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Origin of pseudoelastic behavior in Ti-Mo-based alloys
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High-resolution transmission electron microscopy and in situ x-ray diffraction analyses have been
used to elucidate the compositional sensitivity of the deformation behavior in two B-Ti—Mo-based
alloys. The alloy with 8% Mo exhibited conventional elastic/plastic behavior in tension which
corresponds to the irreversible formation of stress-induced orthorhombic «” martensite. The alloy
with 10% Mo exhibited a pronounced pseudoelastic response with recovery of =~80% of the
imposed tensile strain. This phenomenon is associated with the formation of another orthorhombic
martensitic phase, which has not been reported previously, and this nucleates from pre-existing
domains in the 8 matrix. © 2005 American Institute of Physics. [DOL: 10.1063/1.2142089]

Martensitic phase transformations are diffusionless, first-
order, structural transitions in which the martensite phase is
related to the initial phase by an invariant plane strain.'™
Most martensitic phases form irreversibly due to the pinning
of the interfaces by dislocations or other crystal defects.
However, in certain Ni-Ti, Cu-, and Fe-based alloys,4 the
martensite/matrix interfaces, and those between martensite
variants, are highly mobile, giving rise to both the shape
memory effect and pseudoelastic deformation behavior. In
the latter case, deformation occurs by the formation of stress-
induced martensite (SIM), which returns to the initial state
spontaneously upon unloading.5 Pseudoelastic alloys are par-
ticularly attractive for a range of biomedical applications but
concerns have been raised about the use of Ni-Ti in vivo
because of the toxicity of Ni. More recently, a variety of
biocompatible pseudoelastic metastable B-Ti alloys have
been developed (e.g., Refs. 6 and 7) that display up to 80%
strain recovery. There is, however, no clear understanding of
the mechanism responsible for the pseudoelastic response in
these alloys. This is mainly due to the complex microstruc-
ture of these materials compounded by inherent difficulties
in the characterization of the reversible stress-induced defor-
mation product(s). In this letter, we demonstrate that the
pseudoelastic deformation in such alloys is due to the forma-
tion of a metastable orthorhombic martensitic phase, which
has not been reported previously.

B-Ti alloys may transform to a wide variety of equilib-
rium and metastable phases upon cooling. Pure Ti undergoes
an allotropic transformation at 833 °C from the high-

temperature 3 phase, which is bec with space group Im3m
(No. 229), to the low-temperature hcp a phase (P65/mmc,
No. 194). With the addition of B-stabilizing elements such as
Mo, the transformation temperature decreases and the hcp
phase can form by diffusion-controlled nucleation and
growth, or by a diffusionless martensitic transformation
wherein it is denoted «’. In alloys with higher levels of
B-stabilizing additions, the B phase can be retained in a
metastable form at RT upon rapid cooling from high tem-
peratures (i.e., within the B phase field). Two further marten-

YElectronic mail: m.aindow @uconn.edu

0003-6951/2005/87(24)/241909/3/$22.50

87, 241909-1

sitic phases can form in such alloys: w and o (e.g., Ref. 8).
The o phase is a hexagonal derivative of the bcc structure

with space group P3ml (No. 164), whereas the o’ phase
exhibits an orthorhombic structure (Cmcm, No. 63) which
corresponds to a distorted hcp lattice. Pseudoelasticity is usu-
ally attributed to the reversibility of a SIM but it is not clear
which martensitic phase is responsible for this behavior in
B-Ti alloys. For Ti-Mo-based alloys it is generally believed
that it is the formation of the «” phase which gives rise to the
pseudoelasticity, but our recent deformation and x-ray dif-
fraction (XRD) studies on a series of such alloys indicate that
this is not the phase involved.®

Based upon our previous work,® a series of six experi-
mental Ti—-Mo-based alloys were prepared by double
vacuum-arc melting. These had compositions (in weight per-
cent) of Ti—xMo—4Nb-2V -3Al where x=8-11. The alloy
buttons were hot rolled and solution treated at 870 °C in air,
followed by air cooling. In order to promote pseudoelasticity,
the materials were then flash annealed at 550 °C for 10 s.°
The tensile properties of the heat-treated samples were deter-
mined using an Instron model 5565 testing frame with ap-
propriate extensometry. A custom-built straining stage was
used to perform in situ x-ray analysis on a Bruker AXS
D5005 diffractometer using Cu K, radiation. High purity
alumina powder was dispersed on the sample surface to give
an accurate internal standard for calibration of the x-ray
spectra. The deformation micromechanisms were investi-
gated using transmission electron microscopy (TEM) to
compare the structures before and after deformation. TEM
data were obtained in a JEOL JEM-2010 UHR FasTEM op-
erating at an accelerating voltage of 200 kV.

In previous work on B-Ti—Mo-based alloys we have
shown that the pseudoelastic response is a sensitive function
of composition, requiring Mo contents above a critical level
of about 9%. Thus, for brevity we present here only data
from the 8Mo and 10Mo alloys, corresponding to composi-
tions below and above the critical Mo content for pseu-
doelasticity, respectively. Tensile stress/strain and in situ
XRD data from these alloys are presented in Fig. 1. As ex-
pected, the 8Mo alloy does not exhibit any significant tensile
pseudoelastic response [Fig. 1(a)]. A series of x-ray spectra
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FIG. 1. Data obtained from the 8Mo (a), (b) and 10Mo (c), (d) alloys in
uniaxial tension. (a) and (c) engineering stress-strain curves. (b) and (d)
x-ray spectra obtained before straining, with a 4% imposed strain, and after
unloading. The x-ray spectra have been smoothed, normalized and displaced
along the Y axis for clarity. The strain in the in situ x-ray diffraction experi-
ment was also estimated to be ~4%.

corresponding to the unstressed, stressed (=4% imposed
strain) and stress-released states are shown in Fig. 1(b).
These data confirm that, prior to straining, only the S phase
with @=0.320 nm is present. We note, however, that the ini-
tial 1105 peak showed a very slight splitting of about 0.1°.
Upon loading, pronounced martensitic peaks appeared and
there was a concomitant reduction in the 1104 peak. The two
major martensitic peaks at 39.0° and 39.9°, correspond ex-
actly to those expected for 002 and 111 in the «” phase with
a=0.301 nm, »=0.491 nm, and ¢=0.463 nm. No significant
changes were observed upon unloading demonstrating that
the stress-induced «” martensite is irreversible in this alloy.
For the 10Mo alloy, however, a pronounced pseudoelastic
tensile response was observed with ~80% of the imposed
strain being recovered upon unloading [Fig. 1(c)]. Corre-
sponding differences were observed in the in situ XRD data
[Fig. 1(d)]. Here again martensitic peaks developed upon
loading, but in this case the positions of these (39.1° and
39.4°) did not correspond to those expected for the ” phase.
Moreover, upon unloading these martensitic peaks disap-
peared from the x-ray spectrum leaving only the 1104 peak.
While these data confirm that the pseudoelastic response in
the 10Mo alloy is due to the formation of a reversible SIM,
they demonstrate unequivocally that this martensite is not the
o phase (or indeed any other known phase in this system).

The character of the martensitic phases was investigated
using high-resolution TEM (HRTEM). A typical HRTEM
image obtained from the interface between a SIM lath and
the B matrix in the deformed 8Mo alloy is shown in Fig.
2(a). The inset is a fast Fourier transform (FFT) of the mar-
tensite side of the image showing that this corresponds to an
[001] zone axis lattice image for the o phase. Both the habit
plane and the orientation relationship between the o” mar-
tensite and the 8 matrix are consistent with those observed in
our recent work on nucleation of stress-induced «”
martensite.”
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FIG. 2. Structural characteristics of the alloys: (a) HRTEM image obtained
from an «” SIM/p interface in the deformed 8Mo sample at the [001]
zone axis, with the FFT from the «” region inset; (b) and (c) selected area
electron diffraction pattern and HRTEM image, respectively, obtained from

the undeformed 10Mo sample at the [110] 5 zone axis; (d) HRTEM image
(with inset FFT) obtained from the deformed 10Mo sample at the [001] zone
axis of the SIM retained at the boundary with a {332} twin.

The analysis of the SIM in the 10Mo alloy is much more
challenging since this is a reversible martensite and, as such,
the phase of interest is essentially eliminated from the defor-
mation microstructure upon unloading. Figures 2(b) and 2(c)
are typical examples of electron diffraction patterns and
HRTEM images obtained from the undeformed 10Mo alloy

at the [110] s zone axis. In addition to the main diffraction
spots from the B matrix, the diffraction pattern contains
streaks lying parallel to the 112-type scattering vectors and
additional weak diffraction spots clustered around the
1/2{112}4 positions. Streaking along 112-type directions has
been observed for other metastable 3-Ti-based alloys after
quenching or low-temperature aging (e.g., Ref. 10), and this
corresponds to “diffuse w” ordering. The configuration of the
additional weak diffraction spots resembles the [001] zone
axis pattern for the «” phase, but a more careful analysis
shows that the angles and spacings do not correspond exactly
to those for this phase. By using high-pass FFT filtering of
HRTEM images it was shown that the weak diffraction spots
arise from small ellipsoidal domains =2 nm across and
~5 nm in length; four examples of these are indicated in Fig.
2(c). We note that no such domains were observed in the
8Mo alloy and infer that the domains correspond to the nu-
clei from which the new reversible martensite forms. It was,
however, not possible to determine the structure of this mar-
tensite directly due to the interference from coherent strain
field in the B-matrix.

Although the reversible SIM is essentially eliminated
from the microstructure during the unloading, occasional
paths of this phase were retained at the boundaries with {332}
twins. These unusual twins have been observed previously in
Ti—-Mo-based alloys” and it is now accepted that their for-
mation is associated with a transition through an intermedi-
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FIG. 3. Schematic projections showing the relationship between the crystal
structures of the martensites and the 8 matrix: @' along; [0001]; " along
[001]; & along [001] and B structure viewed along (110), respectively.
Symbols @ and O represent atoms in the projection plane and in the layers
above and below the projection plane, respectively.

ate martensitic state.'>"* A detailed discussion on the origins
of these {332} twins will be presented elsewhere but we infer
that the twin formation pins the martensite, preventing the
reverse transformation and enabling the structure to be re-
vealed directly. Figure 2(d) is one of the few clear examples
we have obtained of HRTEM images from the SIM structure
in the unloaded sample, and the corresponding FFT is inset.
The lattice image and FFT are similar to those in [001] HR-
TEM images from the «” phase, but in this case the included
angle between the 110-type reflections is 66°, not 70°. These
data suggest that the reversible SIM phase has the same
orthorhombic symmetry as the &’ phase (Cmcm, No. 63) but
with lattice parameters a=0.3067 nm, »=0.4723 nm, and ¢
=0.4520 nm. We note that the martensitic peaks observed in
the in situ XRD spectra from the 10Mo alloy, and indeed the
additional weak reflections in the electron diffraction pat-
terns from undeformed samples of this alloy, are entirely
consistent with these structural parameters.

Schematic projections of the three different martensitic
structures are shown in Fig. 3 together with the correspond-
ing projection of the S-matrix structure. It is clear from these
projections that the martensites can be considered as inter-
mediate states in a structural transition from the bce 8 struc-
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ture to the hcp a’ structure. Moreover, since the reversible
SIM structure lies between that of the o and 8 phases, the
logical designation for this structure is «”’. One can use the
magnitudes of the principal strains involved as a measure of
the energy required to produce these three martensites from
the B phase. If we define £,=0 perpendicular to the invariant
plane, then g,=—g5 and: for B—a’, £,=0.10; for B— o,
£,=0.07; and for B— ", £,=0.04. This implies that the
strain energy required to produce the martensitic transforma-
tion from B to «” (and vice versa) would be much lower
than that for the other martensites. Moreover, since this
would correspond to the propagation of this transformation
at a lower stress, the probability of generating lattice dislo-
cations, which might pin the martensite boundaries, is
greatly reduced. As such, one would expect not only that the
" phase would form in preference to «”, but also that this
would be inherently more reversible.

In summary we have shown that the transition from
elastic/plastic to pseudoelastic deformation in metastable
B-Ti—Mo-based alloys corresponds to a transition in the SIM
phase from the well-known «” phase to a new orthorhombic
o phase. This @"” phase grows from premartensitic domains
in the initial B phase and is inherently more reversible than
the o phase, because of the lower strain energy required to
propagate the transformation.
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