1.5 at.% Cu and 2.0 at.% Cu, the elastic
deformation of f phase, stress-induced martensite
phase and last uniform plastic deformation are
their primary deformation stages. The difference is
that the plateaus of stress-induced martensite
transformation and plastic deformation occur
simultaneously in the Ti—Nb—Cu shape memory
alloys with 1.5 at.% Cu and 2.0 at.% Cu. However,

800
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Fig. 11 Room temperature tensile stress—strain curves (a)
and dependence of strength and elongation on Cu
content (b) of Ti-Nb—Cu shape memory alloys

a significant work-hardening phenomenon is observed
in tensile stress—strain curves of Ti—Nb—Cu shape
memory alloys when the Cu content is more than
2.0 at.%. This may be related to more stable f
parent phase in Ti—Nb—Cu shape memory alloys
due to the higher Cu content. The mechanical
properties of Ti—Nb—Cu shape memory alloys
stemmed from Fig. 11(a) are shown in Fig. 11(b).
Both the yield strength and ultimate tensile strength
of Ti—-Nb—Cu shape memory alloys increase rapidly,
reaching the maximum values of 528 and 742 MPa
at optimal 3.0 at.% Cu, respectively. This is
obviously higher than those of other reported
Ti—Nb-based shape memory alloys with Zr, Hf and
Sn addition [29-35]. Combining with the
microstructural analysis, the higher strength can be
ascribed to the refined grain and solution
strengthening. Further increasing the Cu content
from 3.0 at.% to 5.0 at.% leads to a decrease of the
yield strength and ultimate tensile strength. The
elongation of Ti—Nb—Cu shape memory alloys also
shows the same trend. The elongation of Ti—-Nb—Cu
shape memory alloy first increases from 9.5% to
17.5% and then decreases to 8.5% as the Cu content
increases from 0.5 at.% to 2.0 at.% and then to
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5.0 at.%. The superior elongation of 17.5% can be
obtained in Ti—Nb—Cu shape memory alloy with
tailoring 2.0 at.% Cu content. Compared with the
Ti—Nb—Cu, s shape memory alloy, there are not lots
of w precipitates in Ti-Nb—Cuyo shape memory
alloy. It is revealed that @ precipitates are brittle
phase, which would deteriorate the ductility of
f-Ti-based shape memory alloys [36,37]. While
at Cu content exceeding 2.0 at.%, the Ti—-Nb—Cu
shape memory alloys are composed of more stable
[ parent phase, which is deformed by means of
slip and is not favorable to the ductility. Thus,
Ti—Nb—Cuzo shape memory alloy possesses the
excellent ductility as a result of the avoidance of @
precipitates and more stable f parent phase.

Figure 12 illustrates the tensile fracture surface
images of Ti—Nb—Cu shape memory alloys with
different Cu contents. On the whole, the fracture
surface morphologies of all Ti—Nb—Cu shape
memory alloys show the typical ductile fracture,
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which consist of dimples and tearing edges
(directed by yellow arrow). Nevertheless, there
exist some tiny differences among the Ti—Nb—Cu
shape memory alloys with various Cu contents. For
instance, the dimples of Ti—Nb—Cu;o shape
memory alloys are relatively flat. The size of
dimples in Ti—-Nb—Cu;s shape memory alloy is
significantly different in different zones. Besides,
some discontinuous tearing edges are found at the
bottom of individual dimples for Ti—Nb—Cusyo
shape memory alloy. That is the distinction of the
fracture morphologies leading to the difference of
elongation.

The influence of Cu content on the micro-
hardness of Ti—Nb—Cu shape memory alloys is
exhibited in Fig. 13. As seen, the microhardness of
Ti—Nb—Cu shape memory alloys first increases and
then decreases with increasing the Cu content.
When the Cu content increases from 0.5 at.% to
1.5 at.%, the microhardness of Ti—Nb—Cu shape

/ ] . ; N’ = | /i i
Fig. 12 SEM images showing fracture surface of Ti—Nb—Cu shape memory alloys with different Cu contents:
(a) 0.5 at.%; (b) 1.0 at.%; (c) 1.5 at.%; (d) 2.0 at.%; (e) 3.0 at.%; (f) 5.0 at.%
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Fig. 13 Influence of Cu content on microhardness of
Ti—Nb—Cu shape memory alloys

memory alloys increases from HV 319 to HV 387.
Whereas, the microhardness decreases continuously

to HV 283 when the content of Cu exceeds 1.5 at.%.

The maximum microhardness of HV 387 can be
obtained by adjusting Cu content of 1.5 at.%, which
is obviously higher than that of Ti—Nb—O and
Ti—Nb—Sn shape memory alloys [38,39]. The
microhardness of f-Ti-based shape memory alloys
can be controlled by solid solution strengthening,
precipitation hardening, strain aging, grain size and
phase compositions [39]. In the present Ti—-Nb—Cu
shape memory alloys, Cu addition can play an
important role in solution strengthening. Moreover,
the more the Cu content is, the more significant the
strengthening effect is. In theory, the microhardness
should continuously increase owing to the solution
strengthening of Cu element. However, the
precipitation strengthening is the more important
factor in determining the micro-hardness, except for
the solution strengthening. As stated in the above
analysis, with increasing the Cu content, the amount
of w phase firstly increases and then decreases,
further causing the first increase and then decrease
of microhardness.

4 Conclusions

(1) The addition of Cu can tailor the phase
constituents of Ti—Nb-based shape memory alloys.
With increasing the Cu addition, both the Bo and
Md monotonously decrease. In proportion, the
evolution of phase constituents can be drawn as
follows: f+a"— f+tw — fta"tw — f.

(2) The grain size of Ti—Nb shape memory
alloys firstly increases and then decreases with
increasing Cu content.

(3) The martensite morphologies of Ti—Nb-
based shape memory alloys with 1.5 at.% Cu and
2.0 at.% Cu show the typical self-accommodation
configuration including V-shape and triangle.

(4) The yield strength, ultimate tensile strength
and microhardness of Ti—Nb—Cu shape memory
alloys firstly increase and then decrease. The
Ti—-Nb—Cu shape memory alloy with high
performances containing the highest yield strength
of 528 MPa and ultimate tensile strength of
742 MPa can be optimized by adding 3.0 at.% Cu,
which is ascribed to the solution strengthening and
grain refinement.
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