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Abstract

First-principles calculations are presented for parent B2 phase and martensitic B19 and B19’ phases in NiTi. The results indicate that
both B19 and B19’ are energetically more stable than the parent B2 phase. By means of ab initio density functional theory, the complete
distortion—shuffle energy landscape associated with B2 — B19 transformation in NiTi is then determined. In addition to accounting for
the Bain-type deformation through the Cauchy—Born rule, the study explicitly accounts for the shuffle displacements experienced by the
internal ions in NiTi. The energy landscape allows the energy barrier associated with the B2 — B19 transformation pathway to be iden-
tified. The results indicate that a barrier of 0.48 mRyd atom™! (relative to the B2 phase) must be overcome to transform the parent B2

NiTi to orthorhombic B19 martensite.

© 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Equiatomic NiTi has emerged as an important techno-
logical material owing to its shape memory behavior
[1,2]. At high temperatures, NiTi exhibits a cubic B2 (CsCl)
structure and undergoes a reversible B2 — B19’ martensitic
transformation (MT) which gives rise to its shape memory
effect [1]. At the atomic scale, this transformation involves
distortions and shuffles (finite local displacements) of the
internal atoms. However, the energy pathway associated
with this distortion—shuffle transformation in NiTi is not
clear. Here, ab initio density functional theory calculations
are presented to determine the energy landscape associated
with the B2 — B19 transformation in NiTi, as well as the
correct distorted B19’ phase. It is shown that a finite barrier
exists between the parent B2 and the product martenstic
phase which governs the reversibility of the transforma-
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tion. The energy barrier associated with the unstable con-
figuration or transition state (TS) is calculated. An
external driving force such as stress or temperature is
needed to overcome this energy barrier. Ultimately, the
ideas presented here will pave the way for the design of
new shape memory alloys.

2. Martensitic transformation in NiTi

Although, the MT in equiatomic NiTi is well known, the
mechanism for the transformation is not well understood.
Owing to experimental difficulties in directly observing
the MT pathways, the microscopic mechanisms and the
associated pathways for some well-known transformations
(e.g. Bain transformation) have been proposed based
purely on the orientation relationships between the parent
and the product martensite phases [3-6]. No formal mech-
anism has yet been proposed for the MT in NiTi [7-10].
Ackland et al. [9] reported the energies of parent B2 and
product B19’ structure, and an additional metastable bco
phase. However, their study did not address the issue of
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determining the energy landscape associated with the MT
in NiTi. Zhang and Guo [10] computed the energy land-
scape for B2-B19 transformation, but their work does
not explicitly address the role of simultaneous distortion
and shuffle of the lattice during MT in NiTi. Further, it
is not clear from their study how the NiTi transformation
pathway energies vary with shuffles. The present paper
addresses the above issue.

Determining the energy landscape and, thereby, the
actual energetically favorable pathway for NiTi is impor-
tant, because the associated energy barriers affect the
reversibility of the transformation. This paper addresses
the determination of the transformation pathway, and spe-
cifically the change in energy to surmount the energy bar-
rier for transformation. The determination of the
transformation pathway associated with MT in NiTi is
addressed using ab initio density functional theory, and a
systematic mathematical formulation is presented to
account explicitly for the role of in-plane shuffles and vol-
umetric distortion of the NiTi lattice on its energy
landscape.

Fig. 1 shows the three primary phases involved in MT of
NiTi (adapted from Ref. [9]). For clarity, the (110) projec-
tions of each of three phases are also shown in Fig. la—c.
Parent NiTi lattice is a cubic B2 phase (CsCl-type struc-
ture) with a lattice constant [8] of ap, = 0.3015 nm (see
Fig. 1a). The B19 phase shown in Fig. 1b is an orthorhom-
bic phase. Relative to the parent body-centered tetragonal
(bet) phase, the B19 phase involves a volumetric distortion
and a local shuffle of the interior Ni and Ti atoms along the
[010]g9 direction. Fig. 1c shows the B19’ phase, which is a
slight monoclinic distortion of the orthorhombic phase. It
is seen that the orthorhombic B19 phase and the mono-
clinic B19’ phase differ in the monoclinic distortion of angle
p from 90° to 97.78°. First, the equilibrium structures and
stable energies of these three phases in NiTi are deter-
mined, and then the pathways involved are investigated.

3. Equilibrium structures of NiTi phases

Here, the lattice parameters and the atomic positions of
B2, B19 and B19’ phases in NiTi are computed using the
Vienna ab initio Simulation Package [11,12] (VASP) and
the generalized gradient approximation [13] (GGA) is
implemented on a projector augmented wave [14] (PAW)
basis. Each unit cell consisted of four atoms. For all NiTi
structures, Brillouin zone sampling was performed using
16x16x16 special k-point mesh [15] with 302.0 ¢V energy
cutoff, ensuring convergence of energy within 1 meV
atom~'. Volume relaxations were allowed for all three lat-
tices, and ionic relaxations were permitted for all the ions
in each lattice. Table 1 summarizes the computed lattice
parameters. The results are compared with the experimen-
tal data (note that no experimental data are available for
orthorhombic B19 NiTi) and other first-principles calcula-
tions. The computed lattice constants vary slightly with dif-
ferent DFT implementations (for example, LDA vs. GGA,
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Fig. 1. Lattice structures in NiTi: (a) B2 cubic lattice and the ideal bct
lattice; (b) orthorhombic B19 martensite with the allowed shear and
shuffle; (c) monoclinic B19" martensite with shear and shuffle.

FLAPW vs. USPP or PAW), but are in good agreement
with each other and with the experimental data. In
addition, the calculations of lattice parameters in Table 1
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Table 1

VASP-PAW-GGA calculated structural parameters a, b and ¢ (in };) for B2, B19 and B19’ phases in NiTi, compared with experimental data and other ab
initio studies. The computed lattice parameters for all three structures are in good agreement with the experimental data of Kudoh et al. [7] and other first-

principles studies.

B2 B19 B1Y

Present calc. Exp.f Other calc.* Present calc. Other calc. Present calc. Exp." Other calc.
a 3.011 3.015 3.009 2.8098 2.776* 2.73§ 2.847 2.898 2.929* 2.88“\:
b 4.2583 4.2639 4.2554 4.1890 4.221* 4.07? 4.1162 4.108 4.048* 4.125
¢ 4.2583 4.2639 4.2554 4.7074 4.631% 4.64° 4.6724 4.646 4.686* 4.62°
T Ref. [8].

* VASP-USPP-GGA [9].
¥ FLAPW-LDA [10].
* KTMO [7].

indicate that B19 and B19’ martensitic lattice structures are
very close to each other, except for the monoclinic distor-
tion from 90° to f§ = 97.78° (see Fig. 1). This angle was cal-
culated in the present study by relaxing of the initial
structure, and is in agreement with experiments.

The stable energies of these phases were computed, cor-
responding to the determined lattice parameters given in
Table 1. Table 2 compares the energies relative to B2 for
all three structures in NiTi. Calculations indicate that the
B19 phase is lower in energy than the B2 phase by
2.1 mRyd atom™" and hence is energetically more stable
than the parent B2 phase. Note that the present results
for the lattice constants compare well with the calculations
of Ackland et al. [9] and Ye et al. [16], but the energies
predicted by Zhang and Guo [10] differ significantly from
the rest of the studies. However, note that Ackland’s work
suggests the presence of a new phase BCO (body-centered
orthogonal). To the authors’ knowledge, no experimental
or theoretical studies have proposed the presence of a
BCO phase in NiTi martensites. The theoretical results
confirm that the monoclinic structure B19’ is the NiTi mar-
tensitic phase with the lowest energy. The calculations also
indicate that the observed monoclinic B19" phase is the
lowest in energy (Egjo — Epp = —2.9 mRyd atomfl). This
suggests that the B19’ phase may be considered the ground
state for all NiTi-based alloys. It is also seen that B19 and
B19’ phases are energetically close to each other. This is
expected, as the results in Table 1 reveal that the two
phases are structurally close to each other.

Table 2

VASP-PAW-GGA computed energies E~Ep, (in mRyd atom™") for B2,
B19 and B19’ phases in binary NiTi. All energies are relative to parent the
B2 phase considered the reference state. Present results are also compared
with other ab initio calculations: HAR denotes Ackland et al. [9]; ZG
denotes Zhang and Guo [10]; YCH denotes Ye et al. [16].

Structure E — Ep,

Present calc. HAR' 7G* YCH"
B2 0 0 0 0
B19 -2.1 —-2.21 —-14 —2.05
B1Y -29 —3.08 —1.7 —3.45

¥ VASP-USPP-GGA [9].
Y FLAPW-LDA [10].
* PP-LDA [16].

4. Ab initio determination of transformation pathway

Clearly, the pathway for direct B2 — B19’ transforma-
tion in NiTi requires non-trivial addressing of the (i) lattice
distortion, (ii) non-basal lattice shear, as well as the (iii) in-
plane and out-of-plane shuffles. However, B2 — B19 trans-
formation involves (i) lattice distortion and (ii) in-plane
shuffles, thus, reducing the number of independent degrees
of freedom. Also, as noted in Table 2, the B19 NiTi phase
lies energetically between the B2 and B19’ structures.
Hence, the orthorhombic B19 phase can be expected to
be an intermediate configuration during direct B2 — B19’
transformation in binary NiTi. The possibility of this path-
way was postulated by Hehemann and Sandrock [17] but,
unlike the present results, no quantitative arguments were
offered. Ye et al. [16] proposed a B2-B19’ transformation
pathway using a linear interpolation of the atomic posi-
tions between the B2 and B19’ phases. However, as seen
above, the B2-B19’ transformation involves complex dis-
tortions and shuffles which cannot be captured through
interpolation. Here, a rigorous approach is presented to
account for the effect of distortions and shuffles on the NiTi
energy landscape. Based on the present lattice structure
and stable energy calculations, it appears that determining
the B2 — B19 pathway for equiatomic NiTi is likely to pro-
vide significant insight into the B2 — B19’ transformation.
As a first step towards determining the B2 - B19 — B19’
pathway for complete transformation, the study focuses
on the B2 — B19 pathway.

Fig. 2 shows a schematic of the parent bct NiTi phase
and the orthorhombic B19 martensite. Also shown are
the {110}, projections (equivalent to {100}g9 projec-
tions) of two lattices to illustrate clearly the cell deforma-
tions and shuffles involved in the transformation. During
the B2 (bct) — B19 transformation, the interior (non-Brav-
ais lattice points) Ni and Ti atoms in the orthorhombic B19
phase undergo a normalized shuffle of approximately
£[010]5,4 [17]. Other ab initio studies [10] calculated the
magnitude of this normalized shuffle as 0.098 along
[010]g19. Conceptually, the orthorhombic distortion and
the shuffle can be viewed as sequential “‘steps” in the
B2 — BI19 transformation [17] but, physically, both shuffle
and orthorhombic distortion most likely occur simulta-
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Fig. 2. Schematic of B2 (bct) — B19 transformation in NiTi. Also shown are the {110}y, projections (equivalent to {100}p;9 projections) of two lattices
to illustrate clearly the cell deformations and shuffles involved in the transformation.

neously. The ab initio calculations have explicitly
accounted for the concurrent distortion and shuffles.

In order to determine the transformation (energy) path-
way for B2 — B19 transformation, the crystal distortions
and shuffles at the atomic scale need to be correlated with
the continuum displacements at the macro scale. This is
achieved through the Cauchy-Born (CB) rule [18-20],
which relates the changes in the atomic positions to the
macroscopic displacements through a local deformation
gradient F. For a simple lattice deforming to another sim-
ple lattice, the CB hypothesis implies a homogeneous
deformation in which the basis vectors in the deformed
simple lattice can be related to the basis vectors of the par-
ent lattice as follows:

am:Fa,- (1)

where the basis vectors ¢; and a,,, belong to the parent and the
martensite lattices, respectively. The CB rule given by Eq. (1)
assumes that atomic positions change in a continuous man-
ner with pressure and temperature. However, B2 - B19
transformation involves abrupt shuffles, which lead to dis-
continuity in F. To account for the discontinuity due to shuf-
fles, the CB rule was implemented as follows: the parent bct
structure is substituted by the Bravais lattice, and the CB rule
is imposed on the Bravais lattice vectors alone. This implies
that the atoms at the Bravais sites in the parent lattice change
position according to the CB rule. To account for the inter-
nal displacements associated with the shuffles, the strain en-
ergy density W is minimized with respect to the shuffle
displacements as the applied deformation gradient F is held
fixed [20]. This minimization can be achieved by relaxing the
internal ions to the local energy minimum without allowing
for volume change (fixed F). After minimization, the equilib-
rium shuffle displacements can be determined. Thus, the
strain energy density will now be a function of imposed
deformation F only. Note that internal relaxations may
not be negligible even for very small imposed strains (as is
the case for B2 NiTi). Hence, appropriate internal relax-

ations are essential to determine the correct structural ener-
gies of the intermediate configurations.
The basis vectors of the parent bet NiTi lattice are

1 1 0
St=a| -1 ;8" =ay| 1]; e*=a,|0 (2)
0 0 1

whereas for the orthorombicB19 martensite they are

b 1 1 0
BI9 _ 1 B9 — ¢ 1 P 3
1 \/j 0 2 \/z 0 3 1 ( )

Using the CB rule, the B2 — B19 deformation can be de-
scribed as

M = Fe )
b/apv2 blagV2 0

F=|c/lapW2 clapv2 0 (5)
0 0 a/ay

It is now assumed that the lattice parameters a;, b; and ¢;
vary linearly at any intermediate state i during the
B2 — B19 transformation, and they are expressed in the
following parametric form:

bi(2) = apV2 + A(b — apV2) (6)
ci(2) = agV2 + Ac — agV'2) (7)
ai(2) = agV2 + Ma — ay) (8)

with B2(A = 0) and B19(4 = 1) structures as the end states.
The deformation gradient can then be written as follows:

bi(2)/apV2  bi(4)/agV2 0
F=|c(2)/aV2 c(2)/aV2 0 ®)
0 0 a;(1)/ag
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Fig. 3. (a) Energy landscape (in mRyd atom™') for B2-B19 transforma-
tion in equiatomic NiTi as a function of distortion parameter 4 and shuffle
1. The energy difference Epyo — Epo is —2.1 mRyd atom ™. It is seen that a
finite barrier (transition state, denoted by TS) exists between the B2 and
B19 phases. (b) Contour plot of the energy landscape shown in (a). The
MEP will involve minimum distortion and shuffle. The point at which
highest energy is encountered is identified as TS and is located at point
A,n=1(0.2,0.035) (indicated by the arrow). The magnitude of the energy
barrier is 0.48 mRyd atom™! (relative to the parent B2 phase).

The internal ions undergo a shuffle (see Fig. 2) which
must be accounted for separately. Previous first-principles
calculations [10] predicted a normalized shuffle of 0.098
in the [010]g;o direction (see Fig. 2), while Hehemann
and Sandrock [17] predicted the normalized magnitude as
0.125 for the B19’ phase, which is close to the shuffle in
the B19 phase. The above deformation gradient F(4) maps
the Bravais points only, but does not include the shuffles.
To account for the associated shuffle displacements of the
interior atoms, equal initial shuffles were superimposed
on all interior atoms in addition to the deformation F(4).
The shuffles were defined by the normalized shuffle param-
eter § =s/c, where s is the absolute shuffle. The strain

energy density W was then minimized with respect to # at
fixed F. This minimization was achieved by relaxing the
internal ions to the local energy minimum without allowing
for volume change (fixed F), resulting in the final stable
shuffle positions of the internal ions. The actual transfor-
mation pathway was determined as a function of the dis-
tortion parameter A and 7. The entire energy landscape
for B2 —» B19 transformation was computed by varying
the deformation gradient from A =0 to 1 for a fixed value
of shuffle . For B19 NiTi, the landscape was completed by
exploring all possible combinations (4,#) and, while  was
varied from 0 to 0.125. The actual shuffle at minimum
energy was found to change from the initial imposed shuffle
of 0.125 to an equilibrium shuffle of 0.098 after internal
relaxation.

5. Results and discussion

No energy pathways incorporating distortion and shuf-
fle are given in previous studies, and this is the first time the
energy landscape for NiTi phase transformation has been
clearly described. Fig. 3a shows the energy landscape for
the B2-B19 transformation in binary NiTi as a function
of distortion 4 and shuffle . Note that 4,5 = (0,0) corre-
sponds to the initial B2 phase, while 4,7 = (1,0.098) corre-
sponds to the final B19 phase with an energy difference
Egi9 — Ep, of —2.1 mRyd atom ™!, indicating that the
B19 phase is energetically more stable than the B2 phase,
as also noted in Table 2. From Fig. 3a, it is seen that a finite
barrier exists between the B2 and B19 phases which
depends on the transformation path followed by the alloy.
Fig. 3b shows the contour plot of the energy landscape. In
principle, the specific trajectory followed by NiTi during
the transformation will involve a minimum energy barrier
(which is likely to be the TS depicted here) and also mini-
mum distortion and shuffle. Note that the exact minimum
energy path (MEP) for this transformation must be deter-
mined from numerical optimization [21-26]. Note that the
direction of steepest gradient starting from parent B2 phase
involves a maximum energy barrier (denoted by TS) of
0.48 mRyd atom™" at 1,5 = (0.2,0.035) relative to the par-
ent B2 phase. The energy barrier must be overcome to
transform the parent B2 into the orthorhombic B19 phase.
As a comparison, Zhang and Guo [10] predicted a barrier
of 0.40 mRyd atom™' from the B2 side between the two
phases. From Fig. 3a, it is found that the steepest gradient
path in the neighborhood of B2 NiTi involves almost equal
amounts of shuffle and distortion. However, after a nor-
malized shuffle s =0.01 is reached, shuffle will dominate
volumetric distortion until the barrier at 4,5 = (0.2,0.035)
is overcome. Beyond the transition point TS, the transfor-
mation pathway will be downhill, and lattice will preferen-
tially undergo volumetric distortion that will dominate
shuffle.

The determination of energy landscape and the transi-
tion barrier for NiTi MT is essential for determining the
transformation stress. Recently, it was shown that the
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stress required for activation of twinning in fcc materials is
controlled by the energy barrier involved [27]. As MT is a
more general deformation mode, it is expected that the
activation stress for MT will depend on the energy barrier
and also the energy landscape. The present calculations
constitute important steps towards a more complete under-
standing of the shape memory effect. Note that the overall
B2 - B19’ energy landscape could be relatively complex
and needs to be determined to establish the driving forces
for the transformation. Reversibility is favored when the
energy landscapes for forward and reverse transformations
involve paths with small and comparable unstable energy
barriers. Specifically, a small energy differential between
the initial state and the TS for the forward and reverse
transformations would result in a small hysteresis. The
phenomenological models for phase transformations
ignore the entire energy pathway for the transformation,
and thus are limited in assessing the hysteresis.

6. Conclusions

In summary, first-principles calculations were presented
for parent B2 and martensitic B19 and B19’ phases in NiTi,
which indicate that both B19 and B19’ are energetically
more stable than the parent B2 phase, and B19’ is the low-
est-energy state with the correctly predicted distortion
angle. By means of ab initio density functional theory,
the complete distortion—shuffle energy landscape associated
with B2 — B19 transformation in NiTi was then deter-
mined. In addition to accounting for the Bain-type defor-
mation through the CB rule, the shuffle displacements
experienced by the internal ions in NiTi were explicitly
accounted for. The energy landscape allows the identifica-
tion of the asymmetric energy barrier (of 0.48 mRyd a-
tom ! relative to B2 phase) associated with the
B2 - B19 transformation pathway, also responsible for
the observed hysteresis upon reverse transformation, which
will have to be overcome to transform the parent B2 NiTi
to orthorhombic B19 martensite.
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