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Stacking faults and alternate crystal structures for the shape-memory alloy NiTi
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We use ab initio calculations to study the role of stacking faults in connecting the high-temperature B2
and the theoretically predicted low-temperature B33 NiTi phases. In contrast with prior work, we describe the
B2 — B33 phase transformation in terms of alternate bilayer shifts by % [100] on the (011)g, plane, obtaining
a viable pathway; the same mechanism could also work with the B19 parent phase. We then examine B33-like
structures built from alternate stacking sequences of B19 bilayers, constructed to have monoclinic tilt angles
close to the experimentally reported NiTi B19" martensite, and find four low-energy stacking-fault variants with
energies 5.8-8.5 meV /atom above the calculated B19" martensite structure, suggesting that such structures might
appear as a part of the NiTi martensite phase at low temperatures. Investigating further the occurrence of specific
coordinated planar shifts in NiTi systems, we report a dynamically stable NiTi B27 phase and find that it is only
1.2 meV /atom above the calculated B33 ground-state structure, thus having a potential to also play a role in NiTi

martensitic phase transformation.
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I. INTRODUCTION

Shape-memory nickel-titanium alloy phases and its
martensitic phase transformation have been subjects of exten-
sive theoretical [1-7] and experimental [8—13] investigations
for decades. Renewed theoretical interest in recent years
stems from still-disputed fundamental issues regarding as-
sociated structures and transition barriers for the martensitic
phase transformation, accompanied with ever-increasing com-
putational abilities which now allow investigations of a
wide spectrum of possible transition pathways, as well as
finite-temperature properties by methods which incorporate
first-principles calculations together with fundamentals of
statistical thermodynamics [2-7]. Ab initio work on NiTi
in 2003 [6] predicted the B33 body-centered orthorhombic
(BCO) phase to be the ground state, and examined energet-
ics, relative stabilities, and details of the crystal structures
of other relevant phases, namely. the B2, B19. and B19’
crystal structures. Subsequent works tried to further ex-
plain the discrepancy between the experimentally observed
low-temperature martensite phase (B19’) and the calculated
ground state (B33), and offered different insights on the de-
tails of martensitic phase transformation. Both B19" and B33
structures can be seen as monoclinically distorted B19 struc-
tures, but with different monoclinic angles of about 98° and
107°, respectively. These works also offered different points
of view on the high-temperature austenite phase discussed
to be either the B2 structure, dynamically unstable at T =
0 but stable at higher temperatures (e.g., 7 > 300 K) when
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large enough simulation cell is used according to [4,5], or
a structure with “on average” B2 symmetry behaving like a
“phonon glass” according to [2,3]. Moreover, Ref. [3] uti-
lized a generalized solid-state nudged elastic band method
to obtain the minimum-energy path (MEP) from the BCO to
the austenite phase (using both ideal B2 as well as phonon
glass B2 structure) considering orthorhombic as well as mon-
oclinic cells to describe the martensite phase; their Fig. 4
displays the energy of NiTi along the transformation path-
way (MEP) and shows monotonic decrease from B2 to BCO.
Conversely, Ref. [4] included the finite-temperature effects
by performing high-accuracy ab initio molecular dynamics
simulation based on density functional theory (DFT) com-
bined with generalized thermodynamic integration methods;
they evaluated phase stabilities of the B2, B19’, and B33
phases and the relevant transition temperatures from their
free energies in the temperature range 0-900 K (results
of which are shown in their Fig. 7); overall their results
seem to be in good agreement with the experimental results
on phase stabilities and martensitic phase transformation in
NiTi.

On the other hand, while experimental studies seem to have
a consensus on the structure of NiTi martensite as B19" (and
not the calculated ground-state structure B33) [8,9], different
austenite structures have been reported thus far: For exam-
ple, high-temperature x-ray studies of the powder samples
suggest the high-symmetry B2 structure [10] while similar
studies of the single crystals suggest a structure that deviates
from B2 but “on average” appears to be similar to it [11].
Finally, one should also stress that multiple low-energy planar
defects (e.g., twins) have been theoretically predicted as well
as experimentally observed in regard to the formation of NiTi
martensite [3,12,13].
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In this paper we focus on the role of stacking faults in
connecting the B2 and B33 NiTi phases. Utilizing a body-
centered orthorhombic (BCO) conventional cell for the B33
structure, in Sec. III below, we describe the B2 — B33 trans-
formation in terms of stacking faults formed by alternate
bilayer shifts by % [100] on the (011)g, plane, obtaining a
viable transformation pathway, and noting that the same trans-
formation mechanism would also work for the B19 parent
phase. This transformation pathway is significantly different
than the traditional “shearing” pathway, for example, dis-
cussed in [6]. Having in mind that the experimentally reported
martensite phase has B19’ structure with the monoclinic angle
of 97.8° and that the calculated ground-state B33 structure is
its special-case variant with the monoclinic angle of 107.2°,
we examine the B33-like structures built from different ar-
rangements of the stacking faults in the B19 (or B2) bilayers
that essentially have monoclinic cells with monoclinic angles
in the range from 98° to 102°, seeking the low-energy struc-
tures in order to suggest that the NiTi martensite might contain
a range of stacking-fault variants of B19/B2 structures which
appear B19'/B33-like. We find four low-energy stacking-fault
variants which are energetically 5.8-8.5 meV /atom above our
calculated B19’ structure that corresponds to the experimen-
tally reported martensite, and which also have monoclinic
angles in the range from 98° to 99.5°. This suggests that,
at finite temperatures, these structures potentially play an
important role in the NiTi martensitic phase transformation,
appearing as a part of the martensite phase. Exploring fur-
ther planar shifts in NiTi systems following the same line of
thought, and guided by our previous work involving ductile
transition metal-rare earth binary alloys [14], we seek a B27
variant of the NiTi alloy, since the B33 structure can be
constructed from the B27 structure following a set of specific
coordinated planar shifts [15]. We determine that it is only 1.2
meV /atom above the calculated ground-state B33 structure,
thus energetically well below the B19’ structure reported ex-
perimentally as the NiTi martensite. The calculated phonons
for B27 NiTi confirm that it is dynamically stable. Due to
its rather low energy and geometrical connection to the B33
phase (involving coordinated planar shifts), we suggest that it
might play a significant role in defining the characteristics of
NiTi martensite.

II. METHODS

We perform first-principles calculations based on the
density functional theory (DFT) that employ the ultrasoft
pseudopotentials (USPP) method [16] within the generalized
gradient approximation (GGA) [17] and with the exchange-
correlation functional of Perdew and Wang [18], utilizing the
VASP code [19]. We chose to employ the USPP method [rather
than, say, the projector augmented wave method (PAW)]
firstly for practical reasons: We have worked extensively on
Ni- and Ti-based transition-metal alloys over the years, col-
lecting numerous benchmarking calculation results relevant
for this study. Secondly, our main goal was to examine relative
energies among many different Ni-Ti structures and the USPP
method has been proven well suited for such study, giving
the results consistent with those of the PAW calculations [6].
The USPP we utilized for Ti includes the p semicore states

(namely, the Ti_pv VASP potential), resulting in ten electrons
included as the valence electrons; similarly, the USPP for
Ni also contains ten valence electrons. The Brillouin zone
integrations are performed using the Monkhorst-Pack scheme
[20] with a variety of k-point meshes depending on the sizes
of relevant supercells. Our calculations employ the 450-eV
energy cutoff which is well above the recommended cutoff
(e.g., 30% over the default parameter for a studied system)
when accurate bulk relaxations are to be performed, and the
convergence over the energy cutoff parameter was tested for
the several most relevant structures of our interest; the cutoff
is also comparable to that used in similar earlier studies [6].
The high-energy cutoff is thus chosen because of a large body
of calculations that had to be performed on specific stacking-
fault structures requiring large supercells as well as volume
relaxations starting from rather crude initial guesses, as we
built our supercells by initially adding specific layers with
their original structural characteristics onto one another.

To get to the fully relaxed structures, in terms of both
lattice parameters as well as ionic positions in the most
pragmatic manner for these large supercells, we follow the
VASP recommendation for accurate bulk relaxations utiliz-
ing parameters ISIF = 3 (to allow for volume relaxation as
well as relaxation of the internal degrees of freedom) and
ISMEAR = 1 (for controlling of partial orbital occupancies),
while using atomic relaxation maximal force criterion of
0.01 eV/A. Upon establishing correct lattice parameters and
atomic placements within our supercells, we carry out final
high-accuracy total energy calculations by performing a final
self-consistent run with ISMEAR = —5: While fixing the
volume/lattice parameters and the ionic placements we fully
converge electronic degrees of freedom, obtaining the final
energy for each stacking-fault structure we consider. Finally,
in order to investigate dynamical stability of the selected low-
energy stacking-fault structures and of the B27 structure that
closely competes in energy with the B33 structure, we use
the PHONOPY package [21] to obtain their phonon spectra and
their free energies.

III. PATHWAYS TO STACKING FAULTS AND TO B33
STRUCTURE, AND ALTERNATE STRUCTURES AND
THEIR ENERGETICS

A. Transformation pathways from the B2 (CsCl) crystal
structure to the B33 (body-centered orthorhombic CrB) crystal
structure

Beginning by briefly reviewing geometrical relationships
among the relevant NiTi structures, namely, B2, B19, B19/,
and B33, we note that they are compellingly presented in
Fig. 1 of Ref. [6]. The B2 structure has a two-atom simple
cubic primitive cell, and a doubled B2 cell with tetragonal
symmetry can be built from the B2 vectors [100], [011],
and [011]. Four-atom B19 structure can be obtained by or-
thorhombic distortion of the doubled B2 cell, accompanied
with the atomic shuffles. The B19’ structure is obtained by
monoclinic distortion of the B19 cell, accompanied with
further atomic shuffles. Finally, the B33 cell is a higher-
symmetry variant of the B19" four-atom primitive cell with
monoclinic tilt angle y such that cos(y) = —agi92bgi9,
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FIG. 1. Three-dimensional sketch of a B2 structure formed from two primitive cells (“2B2”), together with the sketches of lattice vectors
for 2B2, B19, and B19’ cells. Depicted cells each contain four Ni and Ti atoms.

where ago and bgjo are lattice constants; the B33 structure
can also be represented as an eight-atom body-centered or-
thorhombic (BCO) conventional cell such that their ¢ and ¢
lattice constants coincide, whereas their b lattice constants sat-
isfy the following relationship: bgco/2bg1y = sin(y). Also,
the B19’ structure has an obtuse y angle. At a particular choice
of y, the shear moves the top plane of the unit cell by one
periodicity along the shift direction, generating a BCO struc-
ture. A simplified geometrical sketch of the formation of these
structures is shown in Fig. 1. We note that the conventional
description of the B2 — B33 transformation (as special case
of B2 to B19’ transformation) is similar to B19 to B33 (or
B19’) transformation: Shearing of the lattice along the [100];
direction produces the B19" phase with the experimentally
observed 98° angle for NiTi.

We first carried out benchmarking calculations, the results
of which are shown in Table I, together with the corresponding
results reported in Ref. [6]. For simplicity, we omit listing all
the atomic positions due to the atomic shuffles within the unit
cells, but we note that they and the lattice parameters are in
very good agreement with the other published results such as
those in Ref. [6].

We next examine an alternate approach to the B2 — B33
(or B19—B33) structural phase transformation. For simplic-
ity, we adopt the assumption that the NiTi austenite structure
is the B2, even though zero-temperature ab initio calculations
show that it is dynamically unstable. This is, however, the
high-temperature NiTi phase, and recent work [4,5] which
considers finite-temperature effects showed that this phase is
stabilized by the entropic effects at temperatures above ~300

K. The consideration of the alternate B19 phase is trivial, as
the stacking-fault treatment is identical. Rather than introduc-
ing a tilt, as described in Fig. 1 or Fig. 2(a), we introduce
shifts of pairs of (011)g; planes, as indicated in Fig. 2(b). We
consider arbitrary shifts below, introducing alternate bilayer
stacking faults by % [100] on the (011)g;. Continued shearing
would eventually reform the B2 phase. The depiction of this
comparison is shown in Fig. 2. In other words, the B33 struc-
ture has a close relationship to (011)g; or (001)g;9 stacking
faults. For easier visualization of the atomic positions, we note
that between each nearest neighbor pair of the front (back)
gray atoms located along the [100]g; direction is a single back
(front) red atom; as one moves along the [011]p, direction,
the location of both gray and red subsequent atoms alternates
from front (back) to back (front) locations. More detail on the
locations of atoms and the directions of their shuffles along
the transformation pathway from B2 to B33 structure can be
found in the Appendix, where we present two-dimensional
(2D) figures of the relevant atomic planes accompanied
with the corresponding “three-dimensional (3D)”/oblique fig-
ures of supercells used to calculate energies along the
pathway.

A stacking fault may be created by a shift of a bicrystal by
% [100] on the (011)p, or (001)g19 plane; a regular array of
such faults creates the B33 phase in a very similar manner
for either for B2 or B19 parent phases. A depiction of the
stacking-fault structures relevant to the B33 phase is shown
in Fig. 3.

The transformation may thus occur by alternate displace-
ments of paired layers, and a particular displacement, which

TABLE I. Comparison of our ab initio results on lattice parameters and energetics of the relevant structures relative to the energy of B2

structure (E — Ep, in eV /atom) with the results of Ref. [6].

Lattice parameters (A) B2 B19 B1Y B33 (BCO cell) B33 (B19' cell)
aglg = 2.748 agly = 2.920 agco = 2.960 apsz = 2.960
This work agy = 3.021 bB19 =4.626 bB19’ = 4.680 bBCO =0.443 bB33 = 4.948
CBl9 = 4.184 Cply = 4.050 CBCco = 4.006 CB33 = 4.006
y =98° y = 90° y = 107.4°
E — Ep 0 -0.030 —0.041 —-0.050 -0.050
aglg = 2.776 agly = 2.292 agco = 2.940 ag33 = 2.940
Ref. [6] agy = 3.009 b9 = 4.631 bpiy = 4.684 bpco = 9.431 bps; = 4.936
(USP-GGA) CBl9 = 4.221 CBly = 4.048 CBCoO = 3.997 CB33 = 3.997
y =97.8° y = 90° y = 107.2°
E — Ep 0 -0.027 —0.042 —-0.050 -0.050
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(a) B2 structure B33 structure

)

B33 structure
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—

FIG. 2. (a) B33 cell obtained by shearing the 2 B2 (or B19) cell and relaxing the structural degrees of freedom; (b) B33 cell obtained by
introducing alternate bilayer stacking faults by % [100] on the (011)g; or by (% [100] on the (001)g;9).

becomes the B33 phase. This mechanism requires no net
shear. It should also result in dissociation of b = [100] dis-
locations into % [100] partials. Such dissociations have been
observed in the low-temperature phase of NiTi [8]. This
immediately suggests the existence of low-energy defect
structures of the B33 phase associated with disordered ar-
rangement of stacking faults, which has been seen in ZrCu
[22-24], ZrIr and ZrRh [25], and ZrCo [26]. Moreover, slip
of dislocations with (110) and/or (111) Burgers vectors fund
in CoTi and ZrCo have been attributed to improved ductil-
ity in these B2 alloys [27]. For NiTi we will focus on the
stacking-fault structures after showing the energetics of the
B2 — B33 structural phase transformation along this viable
transformation pathway, and compare these results with some
previous works.

To obtain energetics of the transformation along our dis-
cussed transformation pathway, we freeze-in the relevant
displacement of pairs of atomic planes along the pathway, and
relax all other structural degrees of freedom. For the reference
energy, we take that of the B2 structure shown in Fig. 2;

% [100])(011)g, or ¥4 [100](001)g+q

B33 structure stacking fault structure

FIG. 3. Comparison of the B33 phase shown as BCO structure
with the (unrelaxed) array of pairs of alternate % [100] on the (011)g,
or (001)gy9 stacking faults.

thus all atoms are placed on their ideal B2 positions (in other
words, no symmetry-breaking shuffles are introduced in B2).
The result is shown in panel (a) of Fig. 4. The curve exhibits
a clear decreasing trend along the entire pathway. Note that a
dashed line is used between the point corresponding to B2 and
the first point along the pathway to indicate that the steepness
of the curve is not in fact linear, due to the breaking of sym-
metry as soon as one displaces even by a very small amount
along the transformation pathway. By symmetry, the slope at
zero displacement must be zero. Overall, no transformation
barrier is found along this pathway.

The solid line in Fig. 4(b) shows the energetics along
the transformation pathway for the B19 — B33 structural
transformation, relative to the energy of our calculated B19
structure. The added dashed line displays the “gamma plot”
calculation, where we only allow uniform relaxation of the
atomic planes in the direction perpendicular to the plane
of stacking faults, as opposed to allowing all relaxations
(particularly the “shuffles” related to the N-point phonon).
Similarly to B2, the solid curve shows no transformation
barrier, and no abrupt changes in curve steepness along the
transformation pathway, since the B19 structure already in-
corporates atomic shuffles which play a significant role in
the transformation to B33. The gamma plot indicates the
energy of formation of planar defects along the transfor-
mation pathway, such that the final structure is B33-like,
since in-plane B19 lattice parameters are frozen in; obvi-
ously, forming these planar-fault structures in the B19 phase
lowers the energy up to 0.01 eV/atom, according to our
calculations.

The result shown in Fig 4(a) can be compared with the
results of Ref. [6] [in particular, their Fig. 2(a)], where the B33
phase was obtained through shearing of the parent structure
from the undistorted B2 structure (represented in a B19’ cell)
and relaxing all other structural degrees of freedom, thus al-
lowing for atomic shuffles as well as monoclinic distortion of
the original cell; this result indicates transition to B33 (mono-
clinic angle of ~107°) without a barrier and is consistent with
dynamical instability of the calculated B2 phase. Some more
recent studies also examined the austenite-to-martensite phase
transformation in NiTi [3,4].
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FIG. 4. (a) Energetics of the B2 — B33 transformation along the pathway shown in Fig. 2, with incremental shifts of alternate bilayers
along the transformation pathway represented on the horizontal axis. (b) Energetics of the B19 — B33 transformation along the transformation

pathway; also shown for comparison is the corresponding gamma plot.

B. Alternate competing crystal structures based on periodic
stacking faults

In the previous section, we describe the B33 crystal struc-
ture in terms of a periodic array of stacking faults on the
{110}p planes. This suggests a series of potential competing
crystal structures, formed by alternate arrangements of these
stacking faults. Here, we examine alternate NiTi stacking
structures and their energetics, which can be seen as variants
of B19 or B33 structures (built from the B19-like or B2-like
monolayers) that possess periodic stacking faults. We denote

Example alternate
structure: 4+2

A

-~

I\

- )

“.
.‘.Q !.c_,' !.._ )

.2,.3.3..

F

these alternate structures as m + n in terms of the numbers
of {110}B2 layers between stacking faults, such that there
are n layers shifted by % [100]B2 and m layers unshifted,
forming a crystal structure that is m + n layers in total. In
this representation, the B33 phase is a 242 structure, and
Fig. 5 demonstrates a 442 structure. Compared to B33, the
alternate structures have larger unit cells as shown in Fig. 5,
which can be represented as monoclinic cells with effective tilt
angles lower than that of the B33 NiTi phase (see the boldface
boundary shapes in Fig. 5). They are of interest to us exactly
because of the tilt angle closer to the one found experimentally

B33 structure

|
2bB19’ I|
1
! bgco
‘: cos(§) = ﬁ
1 cotan(d) =
60 ) tilt angle: y = 155 -4

FIG. 5. Example alternate stacking structure 4+2 obtained by combining B19-like monolayers and two monolayers shifted by % [100] on
the (001)g;9 and relaxing all structural degrees of freedom (the B33 structure is included for comparison); also shown is how the tilt angle can
be calculated for the B33 phase, and similarly for the alternate stacking structure.
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FIG. 6. Energy (in meV /atom) of calculated NiTi structures rel-
ative to that of the B33 phase.

for the NiTi martensite (recall the monoclinic B19’ phase with
the tilt angle of 98°).

The energetics of the alternate structures (together with
other relevant NiTi phases) are summarized in Fig. 6, whereas
Fig. 7 shows the effective tilt angle for the structures to-
gether with their energies relative to that of the B33 ground
state. The figures show that we found several low-energy
structures, namely, 4+4, 6+2, 6-+4, and 8+2, with energies
ranging from 5.8 to 8.5 meV /atom above that of the calculated
B19martensite phase, which coincidentally also have effec-
tive tilt angles of about 98° and 99°, thus very close to the one
found for the NiTi martensite. (We also tried odd values of
m and n; however, this always resulted in significantly higher
energies.) This opens a possibility that, at finite temperatures

0.06
0.05 ¢ B2

S ¢ 5+3
O
8 0.04
3
pos * 343
m
[=2]
2 0.03
Q
2
T
K ¢ B19
2 0.02
5 6+4
c
w 3‘4.2: 4+4

6+2

0.01 * 442
% B19'
o B27
0 ¢ B33
85 90 95 100 105 110

Effective Tilt Angle (deg)

FIG. 7. Energy (in eV/atom, relative to the energy of the B33
phase) of the examined NiTi structures vs their effective tilt angle (in
degrees).

where entropic effects play a role, these alternate stacking
structures could become a common occurrence. [Note that
we also calculated 844 and 10+2 structures (not included in
Figs. 5 and 6) which have tilt angles closest to 97° and are
found to be 17.2 and 17.5 meV /atom above the B33 energy.]

C. Energetics of NiTi in the competing B27 (FeB)
crystal structure

Several ductile rare earth—transition metal (RM) binary
alloys with B2 structure have also been found to exhibit B27
crystal structure. (The B27 prototype structure is FeB, its
Pearson symbol is oP8, and its space group is Pnma, which
corresponds to an eight-atom orthorhombic primitive cell
[28].) The YCu alloy, being one composition that undergoes a
B2—B27 transition, has been discussed in Ref. [14]. The sig-
nificant ductility of NiTi together with its B2 high-symmetry
structure points to the similarity with the B2 RM systems.
Moreover, as discussed in Ref. [15], the B33 structure can be
obtained from the B27 structure through a volume-conserving
transformation involving coordinated planar shifts in the B27
lattice (see Fig. 8 for details). Finding that NiTi exhibits a
tendency to stacking faults, and due to the known close com-
petition between B33 and B27 structures in related systems,
we suspect that the B27 structure might also be a compet-
itive crystal structure for the NiTi system. Using the lattice
parameters of B27 YCu as an initial guess, we fully opti-
mize the NiTi-based B27 structure, minimizing the energy
with respect to the cell volume, and relaxing all the internal
degrees of freedom. In our calculations we do not initially
impose the condition of equality of volumes between the B33
and B27 structures, and we find that the lowest-energy B27
NiTi structure has primitive cell volume that is, within 0.6%,
consistent with the volume of the eight-atom BCO/B33 NiTi
cell. (Details on the lattice parameters and internal degrees
of freedom for the B27 primitive cell can be found in the
Appendix.) We use our results to construct Fig. 8, displaying
the exact geometrical relationship between the B33 and B27
NiTi phases. What is most surprising about this B27 NiTi
phase is that it is only 1.2 eV/atom higher in energy than
the calculated ground-state B33 structure. This means that the
B27 structure might appear as a part of NiTi martensite and
play a role in the martensitic phase transformation.

It is important to note that the calculated B27 structure ap-
pears to be closer in energy to the calculated ground-state B33
structure than the next most-stable calculated NiTi structure
that can be currently found in the literature [29]: This low-
energy NiTi has B19’ structure and is 0.002 eV/atom higher
in energy than B33; it has space group P2, /m, while the B27
structure has space group Pnma with the primitive cell which
is about twice the volume of the calculated B19’ structure of
Ref. [29]. However, it is even more important to emphasize
that the low-energy B19’ structure reported in Ref. [29] has
been found by using the PAW method, and energy cutoff
of 520 eV. Since this low-energy structure differs from our
calculated B27 structure by less than 1 meV while being found
by a different type of ab initio calculation, more extensive
study of the relative stability of these two structures by the
same ab initio approach is needed to conclude which of the
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FIG. 8. Calculated B33 and B27 eight-atom cells are used in order to show mutual geometrical relationship between the B33 and B27

structures.

two is more stable/closer in energy to the ground-state B33
structure.

Finally, in order to investigate dynamical stability of the
B27 NiTi phase, we calculate its phonon spectrum utilizing
the PHONOPY code [21]. The result is shown in Fig. 9, where
we also show the B33 phonon spectrum for reference and
comparison. It can be seen that NiTi B27 is indeed dynami-
cally stable (i.e., without any imaginary phonon frequencies),
and that its phonon spectrum exhibits many features similar
to those of NiTi B33. We note that the BCO cell was used to
find the phonon spectrum for B33, allowing the most straight-
forward comparison with the spectrum of the orthorhombic
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B27 NiTi. We also note that the B33 NiTi phonons have
been reported in Ref. [4], where the authors utilized the
B19’-based structure in order to compare the phonons of both
the experimentally determined martensitic phase B19’ and
the calculated ground-state phase B33. Due to the difference
in the Brillouin zones corresponding to the BCO structure
used here and the B19'-like structure used in Ref. [4], direct
comparison of the two results is not possible. However, the
two calculations should agree in their prediction of the max-
imal phonon frequency in the B33 phase. Comparing their
Fig. 10(c) and the left panel of our Fig. 9, the calculated
maximal frequencies appear to be in very good agreement.
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FIG. 9. Phonon spectra for B33 (left panel) and B27 (right panel) NiTi structures obtained by the PHONOPY code [21].
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FIG. 10. (a) Two dimensional representation of the transformation from B2 to B33, projected along the direction. Red arrows indicate
direction of motion. (b) Three dimensional representation of the unit cells shown in (a) with corresponding shifts.

Given the B33-B27 energy difference and the phonon dis-
persions (or phonon density of states), one may estimate the
phonon contribution to the free energy, and thereby predict
a temperature where one may expect a B33-B27 transition.
This is evaluated and discussed in Appendix 3. There are
issues with evaluating the accuracy of this temperature, as
discussed in that section, and the B33-B27 transition has not
been observed to our knowledge, presumably precluded by the
other transformations.

IV. DISCUSSION

It has already been recognized that planar defects (e.g.,
twins) play a very important role in defining the NiTi marten-
site, as the results of both theoretical [3,13] and experimental
[12] studies suggest. However, there are many competing
binary Ni-Ti structures that have not been considered or dis-
cussed to date: In particular, these are the structures with
periodic planar defects, thus larger unit cells that are produced
via alternate stacking of the Ni-Ti monolayers. As Fig. 7
demonstrates, these larger structures are rather close in energy
to the calculated B19’ martensite, and their cells correspond
to smaller monoclinic angles, so compared to the B33 struc-
ture, they are much closer to the monoclinic angle of the
experimentally determined B19’ NiTi martensite. Due to the
similarity of the B19-like and B33-like bilayers in the variety
of low-energy structures that contain periodic planar defects,
and their similarity to the B19’ structure, it is very likely that
resolving the exact martensite structure in experiments is a
very complex task. The effect of stacking faults in obscuring
the ground-state structure has been noted in the chemically
similar CoZr system [26].

We also demonstrate that energetically, the B27 structure
is very closely competing with the B33 phase. Since corre-
lated planar shifts of subcrystals of this structure create the
crystal of the other (namely, B33), it is likely that there exist
many competing variants that incorporate B27 structure and

its periodic stacking faults leading toward the B33 structure.
Such structures could thus also appear as integral parts of
the NiTi martensite, and making a distinction among these
various structures in NiTi at low temperatures would be rather
challenging.

We note that the stacking faults discussed here could play
an important role in the mechanical properties of NiTi and re-
lated materials. The stacking faults should lead to dissociated
dislocations, and this has been observed in NiTi. Indeed, the
dissociations would provide a natural place for the B2—B33
phase transition to initiate. The close competition between the
B2, B27, and B33 phases is not unique to this system, but
is also observed in the ductile rare-earth/metal alloys such as
YAg and YCu [14], as well as TiCo, ZrCo, and ZrPd alloys
[26]. All of these alloys show significant ductility in the B2
phase, despite their high degree of chemical order, and the
“traditional” understanding that highly ordered B2 structures
have limited deformation modes, leading to brittle behavior.
We suggest that the combined behavior of the dissociated
dislocations and associated phase transformations contribute
to the ductility in these materials.

The competition between the different pathways from
B19 to the B33 body-centered orthorhombic (BCO) phase,
indicated by Figs. 1 and 2, may have implication for the un-
derstanding of microstructures formed during the transition,
including both twinning geometries and habit plane. The path-
way indicated by Fig. 1 corresponds to a shear deformation,
coupled to a “shuffle” (a static displacement corresponding to
a phonon mode with finite |q|>0) mode. This is the first type of
transformation described in the classic Wechsler-Lieberman-
Read (WLR) paper [30], in which no net slip occurs. In
contrast, the pathway shown in Fig. 2 is explicitly in terms of
slip along the planes of the parent/product phases, correspond-
ing to the second type described in WLR. Moreover, while
the transformation associated with Fig. 1 suggests a rotation
of one of the lattice vectors during the transformation process,
the transformation pathway in Fig. 2 preserves the direction
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of all lattice vectors during the transformation process. There
are further, related implications to Landau theory treatments
of the transformation: The process shown in Fig. 1 essentially
is a special case of the B19—B19’ transformation [31], cou-
pling the shear to the associated phonon modes. However, as
noted in [6], continued shearing beyond the formation of the
B33 actually reverses the pathway, leading back to the B2
phase. Similarly, the slips indicated in Fig. 2 can be contin-
ued to return to the B2 phase. In such cases, there is not a
group-subgroup relationship as typically expected in a Landau
description, and the expansions such as those in [31] do not
capture this. Thus a more complete treatment [32,33] would
be required. This may further present an opportunity to create
desired grain boundary microstructures [34].

V. SUMMARY

First-principles calculations are used to show that NiTi
stacking faults can be utilized to describe the B2 — B33
phase transformation: alternate bilayer shifts by % [100] on
(011)g, planes will produce the B33 phase from the B2 or the
B19 phase. Using B19 (or B2) bilayers, one can build a variety
of stacking-fault structures which are B33-like, but possess
monoclinic tilt angles very close to that experimentally ob-
served in the B19" NiTi martensite; these are low-energy
stacking-fault structures, and may thus appear within the
martensite phase and/or play a role in the NiTi martensitic
phase transformation. Calculations confirm our hypothesis
that the B27 crystal structure could closely compete with the
B33 structure energetically, similar to ductile binary alloys
with a high-temperature B2 structure. We find the dynamically
stable, low-energy B27 NiTi phase to be only 1.2 meV /atom
higher in energy than the calculated B33 ground state. Since
the B27 phase can be connected with the B33 via a specific
sequence of coordinated planar shifts of the underlying sub-
crystals, we propose that this phase as well, together with
many B19/B33-like variants with periodic stacking faults,
might be an integral part of the NiTi martensite phase.

The Department of Energy will provide public access to
these results of federally sponsored research in accordance
with the DOE Public Access Plan [35].
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APPENDIX

1. Two- and three-dimensional representation of the NiTi
structural transformation from B2 to B33 structure

See Fig. 10. Panel (a) begins with the B2 planes spanned
by the vectors [100] and [011], and ends with the planes
spanned by the vectors [100] and [001] of the final B33/BCO
structure. In between, atomic shuffles of the atoms within

the cells are denoted by red arrows. It can be seen that the
bottom two rows of atoms undergo only vertical shuffles
along the transformation pathway, whereas the atoms in the
top two layers undergo some vertical shuffles while overall
shifting horizontally across the distance comparable to half of
the lattice parameters in the [100] direction (of either B2 or
BCO structure). Panel (b) shows actual spatial distribution of
atoms in the “three-dimensional”/oblique supercells utilized
in our calculations for the three structures: B2, BCO, and
the intermediate structure halfway along the transformation
pathway; vertical red arrows indicate directions of relatively
small atomic shuffles whereas the horizontal red arrows indi-
cate direction of the displacements of atoms (in the top two
layers) along the B2 to B33 transformation pathway.

2. NiTi B27 structural (lattice) parameters
Calculated lattice constants for the B27 orthorhombic
primitive unit cell:

a=535205A, b=4.07748A, ¢ =5.09863A.

Atomic positions within the B27 eight-atom primitive cell
[28]:
+x) pax £ 0.25by £ z; »cZ (1 for Ni, 2 for Ti),
[0.5 — (£x12)]ax — (£0.25)b9 + (0.5 £ 21 2)cZ.

Calculated parameters measuring atomic shuffles for NiTi
B27 structure:
x1 = 0.05510, z; = 0.64424(for Ni), and
xy = 0.16327, zp = 0.13258 (for Ti).

3. Quasiharmonic approximation calculation for B33 and B27
free energies

Given the T = 0K energy difference Eg33—Epy7, and the
phonons shown in Fig. 9, one can estimate the phase trans-
formation temperature between these phases. While not the

50
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FIG. 11. Free energy and the free energy difference for the cal-
culated B33 and B27 structures found by using QHA and PHONOPY
code. Insert is showing that their free energy difference changes sign
near 600 K.
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major point of this paper, we present a simple estimate of
this temperature here. We use quasiharmonic approximation
(QHA) in order to calculate B33 and B27 free energies as
the functions of temperature, and compare them. As shown
in the inset of Fig. 11, we find that their difference changes
sign at a rather high temperature of about 620 K. At this
temperature, these phases are not likely to be relevant due to
the other transitions that preclude this one. We note that some
caution should be used in this: There are uncertainties in the
free energies, due to a number of issues. First, the phonons
are likely slightly sensitive to the details of the energy func-
tional used in the DFT calculations. Secondly, the phonons are

undoubtedly sensitive to lattice expansion, a major source of
anharmonicity in most systems, and this is not fully accounted
for. Third, NiTi is known to have phonon anomalies, associ-
ated with the phase transformations [4,31], indicating further
the importance of anharmonic contributions that may not
be fully described by the quasiharmonic expansion. Finally,
the calculated transition temperature is extremely sensitive
to small errors in the free energies of the different phases,
as has been demonstrated for both model solid-solid phase
transformations where quasiharmonic approaches have been
tested [36], and for other first-order phase transformations
such as melting [37].
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