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a b s t r a c t

The deformation-induced microstructural variation in the metastable �-type biomedical
Ti–35Nb–5Ta–7Zr (wt.%) alloy subjected to multi-pass cold-rolling to 90% reduction has been
investigated by a combination of X-ray diffraction, optical microscopy, conventional transmission
electron microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM) techniques.
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Multi-pass cold rolling for the Ti–35Nb–5Ta–7Zr alloy includes various localized deformation processes
which can result in dislocation tangle, stress-induced �-phase transformation and deformation-
band formation. Deformation-induced amorphization caused by high-density defect accumulation in
deformation bands has been identified. By means of TEM and HRTEM observations, distributional,
morphological and structural features for deformation bands have been clearly revealed.

© 2011 Elsevier B.V. All rights reserved.
eformation band
ransmission electron microscopy

. Introduction

Metastable �-type titanium alloys are promising candidates
or serving as bio-implant materials of human hard tissues (such
s bone and teeth), because they have superior biocompatibil-
ty, excellent corrosion resistance, lower Young modulus, higher
pecific strength and greater working properties in comparison
ith other metallic implant materials being in use nowadays. In

ecent years several new �-type titanium alloys made of non-
oxic alloying elements such as Nb, Ta and Zr have been developed
1–4], of which the �-type Ti–35Nb–5Ta–7Zr (wt.%) alloy with

uch lower modulus of elasticity (about 55 GPa) [2] is consid-
red to have great potential to develop into practical applications.
itanium alloys of the �-type have a body centered cubic (bcc)
tructure and exhibit excellent cold workability [5]. However,
heir plastic deformation behavior can be very complicated, since
arious deformation processes, such as slip of dislocations, twin-
ing, stress-induced phase transition or a combination of these
rocesses, might be involved [6]. It has been shown that the defor-
ation behaviors of �-type titanium alloys are closely related
o their stability [7–9]. Also, titanium alloys are very suscep-
ible to localized shear deformation which can dominate their
eformation behavior under high-strain rate deformation [10].
ocalized deformation can have minus effect on the mechani-
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cal properties of materials and therefore can lead to catastrophic
failure.

So far, many studies referring to the phase transformations,
microstructures and mechanical properties have been reported
for the Ti–35Nb–5Ta–7Zr alloy [11–13]. However, there are few
investigations dealing with the microstructural changes caused by
severe plastic deformation. In particular, the information about the
structural variations caused by localized deformation in this multi-
component alloy is still lacking. The purpose of the present study is
to examine the microstructure of the metastable Ti–35Nb–5Ta–7Zr
alloy cold-rolled heavily at room temperature, and to characterize
structural changes related to deformation localization.

2. Experimental

An alloy ingot with a nominal composition of Ti–35Nb–5Ta–7Zr (wt.%) (referred
as “TNTZ” alloy) was prepared by melting high purity metals in the water-cooled
copper hearth arc furnace under an argon atmosphere. The obtained ingot was
homogenized in vacuum condition at 1273 K for 86.4 ks to eliminate the as-cast
microscopic segregation, and was subsequently solution treated at 1273 K for 7.2 ks
followed by water quenching. The solution-treated ingot was cut into small pieces,
and then some of them were cold rolled to a thickness reduction of 90% via multi-
pass process at room temperature without intermediate annealing.

Microstructure observations were carried out using optical microscope (OM).

The phase formation was examined with an X-ray diffractometer (XRD) with Cu
K� radiation source. Transmission electron microscopy (TEM) and compositional
analysis were conducted using a 200 kV field-emission gun electron microscope
(JEOL-2010F) equipped with an energy-dispersive X-ray spectroscopy (EDS) system.
The samples for TEM observations were prepared by electropolishing with a twin
jet electropolisher in a solution of 5 vol% H2SO4, 2 vol% HF and 93 vol% methanol at
35 V and at a temperature of 243 K.

dx.doi.org/10.1016/j.jallcom.2011.01.084
http://www.sciencedirect.com/science/journal/09258388
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due to its small volume fraction. The detailed study on formation
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ig. 1. XRD patterns of the solution-treated (ST) TNTZ alloy and cold-rolled (CR)
NTZ alloy with 90% thickness reduction.

. Results and discussion

Fig. 1 shows the XRD pattern for the solution-treated TNTZ alloy
ST) and that for the alloy cold-rolled to a 90% reduction (90% CR),
espectively. It is clearly shown that both samples have the � phase
ith a bcc structure as main phase. A small shoulder peak beside

he (2 0 0)� peak in the ST pattern can be indexed as an orthorhom-
ic �′′ martensite, indicating the formation of a small amount of �′′

artensite during the quenching after the solution treatment. In
omparison with diffraction pattern ST for solution-treated TNTZ
lloy, diffraction peak broadening exhibiting in the 90% CR pattern
an be attributed to grain refinement or residual stress accumula-
ion of high degree during the cold-rolled deformation process. No
eaks for secondary phase (such as �′′ martensite or � phase) can

e detected after the TNTZ alloy was cold-rolled to 90% reduction.

The microstructural change resulting from the severe cold-
olling deformation is significant. Fig. 2 shows the optical
icrostructures for solution-treated and cold-rolled TNTZ alloys.

ig. 2. Optical micrographs of TNTZ alloys: (a) solution-treated and (b) cold rolled to 90
mount of quenched �′′ martensite near a grain boundary.
mpounds 509S (2011) S294–S298 S295

As can be seen in Fig. 2(a), the solution-treated alloy exhibits a typi-
cal equiaxed grain microstructure with only a quite small amount of
quenched �′′ martensite existing in grain boundary area (indicated
with arrow). In contrast, the cold-rolled alloy shows a kind of highly
deformed structure which exhibits curved morphology (Fig. 2(b)),
somewhat similar to the “marble-like” morphology observed in the
Gum metal cold-worked by 90% [14]. Since the amount of quenched
�′′ martensite is so small, its role on the deformation behavior of
the solution-treated TNTZ alloy is therefore ignorable.

The details of deformation microstructure in the cold-rolled
TNTZ alloy were examined by TEM and by high-resolution trans-
mission electron microscopy (HRTEM) as well. Extensive TEM
observations further confirm that the solution-treated TNTZ alloy
consists mainly of the bcc � phase and neglectable quenched �′′

martensite. Fig. 3(a) is a bright-field TEM image taken from the
cold-rolled TNTZ alloy with thickness reduction of 90%, showing
the formation of dislocation tangle of high density which can result
in a complex strain contrast in the � matrix. The viewing direction
is along the [1 1 3̄]� axis. It is important to point out that, in this
region with localized high stress, the formation of stress-induced
�-phases can be detected. The corresponding electron diffraction
pattern in Fig. 3(b) shows that, in addition to the reflections corre-
sponding to the bcc � matrix phase, extra reflections at the 1/3 and
2/3 {1 1 2}� positions, which can be indexed as a �-phase [15], are
clearly visible. The high-stress state associating with high-density
dislocation tangle is responsible for the pronounced diffuse scatter-
ing appearing in the diffraction pattern (see Fig. 3(b)). Obviously,
the formation of the � phase coexisting with tangle of high-density
dislocation is a result of severe deformation, since no � phase was
found in the solution-treated TNTZ alloy prior to multi-pass cold-
rolling deformation. As we have revealed via careful TEM dark-field
imaging (see Fig. 3(c)), the �-phases formed in the high-stress
region are very fine and have only a few nanometers in size; it
is therefore hard to recognize them in the bright-field TEM image
exhibiting very complex strain contrast. Also, the formation of the
stress-induced � phase is not detectable in the XRD examination
and structure of the stress-induced �-phase will be reported else-
where. Here our emphasis will be placed on characterization of the
structure of those deformation bands formed by highly localized
deformation.

% reduction. The inset is an enlarged part of (a), showing the existence of a small



S296 X.M. Ma, W. Sun / Journal of Alloys and Compounds 509S (2011) S294–S298

Fig. 3. Bright-field TEM image (a) and the corresponding electron diffraction pattern (b) taken from cold-rolled TNTZ alloy along the [1 1 3̄] axis direction. (c) Dark-field
image taken using the 1/3 (2 1 1) reflection, in which nano-sized �-phases formed in a high stress field are discernible (such as those outlined with white circles).

Fig. 4. Bright-field TEM images and their corresponding electron diffraction patterns taken from the cold-rolled TNTZ alloy along (a and b) [1 1 1]� and (c and d) [1 0 0]� axis
directions, respectively. Note that a halo ring overlapping the {1 1 0} reflections is clearly discernible in (d), indicating the formation of amorphous structure in deformation
bands.
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We found that heavy deformation of the TNTZ alloy by cold-
olling resulted in the formation of some long deformation bands
long (or close to) basic slip planes. Fig. 4(a) and (c) shows the
right-field TEM images for the TNTZ alloy cold-rolled to 90%
eduction, taken along the [1 1 1]� and [1 0 0]� axis directions,
espectively, in which various deformation bands exhibiting bright
ontrast are clearly visible. These deformation bands distributed
early along {1 1 0}� and {0 1 0}� planes when viewed along
1 1 1]� and [1 0 0]� directions, and their width and spacing among
hem are not identical. Two typical morphologies for these defor-

ation bands can be recognized; one represents those narrow,
traight bands with strict parallel configuration and clear bound-
ries, while the other indicates those broad ones with curving
onfiguration and ragged boundaries. Typical deformation bands
ith these two characteristic morphologies are indicated with

olid-line and dashed-line arrows, respectively, in Fig. 4(a) and
c). It should be mentioned that, except for morphology variation
f these deformation bands, their bright-contrast features do not
ndergo obvious change during the sample tilting to different ori-
ntations. In this regard, these deformation bands are somewhat
ike an amorphous structure which can keep a consistent diffrac-
ion contrast without depending on the sample orientation. In the
lectron diffraction patterns presented in Fig. 4(b) and (d) (cor-
esponding to Fig. 4(a) and (c), respectively), the appearance of
weak halo ring passing through {1 1 0} reflections around the

0 0 0) transmission spot can be attributed to the local amorphiza-
ion occurred within deformation bands. This fact can be proved
n the real space as revealed directly by HRTEM observations (see
ig. 5(a)). Neither martensite nor �-phase can be expected to
nvolve the formation of deformation bands, since no extra reflec-
ion can be detected from both matrix and deformation bands in
ddition to those reflections of the � structure (see Fig. 4(b) and (d)).
t should be pointed out that the deformation bands with bright
ontrast have been observed not only in the thin edge area but also
n the thick interior area of the sample. Nano-probe EDS analysis
hows that there is no definite compositional difference between
he deformation band inside and the nearby � matrix. As can be

een in Fig. 4(a), straight narrow deformation bands are parallel to
ach other strictly. Note that the bands of this type can form just
earby or even start out directly from broad ones, such as the case

ndicated with the arrows in Fig. 4(c). It is plausible that those nar-

ig. 5. (a) HRTEM image taken from a typical deformation-band formed in the cold-rolle
structure in the deformation band and the � matrix, respectively. Both images were fi

c) FFT patterns corresponding to the � matrix (A) and the deformation band (B).
mpounds 509S (2011) S294–S298 S297

row and straight deformation bands correspond to “young” ones
with a short forming history in comparison with those broad and
curving bands with ragged boundaries. It is expectable that these
“young” straight bands can merge into the “old” existing bands
nearby and contribute to the band widening and amorphization
process inside the band through insistent accumulation of high-
density defect during the multi-pass rolling. Indeed, those broad
and curving deformation bands usually exhibit a more obvious halo
ring in the corresponding diffraction patterns (see Fig. 4(c) and (d)).

The structural features inside deformation bands have been
directly revealed by HRTEM observations. Localized amorphization
has been identified in deformation bands with various morpholog-
ical features. Fig. 5(a) is the HRTEM image of a straight narrow
deformation band taken along the [1 1 1]� axis direction, show-
ing that its structure is highly defective. FFT pattern from matrix
� (A) and that from the deformation band (B) are compared in
Fig. 5(c). Actually the highly faulted structure in the deformation
band can be described as a kind of mixture consisted of nano-sized
� and localized amorphous structures. As indicated with white
square “1” in Fig. 5(a), a nano-sized � grain in the deformation
band can be clearly seen. This local � structure has a small size
(about 4 nm × 4 nm) and its [1 0 0]� axis is just parallel to the view-
ing direction. In addition, other local regions of the � structure with
off-zone-axis orientations can also be recognized, such as those
indicated with dashed-line circles. Note that no definite boundary
can be recognized between the nano-sized � grain and the sur-
rounding amorphous structure. Fig. 5(b) shows the enlarged images
from square “1” and “2” in Fig. 5(a), corresponding to local lattice
structure inside and outside the deformation band, respectively.
Obviously, it is more likely that this distorted local � structure
inside the deformation band is a debris part of the original � matrix
rather than a recrystallized grain growing from the amorphous
surrounding. In this regard, it can be predicted that the thermal
generation and its effect on the structural variation during the
deformation process can be neglected.

On the other hand, it is important to notice the existence of some
in-band residual � which can have significantly large orientation

difference with respect to the � matrix outside the deformation
band. For instance, the in-band local � structure in square“1” in
Fig. 5(b) has a rotation of about 55◦ with respect to the � matrix
(i.e., the angle between [1 0 0]� and [1 1 1]� axes). This observa-

d TNTZ alloy. (b) Enlarged images for areas “1” and “2”, corresponding to a residual
ltered through inverse Fourier transform in order to enhance signal-to-noise ratio.



S and Co

t
a
i
s
c
s
e
t
b
t
h
l
�

w
l
R
a
t
m
r
f
w
i
c
t
a

4

o
j
o
l
t

[
[
[

[

[

298 X.M. Ma, W. Sun / Journal of Alloys

ion strongly indicates that a deformation band in the TNTZ alloy is
ctually a localized region subjected to severe deformation dur-
ng multi-pass rolling. Our results have clearly shown that the
tructure of the deformation band is highly defective, which is
haracterized by a mixed structure consisting of part amorphous
tructure and the residual � structure with small size and differ-
nt orientations. This is to say, a stress-induced �-to-amorphous
ransformation must have taken place locally in the deformation
and during multi-pass cold-rolling of the TNTZ alloy. It is believed
hat formation of deformation bands involves the accumulation of
igh-density dislocations. This process will increase free energy of

ocal region to an extremely high level [16] and finally lead to a bcc
-to-amorphous transformation in high-stress region.

The crystal-to-amorphous transformation caused by cold rolling
as first found to occur in the NiTi binary alloy [16], however, the

ocation where the amorphization can occur has not been specified.
ecently, Hao et al. have also observed the existence of localized
morphous structure in the compressed Ti–Nb–Zr–Sn alloy [17]. On
he whole, however, detailed morphological and structural infor-

ation involving in the localized amorphization is still lacking. Our
esults give a clear case showing that crystal-to-amorphous trans-
ormation in the TNTZ alloy can take place in deformation bands
here the matrix � phase is highly fragmentized to a nano size by

ntroducing defects of high density. In fact, this is indeed a very
omplex process. The detailed study on the crystal-to-amorphous
ransformation process in deformation bands formed in the TNTZ
lloy is still underway and the results will be reported elsewhere.

. Conclusions

Non-uniform localized deformation microstructures have been

bserved in the metastable �-type Ti–35Nb–5Ta–7Zr alloy sub-
ected to cold-rolling to 90% reduction. The multi-pass cold rolling
f metastable �-type Ti–35Nb–5Ta–7Zr alloy includes various
ocalized deformation processes which can lead to dislocation
angle, stress-induced � phase transformation and deformation-

[

[
[

mpounds 509S (2011) S294–S298

band formation. Deformation bands formed during multi-pass cold
rolling have different morphological features, whose structures are
all characterized by a kind of highly complex mixture consisting of
localized amorphous structure and the residual � with nano size
and different orientations. The localized amorphization within a
deformation band can be attributed to the accumulation of defects
of high density caused by severe deformation localization during
multi-pass cold-rolling.
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