
A

o
t
a
M
a
t
©

K

1

a
a
f
i
d
P
t
P
[
f
t
t
h
[

s
b

0
d

Journal of Alloys and Compounds 469 (2009) 512–518

Influence of cold deformation on martensite transformation
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bstract

Ti–35Nb–2Ta–3Zr alloy was fabricated by vacuum consumable arc melting furnace and hot pressing. Microstructure and phase transformation
f solution-treated (ST) and cold-rolled (CR) plates of Ti–Nb–Ta–Zr alloy were observed. Different microstructure of strain-induced martensite
ransformation during cold deformation were investigated. With the increase of reduction of cold rolling, microstructure of �′′-phase changed from
cicular martensite to butterfly shaped martensite and showed variant crossed and cross-hatched when the reduction of cold rolling was over 60%.

echanical properties and SEM images of the fracture surface indicated that the alloy fabricated by cold deformation showed favorable strength

nd plasticity. Owing to the excellent cold workability and biomedical safety of elements of Nb, Ta and Zr, Ti–Nb–Ta–Zr alloy contributed much
o medical applications.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Titanium and its alloys have been widely used as materi-
ls for biomedical applications for many years. By now, Ti–Ni
lloys have been successfully applied for many medical products
or a long time. Because of Ni-hypersensitivity and cytotox-
city of Ni, new kinds of Ni-free titanium alloys have been
eveloped [1–3]. Kawahara reported that metallic Ti, Nb, Zr,
d and Ta were low cytotoxic elements [4–7]. Therefore, new

ypes of � titanium alloys including the elements of Nb, Zr,
d and Ta are being studied as biomedical titanium alloys
8,9]. Recently, according to Morinaga’s study, a new method
or alloy design on the basis of the molecular orbital calcula-
ion of electronic structures has been proposed [10]. Those �
itanium alloys such as Ti–Nb, Ti–Ta and Ti–Zr, which show
igh strength and low elastic modulus have been developed
11–13].
By now, many studies referring to the microstructure of
train-induced martensite transformation of NiTi alloys have
een investigated for many years. However, few reports are
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ocusing on strain-induced martensite transformation of � tita-
ium alloys. It is known that most � titanium alloys possess
xcellent ability of cold deformation. A new �-type biomedical
itanium alloy, Ti–Nb–Ta–Zr, which shows good cold worka-
ility is studied in this paper. The purpose of this study is to
nvestigate the effect of cold deformation on martensite trans-
ormation and mechanical properties.

. Experimental procedure

The Ti–Nb–Ta–Zr alloy with a nominal composition of Ti–35Nb–2Ta–3Zr
wt%) was fabricated by vacuum consumable arc melting furnace. The ingot was
e-melted three times to ensure compositional homogeneity. The alloy ingot was
omogenized at 1223 K for 3.6 ks in vacuum condition and then forged into a
uadrate casting of 70 mm width × 30 mm thickness × 100 mm length. Followed
y solution heat treatment for 0.5 h at 1053 K, the alloy was cold-rolled (CR)
ith the reductions of 20%, 40%, 60% and 80% in thickness. All specimens
ere prepared from the cold-rolled sheets by cutting, grinding and polish-

ng. Microstructure observations were carried out by optical microscope and
eld emission scanning electron microscope (SEM). The transmission electron
icroscopy (TEM) observation was conducted using a JEM-2000EX operated
t 160 kV. The temperature of martensite transformation was measured by dif-
erential scanning calorimetry (DSC) at a heating or cooling rate of 10 K/min.
-ray diffraction measurements were carried out at room temperature under the

onditions of Cu K�, 35 kV, and 100 mA. Tensile tests were carried out at a
train rate of 1.5 × 10−4 s at room temperature.

mailto:luweijie@sjtu.edu.cn
dx.doi.org/10.1016/j.jallcom.2008.02.032
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. Results and discussion

.1. Microstructure analysis
Fig. 1 shows the microstructure of solution-treated (ST)
pecimen and cold-rolled specimens with the reductions of
0%, 40%, 60% and 80%. Seen from Fig. 1(a), no trace of

w
c
w

ig. 1. Microstructure of solution-treated specimen at 1053 K for 0.5 h (a) and cold-ro
ompounds 469 (2009) 512–518 513

artensite and �-phase were seen in the image of solution-
reated specimen. Microstructure was assigned to an equiaxial
-phase. As for Ti–Nb phase diagram (Fig. 2), the tempera-

ure of � + � → � transformation was much lower than 1053 K

hen the content of Nb was around 35 wt%. The cooling pro-

essing was so rapid that �-phase precipitation was not indicated
hen Ti–35Nb–2Ta–3Zr alloy was quenched quickly at 1053 K.

lled specimens with the reductions of 20% (b), 40% (c), 60% (d) and 80% (e).



514 L. Wang et al. / Journal of Alloys and Compounds 469 (2009) 512–518

F
d
i
s
g
T
t
M
p
1
s
r
c
i

t
t
m
d

F
t

m
s
m
r
v
b
r
m
(Fig. 1(e)). The TEM of strain-induced martensite of the spec-
imen rolled by 80% is showed in Fig. 5. As the white arrows
show, the secondary microstructure of martensite exhibited as
Fig. 2. Ti–Nb phase diagram [14].

ig. 3 shows the pseudo-binary diagram of titanium with the
ecomposition products of the �-phase. As it shows, with the
ncrease of the content of �-stabilizing element such as Nb, the
tart temperature of martensite transformation (Ms) decreased
radually. Fig. 4 shows the DSC curve of solution-treated
i–35Nb–2Ta–3Zr alloy. Clear peaks of martensite transforma-

ion were seen during the process of heating and cooling. The
s was measured around 199.7 K–197.5 K and the finished tem-

erature of martensite transformation (Mf) was estimated around
70.1 K–169.9 K. Much more �-stabilizer Nb decreased the Ms,
o there would be no martensite when the alloy was cooled to
oom temperature during solid solution treatment, which was
onsistent with the microstructure of solution-treated specimen
n Fig. 1(a).

When the alloy was cold-rolled, strain-induced martensite
ransformation from � to �′′ (orthorhombic) appeared. When

he alloy was rolled by 20% in thickness, strain-induced �′′

artensite was visible. Acicular �′′ martensite caused by cold
eformation was apparent (Fig. 1(b)). Much butterfly shaped

ig. 3. Pseudo-binary diagram of titanium with the decomposition products of
he �-phase [15].
Fig. 4. DSC curve of solution-treated Ti–35Nb–2Ta–3Zr alloy.

artensite was indicated in the alloy with reduction of 40%,
hown in Fig. 1(c). There was a little difference in surface
icrostructure of martensite during different reduction of cold

olling. With the increase of the reduction of cold rolling, much
ariant crossed martensite tending to rolling direction could
e seen easily (Fig. 1(d)). When the alloy was rolled by 80%
eduction in thickness, variant crossed martensite grew up and
uch more fibriform martensite appeared along rolling direction
Fig. 5. TEM image of the specimen rolled by 80%.
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ig. 6. X-ray diffraction profiles of the solution-treated (ST) and cold-rolled
CR) specimens.

wins. In addition, dislocations tangle was also observed in 80%
olled specimen, which was indicated by black arrows.

.2. Phase transformation
Fig. 6 shows the X-ray diffraction profiles of the specimens at
olid solution-treated and cold-rolled state. As shown in Fig. 6,
eflections from � (bcc) single phase were identified by XRD

W
m
t
t

Fig. 7. Stress–strain curves (a and b) and elongation to fracture (c)
ig. 8. SEM image of the fracture surface of solution-treated tensile tested
pecimen.

or solution-treated specimen. While � and �′′ (orthorhombic)
artensite phases could be observed when the alloy was rolled.

′′
ith the increase of cold rolling reduction, strain-induced �
artensite transformation from � to �′′ occurred, the reflec-

ions of �′′-phase increased and the peak intensity rate of �′′
o � was to increase. The XRD profiles indicated that with the

of specimens treated by solution (ST) and cold rolling (CR).
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Fig. 9. X-ray diffraction profile of the fracture surface of solution-treated tensile
tested specimen.

Fig. 10. Sketch map of drape-shaped martensite surface caused by macroscop-
ical shear deformation. R: the strain of lattices.

Fig. 11. (a and c) Low-magnification and (b and d) high-magnification SEM images of the fracture surface of 20% (a and b) and 80% (c and d) tensile tested
specimens.
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ncrease of reduction, strain-induced martensite transformation
as enhanced. Because of residual stress caused by cold rolling,

he broad of XRD profiles broadened gradually. Comparing with
he specimen treated by solid solution (ST) and the specimen
olled by 80% reduction, much more martensite transformation
ad been finished, as studied above.

.3. Mechanical properties

Fig. 7 shows the stress–strain curves (a and b) and elon-
ation to fracture (c) of specimens treated by solution (ST)
nd cold rolling (CR). The specimen annealed at the temper-
ture of 1053 K for 30 min exhibited a two-stage yielding, as it
as shown in Fig. 7(b). The first yielding occurring at around
00 MPa during tensile tests was a relative flat plateau, which
as related to the shape memory property of the alloy. The first
ield in ST is caused by stress-induced martensite transforma-
ion, the second yield would be associated with initiation of slip
eformation of �′′ martensite. The tensile strength of the speci-
en treated by solution was around 500 MPa and the elongation

o fracture was over 23%, which showed excellent plasticity. As
or fracture surface of solution-treated tensile tested specimen,
rape-shaped martensite was investigated by SEM analysis, as
he arrows show (Fig. 8). X-ray diffraction profile of the fracture
urface indicated that stress-induced �′′ martensite transfor-
ation occurred (Fig. 9). Fig. 10 shows the sketch map of

rape-shaped martensite surface caused by macroscopical shear
eformation. The macroscopical structure of fracture surface
hanged from XY plane to XZ plane, which was attributed to the
train of lattices (R) caused by tensile stress.

Tensile strength increased with the increasing of reduction
f cold rolling. Besides dislocations caused during deforma-
ion, secondary microstructure of martensite such as twins
ontributed much to the strength of the alloy [16]. As seen
n Fig. 1(e) of the optical microstructure of strain-induced
artensite transformation, fibriform and cross-hatched marten-

ite phases appeared in specimen which was rolled with the
eductions of 80%. Owing to the fibriform martensite, the ten-
ile strength of the alloy increased. When the reduction added up
o 80%, the tensile strength increased to 800 MPa. Elongation to
racture decreased with the increase of reduction of cold rolling
hown in Fig. 7(c). As it was known, the plasticity of martensite
epends much on the secondary microstructure of martensite.
wins, as the major secondary microstructure of martensite in
i–Nb–Ta–Zr alloy (Fig. 5), played an important role on the plas-

icity. The elongation was higher than 15% when the reduction
as 20%, which induced bunchy martensite. Comparing with the
0% rolled specimen, when the reduction of cold deformation
ncreased to 40%, the elongation decreased rapidly. However,
hen the reduction was between 40% and 80%, the elonga-

ion decreased gradually. Even when the alloy was deformed by
0% in thickness, the elongation was over 10%, which showed
avorable plasticity.
Fig. 11 displays SEM images of the fracture surface of 20%
nd 80% tensile tested specimens. The fracture morphologies
ainly exhibited toughness fracture in both the specimens.
he alloy tolerated a large amount of elongation before fail-
ompounds 469 (2009) 512–518 517

re occurred. As seen in Fig. 7(c), elongation to fracture was
ver 10% even when the alloy was rolled by 80% reduction in
hickness. Whirlpool-like patterns were somewhat different due
o the reductions of cold rolling. Owing to better plasticity of
racture of the specimen deformed by 20%, fracture morpholo-
ies of whirlpool-like patterns were much deeper, seen from
igh-magnification SEM images in Fig. 11(b). In the correct
osition of which the arrows show (Fig. 11(b) and (d)), the differ-
nces could be observed easily. Moreover, a few cleavage planes
ppeared in the fracture surface of the specimens deformed by
0%.

. Conclusions

Strain-induced martensite transformation from � to �′′
aused by cold rolling was observed. Mechanical properties of
he alloy fabricated by cold rolling were measured. The main
esults are summarized as follows.

The biomedical titanium alloy of Ti–Nb–Ta–Zr shows excel-
ent cold workability. Different kinds of microstructure of
train-induced martensite are observed during cold rolling.

ith the increase of reduction of cold rolling, much more
train-induced martensite transformation from � to �′′ can
e investigated. Microstructure of �′′ changes from acicular
artensite to butterfly shaped martensite and shows variant

rossed and cross-hatched when the reduction of cold rolling
as over 60%. The two-stage yielding was observed from

tress–strain curves, which shows that stress-induced phase
ransformation occurs in the alloy treated by solid solution. The
ensile strength of the alloy increases with the increasing of the
eduction of cold rolling. When the reduction is 80%, the tensile
trength increases to 800 MPa and the elongation to fracture is
ver 10%. Ti–Nb–Ta–Zr exhibits high strength and appropriate
lasticity when it is cold-rolled by 80% reduction in thickness,
hich contributes much to medical applications.
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