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We address a quandary associated with the phase stability of NiTi. The B19’ (monoclinic lattice) has
been experimentally observed while B33 (base-centered orthorhombic lattice) has been proposed on
theoretical grounds to have a lower energy. With high-resolution shearing steps, we show
unequivocally that a significant energy barrier exists between the martensitic B19” and B33 which is
dependent on pressure. The transition state designated as B19'! has an energy level 25 meV/atom
higher compared to B19'. We note that the formation of B33 can be suppressed because of the
presence of the B19'! high energy barrier which increases considerably under tensile hydrostatic
stress. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4747488]

Equiatomic NiTi has been the most widely studied shape
memory alloy (SMA) owing to its superior shape memory
characteristics." Experimental investigations have revealed
that the B19'structure is the martensitic phase in NiTi.>™
However, recent DFT calculations® suggested that the B19/
structure is unstable compared to a higher-symmetry base-
centered orthorhombic (BCO) structure (also termed B33
with monoclinic angle y ~ 107°). Some of these investiga-
tions proposed barrierless transformation paths between the
B2 and B19’ as well as from the B19’ to B33 lattices.”” But
the question remains, why is B19’ experimentally observed?
Two major explanations have been proposed in the literature:
(1) the B19' structure is stabilized by internal (or residual)
stresses which exist within the microstructure,®’ and the B33
structure may be formed in certain conditions when the inter-
nal stresses are minimized;® (2) it has been proposed that the
presence of (nano) twins, often experimentally observed,'®
13 can lower the B19’ energy.'*'” In addition, we also note
that the energy of the self-accommodated (internally
twinned) B19' structure is lower compared to its detwinned
counterpart." Another point is that the B33 structure corre-
sponds to a rather high (10.1%) elongation of the largest lat-
tice parameter (compared to 3% (Ref. 6) for B19'); hence
there is a corresponding higher elastic strain energy.

In this letter, we provide a more authoritative explana-
tion of the occurrence of B19' that has been overlooked:
there are two energy barriers in the martensitic phase trans-
formation path from the B19’ to B33, and the magnitude of
the highest barrier is in the range of 825 meV/atom depend-
ing on the applied pressure.

We utilized DFT to investigate the phase stability and
the corresponding energy barriers over the entire path,
which is accomplished by an atomic bilayer shear distortion
in the {011} basal plane along the (100) slip direction with
structural optimization for all lattice parameters, angles,
and internal atomic coordinates.®’ The first-principles
total-energy calculations were carried out using the Vienna
ab initio Simulations Package (VASP)'®!7 with the projec-
tor augmented wave (PAW) method and the generalized

Y Author to whom correspondence should be addressed. Electronic mail:
huseyin@illinois.edu.

0003-6951/2012/101(8)/081907/3/$30.00

101, 081907-1

gradient approximation (GGA). PAW is an efficient all-
electron method which achieves high accuracy when transi-
tion elements such as Ti are considered. In our calculation,
Monkhorst-Pack 9 x 9 x 9 k-point meshes were used for the
Brillouin-zone integration. Ionic relaxation was performed
by a conjugate gradient algorithm and stopped when abso-
lute values of internal forces were smaller than
5% 10 3eV/A. The energy cut-off of 500eV was used for
the plane-wave basis set. The total energy was converged to
less than 10> eV per atom. The equilibrium structures for
all phases were obtained by minimizing total energies at
zero temperature. Furthermore, to simulate the effect of in-
ternal stresses, we calculated structural total energies and
energy barriers under several hydrostatic stresses in the
range of —14 GPa to 14 GPa. The computed lattice parame-
ters, monoclinic angles, volumes, total energies relative to
the B2 phase (considered as the reference state), and energy
barriers in the transformation are summarized in Table I
(for the 0 GPa and 10 GPa cases).

The present results (B2, B19’, and B33 at zero pressure)
are compared with previous theoretical®®'®!® and experi-
mental findings,>**" and they are in excellent agreement.
However, we point to several metastable structures and tran-
sition states which have not been discovered before. In this
letter, the most important transition state is defined as B19'!
(Fig. 1). Our first-principles calculations confirm that the
B19’ has higher energy relative to the B33 at zero pressure,
while at 10GPa hydrostatic tension B19' has the lowest
energy. We discovered the energy barrier of 8 meV/atom
(corresponding to B19'') between the B19' and B33 as the
most significant in Fig. 1 (and Table I) which is raised to
25meV/atom at 10 GPa. We note that all lattice parameters
change abruptly after the shear displacement reaches
%: 0.21 corresponding to B19'' (see Table I). The decrease
of the lattice parameters a (in-plane Ni-Ni interatomic dis-
tance between two adjacent {100} layers) and b (in-plane Ni-
Ni interatomic distance between two adjacent {011} layers)
significantly affects the arrangement of atoms that get closer
to each other, which causes excessive interatomic repulsive
forces during the shear transformation. As %:0.21 is
approached, the interatomic distances in these layers will
increase as shear proceeds, and the total energies will
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TABLE I. VASP-PAW-GGA calculated lattice parameters (A), monoclinic angle (degree), volume (A3 per formula unit), total energies (meV per atom) rela-
tive to B2 austenite phase considered as reference state and energy barriers (meV per atom) in the phase transformation of NiTi for two cases: zero pressure,
hydrostatic tension at 10 GPa.

Zero pressure

Hydrostatic tension 10 GPa

Structures  a b c y v E —Eg, Energy barrier a b c y E —Eg, Energy barrier
B2 3.004 425 425 90 27.1 0 B2 — B2! — B 3.07 435 435 90 0 B2 — B2! — B
B2 291 432 431 905 27.11 —438 0.53 297 443 442 9071 —0.64 1.76
B2 293 431 427 90.7 2688 —2.48 B2 — B2' = B19 3.07 435 434 9152 1.83 B2 — B2'' — B1Y
B1Y 291 464 406 973 27.18 —44.1 2 3.03 477 408 1012 —49.6 247
4.58 90.9 4.74 90.52
B19"! 2.88 4.11 2724 —36.14 2.99 4.16 —24.5
4.67 96.69 B19 — B19"' — B19Y” 4.8 96.34 B19’ — B19"' — B19”
B19” 294 476 399 1017 2744 —51.37 8 3.04 487 407 102 —43.1 25
B19” — B19" — B33 B19” — B33
B33 293 491 4.00 10738 2751 524 305 502 408 107.7 —39.3
0.37 3.78

decrease until the B19” is formed. The metastable structure
B19” results in a very small energy barrier less than 0.4 meV/
atom.

A schematic of the bilayer shear transformation from
the B2 to B19! in the {011} basal plane along the (100) slip
direction is given in Fig. 2. We note that the B19'' is com-
posed of two monoclinic lattices with different monoclinic
angles, y) = 90.9° and y® = 96.69°, and different largest
lattice parameters, bV =458 A and b® =4.67 1&, i.e., a dou-
ble-monoclinic-hybrid structure. As a non-equilibrium state
in the transformation path from the B19’ to B33, this double-
monoclinic-hybrid structure connected through a coherent
interface is formed by allowing full relaxation of the lattice
parameters, monoclinic angles, and atomic positions in the
DFT calculation. The full relaxation approach, during the
imposed bilayer {011}(100) shear, results in a shuffle of the
atomic positions and lowers the structural energy during the
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FIG. 1. Total energies variation with the transformation displacement from
the B2 to the B33 of NiTi. The B19'' is composed of two monoclinic lattices
with 8 atoms (a double-monoclinic-hybrid structure, see Fig. 2 for details).
The B33 can be represented in a 4-atom monoclinic unit cell with an angle
107.38° or in an 8-atom base center orthorhombic unit cell (red dash line)
related to two equivalent monoclinic unit cells. The blue and grey spheres
correspond to Ni and Ti atoms, respectively. The large spheres represent
atoms in the plane, and small spheres are located out of plane (one layer
below or above) of the unit cells.

phase transformation.®’” However, the B19"! hybrid structure
still constitutes an important energetic barrier which makes
the transition to B33 difficult.

The B19"! plays a key role in the phase transformation
from the B19’ to B33 as at this transition state we found a
significantly high energy barrier of around 8meV/atom
above the B19' (this is the globally highest cubic-monoclinic
energy barrier). Since the energy barriers between the B2
and B2’ (0.53 meV/atom) as well as the B2 and the B19’
(2meV/atom) are rather low, the stress required to induce
B19’ from B2 is not high. In contrary, the stress required for
B19’ to B33 change will be much higher owing to the large
energy barrier between them. So even if the B33 is energeti-
cally preferred, the transformation from the B2 to the B19’

FIG. 2. Schematic of the bilayer shear transformation from B2 to B19". (a)
The initial B2 structure with lattice parameters ay, by and c¢p. The green and
red color planes are the {011} basal planes, which form the sheared bilayers.
The red arrows show the alternating shear direction with normalized magni-
tude i‘u in the {011} basal planes. (b) The B19'! structure is formed after rela-
tive shear displacement of - =0.21. It is a double-monoclinic-hybrid
structure with different monoclinic angles, (D' =90.9° and 7y = 96.69°,
and different largest lattice parameters, ' = 4.58 Aand b® =4.67A.
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FIG. 3. Effects of hydrostatic tension at 10 GPa on total energies in the
phase transformation of NiTi. The energy barrier between the B19’ and B33
is much higher as 25 meV/atom. The B19' is the global minimum energy
structure, and the B33 becomes a transition state in the transformation path.

overcomes a much lower barrier, and the system will be sta-
bilized at the B19’ phase.

The effect of hydrostatic tension at 10 GPa on the struc-
tural total energies and energy barriers is shown in Fig. 3.
Compared to the result at zero pressure in Fig. 1, the position
of the shear levels corresponding to the transformation steps
and energy barriers are altered dramatically by pressure.
Three major pressure effects are evident: (1) the energy bar-
rier between the B19’ and B33 increases from 8 meV/atom at
zero pressure to 25meV/atom at 10 GPa; (2) the B19' has
lower energy than B33 and becomes the global minimum
energy structure, which indicates that the B19’ is more stable
than the B33 under hydrostatic tension; (3) the B19" occurs
at a smaller transformation displacement, J-, permitting a
smaller shear strain to achieve the transformation from B2 to
B19'. Overall, the results point to the presence of an energy
barrier that is a strong function of applied pressure in NiTi,
and the B19' may become energetically stable relative to the
B33 under high hydrostatic tension.

To examine the phase stability of the B19' relative to
B33 at various hydrostatic stresses (negative hydrostatic
stress corresponds to positive pressure), we calculated the
total energy difference between them as shown in Table II.

Appl. Phys. Lett. 101, 081907 (2012)

TABLE II. Total energy difference between the B19" and B33 under hydro-
static stress.

Hydrostatic stress (GPa) -8 0 4 8 10

B19'—B33 (meV/atom) 16.9 8.3 34 32 —10.3

We note that the total energy difference favors B19’ as the
stable structure at 10 GPa of tensile hydrostatic stress.

We conclude that the presence of energy barriers and
their magnitude in the martensitic phase transformation of
NiTi is central to understanding the stabilization of the
observed B19' structure. The hydrostatic stress influences the
structural energies; especially, the high hydrostatic tension
can significantly contribute to stabilize the B19'structure in
martensite.

The work is supported by the NSF-CMMI grant
09-26813.
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