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Artic{e history: The role of oxygen atoms in the o” martensite phase was investigated in the Ti-20 at.% Nb alloy by X-ray diffrac-
Received 20 May 2015 tometry and differential scanning calorimetry. The axial ratio b/a of a” martensite and reverse martensitic trans-

Accepted 31 August 2015
Available online 18 September 2015

Keywords:

Martensitic phase transformation
Titanium alloys

Interstitials

Nanodomains

formation temperature increased with increasing oxygen content. These results imply that the o” martensite was
stabilized by oxygen atoms, owing to the relaxation of the strain field introduced by the oxygen atoms.
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Ni-free Ti-based shape memory alloys have been widely investigated
[1-6]. The shape memory effect and superelasticity of 3-type Ti-based
alloys arise due to the martensitic transformation from the parent 3
phase (bcc) to the o” martensite phase (orthorhombic), and its reverse
transformation. The martensitic transformation of Ti-based alloys is a
bcc-hep type transformation, and can be divided into two processes:

(1) shuffling of parallel adjacent {110}, planes in the (11 0) direc-

tion and (2) shearing on the {112} planes in the {111 ), direction.
The crystal structure of o” martensite is intermediate between the bcc
(P phase) and hcp (o’ phase). In contrast, the shape memory properties
and martensitic transformation behavior of Ti-based shape memory
alloys are extremely sensitive to interstitial impurities such as oxygen
[4,7-9] and nitrogen [6,10,11]. The addition of oxygen and nitrogen in-
creases the recovery strain owing to the increase in the critical stress
for slip caused by the solid-solution hardening. The martensitic transfor-
mation start temperature (Ms) sharply decreases with the addition of
oxygen and nitrogen. The addition of 1 at.% oxygen and nitrogen to the
Ti-Nb alloys decreases Mg by 160 and 200 K, respectively. Suppression
of the martensitic transformation by the addition of interstitial atoms
has been widely confirmed in 3-Ti alloys, and its mechanism has been
extensively investigated. Hammond [12] suggested that the interstitial
atoms that occupy the random octahedral sites of 3-Ti alloy inhibit con-
traction along the a-axis of o” martensite, and M decreases with the
addition of interstitial atoms. Recently, we reported that randomly dis-
tributed oxygen atoms and their local strain fields generate nanosized
local lattice modulations (nanodomains) in the parent (3 phase, and
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these nanodomains play a key role in the p-o” martensitic transforma-
tion of Ti-Nb alloys [13-15]. Nanodomains suppress the long-range
martensitic transformation from the parent 3 phase to the o” martensite
phase, and cause unique phenomena such as non-linear elastic deforma-
tion [16], invar-like behavior [15], and heating-induced forward mar-
tensitic transformation [17]. Previous studies of the effect of oxygen
atoms on the martensitic transformation of 3-Ti alloys were performed
for the oxygen atoms in parent 3 phase. However, the role of oxygen
atoms in the a” martensite remains to be clarified. In this study, we
investigated the effect of oxygen addition on the crystal structure and
phase stability of a” martensite in Ti-Nb alloys by X-ray diffraction
(XRD) and differential scanning calorimeter (DSC). The relationship
between the oxygen atoms and the phase stability of o” martensite
was discussed based on the interstitial sites of the oxygen atoms in o”
martensite.

The (Ti-20Nb)-(0, 0.3,0.5, 0.7, and 1.0)0 (at.%) ingots were prepared
by Ar arc melting and homogenized at 1273 K for 7.2 ks in an Ar
atmosphere, followed by water quenching. These alloys are denoted
by their oxygen content (00, 0.30, 0.50, 0.70, and 1.00). The ingots
were cold-rolled to a reduction in thickness of 98%. An electrical dis-
charge machine was used to cut specimens for XRD and DSC measure-
ments. The specimens were mechanically polished and chemically
etched to remove surface damage. The specimens were solution-
treated at 1173 K for 1.8 ks in an Ar atmosphere, followed by water
quenching. The oxidized surface was removed by chemical etching,
and XRD measurements were carried out with Cu Ko radiation at
room temperature. Silicon powder was used as reference material in
XRD measurements. DSC measurements were conducted at a controlled
heating rate of 10 K/min.
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Fig. 1 shows the XRD profiles of the 00, 0.30, 0.50, 0.70, and 1.00 al-
loys. Only the o” martensite phase was observed in the 00 alloy, where-
as the o” martensite and 3 parent phases were observed in the 0.30
alloy. The peak intensity of the 3 phase increased as the oxygen content
was increased from 0.3 to 0.5 at.%. This implies that the oxygen addition
lowers the martensitic transformation finish temperature (Ms) to below
room temperature, which is consistent with previous reports [4,7,9,12].
In the 0.70 and 1.00 alloys, the o” martensite phase was not observed,
meaning that the M points of these two alloys were below room tem-
perature. Oxygen atoms in the parent 3 phase generate nanodomains,
which suppress the 3—o” martensitic transformation [ 13,14]. Therefore,
long-range o” martensite was not formed in the alloys with higher
oxygen contents. Reflection peaks from the athermal-w phase were
also observed in the oxygen-added alloys, and the peak intensities of
the athermal-w phase were increased by increasing the oxygen content
from 0.3 to 0.7 at.%. These changes in the XRD profile are due to the fact
that the volume fraction of the parent 3 phase increases by the oxygen
addition and the athermal- phase is formed only in the parent 3 phase.
As the oxygen content increased from 0.7 to 1.0 at.%, the peak intensity
of the athermal-» phase decreased. These observations show that the
addition of oxygen suppresses the formation of the athermal-® phase,
and similar results were reported in Ti-V alloys by Paton and Williams
[18].

Lattice constants of a” martensite in the 00, 0.30, and 0.50 alloys
were determined by the XRD profiles and the results are shown in
Fig. 2(a). The a-axis of o” martensite decreased with increasing oxygen
content, whereas the b- and c-axes of o” martensite increased. The unit-
cell volume of the o” martensite linearly increased with increasing ox-
ygen content (Fig. 2(b)). These results imply that the oxygen atoms dis-
solved in the o martensite and occupied the interstitial sites. Stability
of the o” martensite phase against the parent (3 phase is usually evalu-
ated by the axial ratio b/a, which indicates the progress of the shearing
process of the martensitic transformation. For bcc and hep structures,
the b/a is v2 and v/3, respectively. Thus, the b/a of ®” martensite chang-
es from v/2 to v/3 depending on the stability of the o” martensite phase.
In Ti-Nb binary alloys [2,19-21], the b/a increases as the Nb content de-
creases to /3 in the Ti-5.7Nb (at.%) alloy [22] and the crystal structure of
the o” martensite changes to hcp (o’ phase). Fig. 2(c¢) shows the b/a of
00, 0.30, and 0.50 alloys. The b/a increased with increasing oxygen con-
tent; therefore, the o” martensite phase was stabilized and crystal
structure of o” martensite changed to an hcp-like structure due to the
addition of oxygen atoms.
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Fig. 1. XRD profiles of the 00, 0.30, 0.50, 0.70, and 1.00 alloys.
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Fig. 2. Oxygen content dependence on (a) lattice constants of the o” martensite phase,
(b) unit-cell volume, and (c) axial ratio b/a.

Changes in the stability of a” martensite are directly linked to the
martensitic transformation temperatures. DSC measurements were car-
ried out for the 00, 0.30, and 0.50 alloys, and the curves are shown in
Fig. 3. In all alloys, the endothermic peak corresponding to the reverse
martensitic transformation from the o” martensite phase to the parent
(> phase was observed during heating. In the 00 and 0.30 alloys, a small
exothermic peak was observed just after the reverse martensitic trans-
formation as shown in Fig. 3. It has been reported that the appearance of
this exothermic peak above the reverse martensitic transformation
temperature corresponds to the rapid formation of an isothermal-®
phase in the parent 3 phase [23]. In the 0.50 alloy, the exothermic
peak just after the reverse martensitic transformation, indicating
the formation of the isothermal-w phase, was not observed. This
means that the addition of oxygen suppressed the formation of
the isothermal-® phase. A similar result was reported by Williams
et al. [24]. The arrows in Fig. 3 indicate the peak temperature of
the reverse transformation (A*). A" increased slightly as the oxygen
content increased, and this result also suggests that the o.” mar-
tensite was stabilized by the addition of oxygen atoms. This is con-
sistent with the increase of b/a caused by the addition of oxygen
(Fig. 2(b)).

Oxygen addition suppressed the formation of o” martensite of the
Ti-20Nb alloy and o” martensite was not observed at room temperature
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Fig. 3. DSC curves of the 00, 0.30, and 0.50 alloys.

in the 0.70 and 1.00 alloys, and thus the M; was decreased by the addi-
tion of oxygen (Fig. 4(a)). However, the oxygen atoms in the o” mar-
tensite phase stabilized the o” martensite (Figs. 2 and 3). Important
factors in understanding these observations are the interstitial oxygen
atom sites and the directions of the local strain field generated by oxy-
gen atoms in the 3 and «” phases. Oxygen atoms in the parent 3
phase occupy the three types of octahedral sites and they generate
local strain fields along [100], [010]g, and [001].. The distribution of
these three types of interstitial sites is random and even in the 3
phase. As shown in Fig. 4(b) [14], the local strain fields along <100>p
can be relaxed by shuffling adjacent {110}, planesin the (11 0) di-
rections (i.e., shuffling process of the p-a” martensitic transformation),
which corresponds to the nanodomains. There are six variants (V1-V6)
for the nanodomains, depending on the direction of local strain fields in-
duced by oxygen atoms in the 3 phase. When the three types of intersti-
tial sites were distributed evenly and randomly in the 3 phase, all six
variants of the nanodomains were induced (Fig. 4(a)). These
nanodomains suppressed the formation of long-range o” martens-
ite; therefore, the 3 phase was stabilized by oxygen atoms and
nanodomains. However, determining the position of oxygen atoms
in o” martensite is extremely difficult, although it is expected that
the oxygen atoms in the a” martensite occupy the two types of octa-
hedral sites (Fig. 4(c)) because the b- and c-axes increased and the a-
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axis decreased with increasing oxygen content. Oxygen atoms at
these two sites generate the local strain fields along [0, 1/2 + 6, 1/
2]a” and [0, 1/2 + 6, —1/2]a”, indicated by black arrows in
Fig. 4(c), where 6 is the magnitude of the shuffling displacement of
the {110}y planes in the p-a” martensitic transformation. For
o” martensite, 6 changes from 0 (bcc) to 1/6 (hcp) depending
on the stability of the o” martensite phase. Both of the two
types of local strain fields introduced by the oxygen atoms in
the o” martensite enhance the shuffling and shearing processes
of the B-a” martensitic transformation, because these processes
relax the local strain fields. From the XRD measurements of this
study, the changes in the shuffling process (=) in the o” mar-
tensite cannot be determined; however, the shearing process
(=b/a) in a” martensite progressed with increasing oxygen con-
tent, as shown in Fig. 2(c). As a result, oxygen atoms enhanced
the shuffling and shearing, transforming the o” martensite to
an hcp-like structure through the addition of oxygen. This is
the mechanism by which oxygen atoms stabilize a” martensite
in the o” phase of the Ti-Nb alloy.

In both the 3 and " phases, the role of interstitial oxygen atoms is
similar: oxygen atoms expand the surrounding atoms (Ti and Nb),
then generate and promote the shuffling and shearing processes of
the p-a” martensitic transformation. In the parent (3 phase, all modes
of shuffling, namely nanodomains, were induced by the random and
even oxygen atom distribution. These nanodomains prevent the forma-
tion of long-range o” martensite, and thus the oxygen atoms in the 3
phase suppressed the p—-a” martensitic transformation. However, the
oxygen atoms in the o” martensite phase promoted the same mode of
shuffling and shearing; therefore, the increase in the axial ratio b/a in-
creased the stability of the o” martensite through the addition of oxy-
gen atoms.

In summary, in Ti-20 at.% Nb alloys containing oxygen, the o” mar-
tensite phase was stabilized by the strain fields of oxygen atoms. As
the oxygen content increased, the axial ratio b/a of &” martensite and
the reverse transformation temperature increased. These phenomena
were explained by the relaxation of the strain field introduced by oxy-
gen atoms in o” martensite.
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