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a b s t r a c t

In this work, the effects of small ternary additions to B2 NiTi structures was investigated through DFT
calculations. The analysis considered deviations from stoichiometry arising from either simple substitu-
tion of host atoms in a given sublattice or from the formation of anti-sites. The calculations enabled the
determination of the site preference of X ternary additions. Moreover, the results suggest that ternary
additions located in the central region of the transition metal group across all periods tend to occupy
Ni sites due to favorable X–Ti nearest neighbor (NN) interactions. This occupancy is achieved through
substitution or through the generation of anti-site defects. On the other hand, ternary additions at both
ends of a given transition metal row tend to occupy Ti sites due to favorable X–Ni NN interactions. Once
site preferences are determined, the effect of alloying on the thermodynamic and mechanical properties
of B2 NiTi–X structures are presented and trends are discussed.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Shape Memory Alloys (SMAs) exhibit the so-called shape
memory effect (SME)—large reversible and macroscopic shape
change triggered by temperature changes—and superelasticity
(SME)—large recoverable strain triggered by mechanical stress—
as a result of reversible thermoelastic martensitic transformations
[1]. Owing to this behavior, SMAs (particularly those based on the
Ni–Ti system) have become the material class of choice in the
biomedical industry as they have enabled a wide range of biomed-
ical equipment and devices in orthopedics, neurology, cardiology
and interventional radiology [2]. In the case of NiTi-based SMAs,
the relevant structural transition typically involves the transforma-
tion from a high temperature cubic austenite phase (B2-type) to a
low symmetry monoclinic phase (B190), although other martensite
structures (such as the so-called R-phase) may be stabilized
depending on the chemistry and microstructure of the austenite
[3,4].

Further development of SMAs has been driven by the aerospace
and automotive industries due to their potential as compact,
reliable solid-state actuators [5]. More recently, the oil and gas
industry has explored the use of SMAs [6] as couplers and fasten-
ers. Unfortunately, usage of SMAs is limited by their typically low
(below 100 �C) transformation temperatures. In the aerospace and
automotive industries, in particular, design actuation temperatures
are significantly higher than the operational limit of binary NiTi
alloys [1]. Over the past decade, considerable effort has been
invested in modifying the chemistry of NiTi-based SMAs (through
ternary and quaternary substitutions of Ni and/or Ti) to increase
transformation temperatures [7], control hysteresis [8], and/or
improve mechanical properties such as strength and corrosion
resistance [9].
1.1. Effects on martensitic transformation characteristics

There is already considerable experimental evidence for the
dramatic effect of ternary additions on the martensitic transforma-
tion temperatures as well as phase transformation sequence in
NiTi-based SMAs. Upon substitution of Ni by Cu at levels of about
10 at.%, a two-stage martensitic transformation is seen [10], where
the cubic B2 austenite transforms first to orthorhombic B19, fol-
lowed by a transformation to the monoclinic martensite B190, con-
trary to the B2! B190 typically observed in NiTi. Upon additions
above 10 at.% Cu, the transformation reverts to the conventional

http://crossmark.crossref.org/dialog/?doi=10.1016/j.commatsci.2015.10.029&domain=pdf
http://dx.doi.org/10.1016/j.commatsci.2015.10.029
mailto:nsingh8@uh.edu
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single stage process. Addition of Cu also makes the martensitic
start temperature (Ms) [11] and pseudoelastic hysteresis [12,13]
less sensitive to composition changes and also prevents the precip-
itation of the metastable X-phase (Ni4Ti3) [13]. Finally, the trans-
formation hysteresis associated with the B2-B19 transformation
in NiTi–Cu is between those of the B2–B190 and B2–R in Ni–Ti [12].

Replacement of small amounts of Ti by Zr in the NiTi alloy raises
the Ms temperature in NiTi–Zr SMAs [14]. Mulder et al. [15]
reported Ms temperatures above 120 �C in NiTi–Zr alloys for Zr
content above 10 at.% and Ni content below 49.5 at.%. Addition of
Ag to NiTi increases the austenitic transformation temperature
(As). The NiTi–Ag alloys also showed higher martensitic phase frac-
tions than several other NiTi based alloys.

Potapov et al. studied 8–20 at.% Hf, NiTi–Hf alloys fabricated by
melt spinning, paying attention to the B190 ! B2 transformation at
temperatures varying from 100 to 300 �C, and found that the lattice
parameter of the parent B2 phase increases with Hf addition while
the transformation volume almost remains constant. The transfor-
mation temperatures as well as the transformation temperature
intervals between start and finish temperatures were found to
increase [16]. Studies on rapidly solidified NiTi–Zr and NiTi–Hf
SMAs have been performed using calorimetric and mechanical
measurements, with emphasis on microstructural features and
their influence on the martensitic transformation. The results show
that in Zr- and Hf-substituted alloys the microstructure resulting
from the rapid solidification conditions strongly effects the charac-
teristic transformation temperatures. Higher solubility of the alloy-
ing components, and the present of coherent precipitates and other
secondary phases lead to a significant decrease in Ms [17]. On the
other hand, studies byWojcik et al. shows that addition of Hafnium
up to 10 at.% leads to increases in the transformation temperature
by almost 100 �C [18].

One-way and two-way SME have been studied in DC-
magnetron sputtered Ti–Ni, Ti–Ni–Pd and Ti–Pd thin films.
Research showed that by substituting Ni with Pd the transition
temperatures could be increased from 32–38 to 498–570 �C for
Ti–Pd films [19]. Inter-diffusion of Ni and Si in NiTi thin films
deposited on a silicon substrate and the resulting shape memory
properties have been investigated and the resulting NixTiySiz tern-
ary alloys exhibited transition temperatures higher than NiTi SMAs
[20].

The transformation behavior, shape memory effect and supere-
lasticity of NiTi–V with equal substitution of V for both Ti and Ni
have been studied and results show that adding 1–2 at.% V resulted
in a slight drop (10 �C) in a single-stage B2! B190 martensitic
transformation. Solid solution strengthening of NiTi SMAs by V
improves their superelastic and shape memory response, although
the formation of (Ti,V)2Ni second-phase particles within the NiTi–V
matrix absorb oxygen atoms to form the (Ti,V)4Ni2O oxide and in
turn degrade the alloys’ shape memory behavior [21].

1.2. Effects on performance

Up to 1.5 wt.% Ag increased the corrosion resistance of the
alloys, but at higher silver levels the corrosion resistance showed
a decrease [22]. Compressive strength is seen to improve dramat-
ically at room temperature and higher temperatures by the substi-
tution of Ti with Al [23]. This improvement in strength is partly
due to the formation of Ni2TiAl (Heusler compound) precipitate
which is coherent with the NiTi(B2) matrix. In particular, research-
ers reported that an addition of 8.4 at.% Al showed an increase in
compressive strength to 2400 MPa (at room temperature) and
250 MPa (at 1000 �C) comparable with mid-grade superalloys
U500/U700 and Rene95 respectively. Experiments with Co addi-
tion show that substitution of Ni by Co in NiTi improves the yield
stress and work hardening coefficient between room temperature
and about 380 �C [24]. Moreover, addition of 1–2 at.% Co to NiTi
increases the modulus, loading and unloading plateau by 30% as
compared to the binary NiTi alloy [25].

Although not stated explicitly, studies suggest that the occupa-
tion of V on Ti sites yield a higher wear resistance, hardness and
pseudoelastic behavior [21]. The ternary addition of Cr effects
martensite transformation temperatures,Ms, as well as mechanical
properties of off-stoichiometric NiTi alloys.Ms and As decrease with
decreasing Ti concentration and change slightly when Ti concen-
tration exceeds 52 at.%, where the alloys are in the two phase
region. Significantly, Ms and As decreased with increasing Cr con-
tent at a constant Ti concentration. It was suggested that Cr atoms
will substitute Ni sites preferably if only Ms changes are observed.
Based on the characteristic stress–strain curves presented,
the stress induced martensitic transformation (SIMT) occurred at
�196 �C [24].

1.3. Effects on biocompatibility

Owing to their biocompatibility, NiTi-based SMAs are very use-
ful in medical applications. SMA’s have a high work output, which
is necessary for minimally invasive instruments [26,27] and are
superelastic, which makes them suitable for implants such as coro-
nary stents [28]. Enhanced antibacterial properties, which can be
achieved by addition of Ag, can significantly broaden their range
of application. Silver is known for its antibacterial properties and
Ag-alloy coatings are effectively used against a number of bacteria
[29,30]. Moreover, addition of Ag also improves the corrosion resis-
tance of NiTi SMAs which makes them suitable for orthodontic
applications [22]. NiTi–Co are being considered for potential use
since their superelasticity allows for durable, lower profile and less
intrusive medical devices. NiTi–Co is also comparable to NiTi in
terms of fatigue, corrosion resistance and biocompatibility. In
NiTi–Mo alloys corrosion resistance can be improved by increasing
an amount of Mo leading to improvement in biocompatibility [31].

1.4. Prior computational studies on NiTi–X alloying behavior

Bozzolo et al. [32,33] developed an approach based on quantum
approximations, coined the Bozzolo–Ferrante–Smith (BFS)
method, for analyzing SMA properties. In particular, Bozzolo
focused on ternary bridge Ni50�yTi50Xy (i.e., where X = Fe, Pd, Pt,
Au, Al, Cu, Zr, and Hf). The BFS method is based on the assumption
that the energy of formation of a given atomic configuration can be
quantified in terms of individual atomic contributions that account
for lattice strain energy as well as chemical effects. The strain
energy contribution can be obtained from the cohesive, structural
and mechanical properties of the pure elements, while the chemi-
cal contribution accounts for the energetics of so-called pure and
mixed bonds. In essence, the BFS method provides a very effective
and computationally economical approach to investigate the ener-
getics of alloying. One must point out, however, that this method is
only indirectly related to first-principles calculations and some
subtle bonding effects that cannot be simply separated into
mechanical and chemical effects may not be captured.

In the case of their study of ternary X substitutions in NiTi,
through the use of the BFS method, Bozzolo and collaborators were
able to derive the lattice parameter, bulk modulus and energy of
formation for the intermediate states in the (B2) transition NiTi
to XTi. The substitutional elements considered through the BFS
method in the work by Bozzolo and collaborators [32–34] were
Au, Pt, Ir, Os, Re, W, Ta, Ag, Pd, Rh, Ru, Tc, Mo, Nb, Zr, Zn, Cu, Co,
Fe, Mn, V, Sc, Si, Al and Mg. In a subsequent work by Mosca et al.
[35], the BFS method was used to assess the behavior of ternary
and quaternary additions to NiTi (i.e. ternary additions to NiTi
and quaternary additions to NiTiPd, NiTiPt, and NiTiHf).
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1.5. Overview of the present work

In this work, we present a systematic investigation of the effects
of ternary additions—in the dilute limit–on the thermodynamic
and mechanical properties of B2 NiTi–X alloys. A variety of exper-
iments and simulations have been carried out to study the effect of
a ternary element on the shape memory, tensile and performance
properties of NiTi-based SMAs. The purpose of this work is to carry
out a systematic high-throughput computational study of the
effect of ternary alloying on equiatomic NiTi alloys. The energetics
as well as physical properties of 34 NiTi ternary alloys have been
investigated and presented. The ternary elements considered
were: Mg, Al, Si, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, Y, Zr,
Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd, In, Sn, Sb, Hf, Ta, W, Re, Os, Ir, Pt
and Au.

The paper is organized as follows: first, existing experimental
evidence for the effect of ternary additions on the martensitic
transformation, mechanical and other functional properties is dis-
cussed; we follow the discussion by presenting the methods used;
then we analyze the site preference for ternary additions and the
calculations are compared to results from other computational
approaches; finally, the effect of ternary additions on the thermo-
dynamic and mechanical properties of B2 NiTi–X alloys is
discussed.
2. Computational approach

First principles methods were used to calculate the energetic
and structural properties of NiTi–X SMA alloys with small ternary
Fig. 1. (Top) Image shows the stacking of stoichiometric NiTi B2 unit cells to form a supe
right image show the front view of the (110) plane and the arrangement of atoms in the p
supercells are for explanation only, and have not been used to perform the calculations. (B
its (010) plane, and conf2 and its (111) plane for Ni15Ti16X alloy. For Ni16Ti15X alloy, th
atoms. The rectangles exhibit how the motif in the (110) plane in the B2 supercell abov
plane indices are (1.015 1.021 1)) for conf2. The blue (red) rectangles demonstrate Ti (N
coordinates of the conf1 SQS unit cell are a = 7.323 Å, b = 4.224 Å, and c = 14.005 Å while f
the distance between the nearest Pt atoms is 4.224 Å while in conf2 the nearest distance i
to text for further description of configurations. (For interpretation of the references to
additions. The concentration of ternary additions (hereafter
referred to as element X) has been limited to 3.125%. The initial
supercell structures have been modeled as special quasirandom
structures (SQS) [36] that minimized the difference in the pair
and higher-order correlation functions between the simulated
structures and true random alloys, up to six coordination shells.
The ‘mcsqs’ module of the ATAT package [37,38] was used to con-
struct the structures—see Fig. 1. In this study, we have considered a
supercell structure consisting of 32 atoms with 15 Ni (Ti), 16 Ti (Ni)
and one X element in a Ti (Ni) rich alloy. The configurations were
ensured to be as close to a random solution as possible by con-
structing SQS structures.

With the structures in place, the respective systems were eval-
uated within the framework of Density Functional Theory (DFT)
[40], as implemented in the Vienna ab initio simulation package
(VASP) [41], applying the generalized gradient approximation
(GGA) and the Perdew–Burke–Ernzerhof (PBE) functional [42].
The electronic configurations of the appropriate elements were
determined using the projector augmented-wave (PAW) pseudo-
potentials formalism [43,44], while Brillouin zone integrations
were performed using a Monkhorst–Pack mesh [45] with at least
3000 k-points per reciprocal atom. A cutoff energy of 478 eV was
used and spin polarizations were accounted for as well.

Optimal structures were obtained as follows: first, a volume-
only relaxation was carried out. The volume-relaxed structures
were then subjected to structural optimizations in which the vol-
ume and shape were allowed to vary. Finally, full relaxations were
carried out, including volume, shape and ionic positions as degrees
of freedom—using order-one Methfessel–Paxton smearing method
[46]. All relaxations were carried out until changes in total energy
rcell. The orientation and location of the (110) plane is shown in light color. The top
lane. The rectangles demonstrate the motif for Ni and Ti atomic arrangement. These
elow) SQS structures, generated and used to perform the calculations, for conf1 and
ese configurations have been obtained by replacing Ni (Ti) atoms with the Ti (Ni)

e rearranges in the SQS structures, on (010) plane for conf1 and (111) plane (exact
i) atom surrounded by the Ni (Ti) atoms. For Pt alloy system (element X is Pt), the
or conf2 the coordinates of SQS unit cell are a = b = 6.688 Å, and c = 9.846 Å. In conf1,
s 6.688 Å. These images have been generated using VESTA software [39]. Please refer
color in this figure legend, the reader is referred to the web version of this article.)
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between relaxation steps was within 1 � 10�6 eV. After the relax-
ation, the electronic structure of the optimized structures was cal-
culated once more using a self-consistent static calculation scheme
using the tetrahedron smearing method with Blöchl corrections
[47].

The elastic constants were estimated through the stress–strain
approach [48,49] where a set of strains (e ¼ e1; e2; e3; e4; e5; e6) is
imposed on a crystal structure. The deformed lattice vectors are
then defined as:

�A ¼ A

1þ e1 e6
2

e5
2

e6
2 1þ e2 e4

2
e5
2

e4
2 1þ e3

�������

�������
:

A set of stresses (r ¼ r1;r2;r3;r4;r5 and r6) for the deformed
crystals is generated, which is calculated using density functional
theory (DFT) methods as described in [48,49]. From the n set of
strains and the resulting stresses, elastic constants are calculated
based on Hooke’s law, as shown below.
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For the elastic constant calculations, the ionic positions were

relaxed while leaving the lattice shape and volume invariant. These
calculations were followed by a static calculation using order-one
Methfessel–Paxton smearing method and an auxiliary FFT grid to
ensure maximum accuracy in the calculation of interatomic forces.
Convergence criteria ensured that calculated elements of elastic
constant tensor changed within a few GPa when varying the mag-
nitude of the lattice strain from 1% to 3%.

From these elastic constants, various elastic properties have
been calculated using the Voigt and Reuss approximations and
Voigt–Reuss–Hill averaging (see Table 1). The properties under
consideration are: the bulk modulus (B), the shear Modulus (G),
the Young’s modulus (E), Poisson’s ratio (m), and the Debye temper-
ature (HD).

3. Results and discussion

3.1. Site preference

The effect of addition of ternary elements to the stoichiometric
NiTi alloy has been studied for Ni and Ti rich compositions. The
Table 1
Formulas used in calculations of elastic properties [50,51].

Voigt approximation

Bulk modulus ðC11þC22þC33þ2ðC12þC13þC23 Þ
9

Shear modulus 15
4ðS11þS22þS33Þ�4ðS12þS13þS23Þþ3ðC44þC

where S11 ¼ C2
23�C22C33

C
S12 ¼ C12C33�C13C23

C

S23 ¼ C11C23�C12C13
C S33 ¼ C2

12�C11C22
C

C ¼ C2
13C22 � 2C12C13C23 þ C11C

2
23 þ C2

12C33 � C11C22C33

Voigt–Reuss–Hill average

Bulk modulus B ¼ 1
2 ðBV þ BRÞ

Shear modulus G ¼ 1
2 ðGV þ GRÞ

Young’s modulus E ¼ 9BG
3BþG

Poisson’s ratio m ¼ 3B�E
6B
ternary atoms replace either the Ni or Ti atoms in the stoichiomet-
ric NiTi alloy, depending upon the experimental conditions, type of
ternary atom, etc., to create Ti or Ni rich alloys. In the present study
Ni (Ti) rich alloys, Ni16Ti15X (Ni15Ti16X), have been fashioned by
replacing one of the Ti (Ni) atom with ternary atom, X (hereafter
the Ni rich compositions will be referred to as NiR and Ti rich as
TiR). We have assumed that all the austenite (high temperature)
structures will be of type B2 even after the addition of a ternary
element. This assumption is reasonable as the site occupancies
were studied in the dilute limit. The site preference of the X ele-
ment (whether in the Ni or Ti site) is decided based on the ground
state energy of the system. Hence, for each composition (NiR or
TiR) we have two types of configurations. The atomic structures
for these compositions are shown in Fig. 1.

In the first configuration (hereafter referred to as conf1), for TiR
(NiR) composition, Ni (Ti) and X atoms occupy one site (say, 0.0,
0.0, 0.0) and Ti (Ni) atoms sits on the other site, (Ni15,X),(Ti16)
((Ti15,X),Ni16). In the case of Ni–Ti–Pt, the X–X distance is
4.224 Å, large enough to discourage formation of X–X atomic
chains. In the second configuration (hereafter referred to as conf2),
for TiR (NiR) alloy, the X atom sits on the Ti (Ni) site while one Ti
(Ni) atom occupies the Ni (Ti) site, (Ni15,Ti),(Ti15,X) ((Ti15,Ni),
(Ni15,X)). X–X distance in Ni–Ti–Pt for conf2 is 6.688 Å. Since all
structures were completely relaxed before calculation of proper-
ties, the actual X–X distances for both configurations will vary
for different X, but will be close to 4.4 Å for conf1 and 6.6 Å for
conf2.

We consider either the occupation—by substitution—of an
available site (due to depletion of Ti or Ni) or the occupation of a
site made available through the formation of an anti-site defect.
For example: a Ni-rich NiTi–X alloy is generated by the elimination
of one (or more) Ti atoms. The X addition could occupy the avail-
able Ti site or could occupy the Ni site, through a generation of
an anti-site defect where Ni migrates to the Ti lattice and the avail-
able Ni site is then occupied by X. At the ground state, occupancy is
determined solely by the energetics of the competition between
‘normal’ and anti-site-mediated occupancy. At finite temperatures,
however, one must consider the entropic differences between
competing configurations [52]. In this work, we consider highly
dilute systems where the entropy differences between configura-
tions are likely to be small so we assume that enthalpic effects
dominate occupation behavior.

Calculations were carried out for 34 ternary elements, viz: Mg,
Al, Si, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, Y, Zr, Nb, Mo, Tc, Ru,
Rh, Pd, Ag, Cd, In, Sn, Sb, Hf, Ta, W, Re, Os, Ir, Pt and Au. These ele-
Reuss approximation

ðC11þC22þC33�C12�C13�C23þ3C44þ5C55þ3C66Þ
15

55þC66Þ
1

S11þS22þS33þ2ðS12þS13þS23Þ

S13 ¼ C13C22�C12C23
C S22 ¼ C2

13�C11C33
C

S44 ¼ 1
C44

S55 ¼ 1
C55

S66 ¼ 1
C66

Transverse wave velocity v t ¼ G
q

� �1=2

Longitudinal wave velocity v l ¼ 3Bþ4G
3q

� �1=2

Sound velocity
vm ¼ 1

3
2
v3
t
þ 1

v3
l

� �� ��1=3

Debye temperature
HD ¼ h

k
3n
4p

NAq
M

� �h i1=3
vm
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ments include transition metals as well as Mg, Al and Si. The super-
cell structures have been optimized to obtain the ground state
energies of each configuration for both compositions.

The site preference was determined by comparing the forma-
tion energies of NixTiyXz alloys with competing configurations:

DEf ðNixTiyXzÞ ¼ EðNixTiyXzÞ � xEðNiÞ � yEðTiÞ � zEðXÞ
with the pure elements existing in their ground state (at 0 K).

The configuration with lower ground state energy for each com-
position indicates the site preference of element X. For example, in
case of Ti rich alloy, element X being Platinum (Pt), conf1 and conf2
have ground state energies of �231.53 eV and �231.24 eV respec-
tively. Since conf1 is lower in energy (more negative), this means
that Pt prefers to go to the Ni site.

From this analysis, the site preference for each atom is depicted
through the use of color coding in Fig. 2. The yellow color indicates
a preference for the Ni site, while light blue indicates a preference
for the Ti site. It is seen that groups 6–9 show an exclusive prefer-
ence for the Ni site. This essentially means that for these alloying
elements, X ternary additions prefer to be in a local environment
in which they have Ti as its nearest neighbor. In the case of
Ni-rich compositions (rather Ti-poor), this is achieved through
the generation of an anti-site Ni defect. Using simple rigid band
arguments, one could infer that the preference for X–Ti, rather than
X–Ni interactions is due to the increase in stability of the structure
upon filling of the Ti–X d-states. On the other hand, one can see
that at both ends of the transition columns there is a tendency
for Ti site preference, suggesting more energetically favorable
Ni–X nearest neighbor bonds.

Bozzolo et al. carried out extensive site-preference calculations
for the Ni–Ti–X (X = Pd, Pt, Al, Fe, Cu, Au, Zr and Hf) systems using
the BFS method for alloys [34] which paved the way for further
work calculating the lattice parameters, formation energies and
bulk modulus for Pd, Pt, Al, Fe, Cu and Au additions [33]. These pre-
dictions agree appreciably with the site-preferences predicted in
this work. Bozzolo et al. [34] for example reports that in NiTi–Fe
alloys Fe tends to occupy Ni sites in Ti-rich alloys, with no clear
preference for either site in the case of NiTi–Fe Ni-rich alloys. In
the same study, Bozzolo reports that Al, Au and Cu tend to occupy
the available sites through simple substitution, that is: the
Fig. 2. Site Preference of X element in Ni–Ti–X. The upper row (TiR) indicates site
preference for Ti-rich compositions and the lower row (NiR) for Ni-rich composi-
tions respectively.
formation of anti-site defects is not favored on either side of the
stoichiometric line. With the exception of Cu, our results are con-
sistent with those calculations as well as with earlier work by
the same group [34]. Our results also agree with Bozzolo’s Monte
Carlo simulations that suggest that in NiTi–(Hf,Zr), Hf and Zr tend
to occupy the Ti sites.

The formation energies for the preferred configurations for TiR
and NiR alloys are shown in Figs. 3 and 4 respectively. The results
show that most of the elements near the Ni atom prefer the Ni
sites, while elements in close proximity to Ti on the periodic table
prefer the Ti atomic sites. This can be due to the comparable size of
the ternary additions to the host atoms. From the figure we see
that the overall trend is an increase in the energy of formation as
we go from the left to the right of the periodic table and also as
wemove down the periodic table in the same column. This can also
be associated with the previous analysis of the site preference as it
seems that Ti–X nearest neighbor interactions contribute signifi-
cantly to the thermodynamic stability of NiTi–X ternary alloys.
These trends and the corresponding values of formation of energy
are in good agreement with the results reported by Bozzolo [33].
Unfortunately, to the best of the authors’ knowledge there are no
experiments evaluating the formation energy of NiTi–X alloys that
could be used to validate the calculations.

3.2. Structural properties

Having established the site occupancy in NiTi–X alloys, we pro-
ceeded to calculate their structural (i.e. mechanical) properties
according to the procedure outlined in Section 2. As a benchmark
of the accuracy of the methods used, we calculated the mechanical
properties of NiTi stoichiometric SMAs and compared them with
prior computational and experimental results, as shown in Table 2.
Overall, there is acceptable agreement between our current calcu-
lations and prior work. Our calculations for the elastic constants
agrees rather well—within 10 GPa or less—with the computational
work by Ye [53] and with the single crystal measurements by Mer-
cier and collaborators [56] although these experimental measure-
ments were done at finite temperatures (approximately 330 K)
and cannot be compared directly to the 0 K calculations.

According to our calculations, C11 � C12 (twice the shear con-
stant C0) is positive, with values rather close (24 GPa) to the mea-
sured ones (33 GPa). Other theoretical works yield similar results
(24 [53], 18 [54] and 40 [55] GPa). The small values of the shear
constant are an indication of metastability (if not complete insta-
bility) against lattice distortions and indeed Huang et al. [54] found
that the phonon structure for this system is unstable, with the
most pronounced phonon instability localized around the M point
and midway the C� R direction of the Brillouin zone. The B2 lattice
is likely to become entropically stabilized at finite temperatures
due to anharmonic phonon–phonon interactions [54].

Here we would like to call into attention the work by Wagner
andWindl [59] that contrary to the calculations reported in Table 2
reports that C11 � C12 is negative. The results in this case were
arrived at through the so-called strain-energy’ method, which is
based relating the curvature of energy vs deformation curves to
linear combinations of the elastic constants. Using this approach,
Wagner and Windl [59] reported that C11 � C12 was negative
(�30 GPa). In principle, a negative value for C11 � C12 is consistent
with the fact that the structure is dynamically unstable [54]. The
discrepancy with respect to our calculations and those of Huang
et al. could be ascribed to the different methods used. The ‘stres
s–strain’ method used by us may be yielding a positive shear con-
stant due to the fact that we are only sampling the harmonic region
of the energy landscape, while the ‘strain-energy’ approach by
Wagner and Windl sample its non-harmonic—i.e. with negative
curvature—region. Similar arguments are given by Hatcher et al.



Fig. 3. Energy of formation (dE) in meV/atom and Debye temperature (TD) and Elastic constants: Bulk modulus (K), Elastic modulus (E), Shear modulus (G), C11 � C12 in GPa
and Poisson’s ratio (m) for Ni15Ti16X (TiR).
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[60] who also report a positive shear constant. The phonon calcu-
lations by Huang report long wavelength stable acoustic modes—
those responsible for the elastic constant tensor Cij—along the
C� X direction, which is the one directly associated with simple
shear along the [110] direction. The M point on the other hand
is associated with more complicated and non-symmetric atomic
displacements [54], suggesting that signatures of instability would
be more readily identified through lattice deformations more com-
plex than the simple strains necessary to calculate the elastic con-
stants. We would like to add that, to the best of our knowledge, no
other theoretical work before [53–55] or after [60,61] Wagner and
Windl [59] report negative shear constants and further systematic
studies to elucidate the reason for the observed discrepancy are
necessary.

Table 2 and the preceding discussion provide an indication of
the validity of the methods used to calculate the elastic constants
of ternary NiTi–X alloys. Following the success of the numerical
procedure, the elastic properties for the TiR and NiR ternary alloys
has been calculated. In this section the structural properties have
been calculated exclusively for the preferred configuration. To
the best of the authors knowledge, no systematic experimental
data set on the effect of ternary alloying additions to NiTi–X alloys
has been published. The major goal of this exercise is to determine
trends that can be used to elucidate some of the alloying effects on
the mechanical properties of NiTi–X alloys that have been
observed experimentally, as briefly outlined in the introductory
part of the present paper. We also hope that these trends could
inspire the generation of alloy design guidelines that can help
experimentalist in selecting the right substitution element
depending on the properties of interest.

The computed properties are shown in Figs. 3 and 4 for Ti rich
and Ni rich alloy systems. The addition of a ternary element
increases the bulk modulus as compared to the NiTi binary system
except for Mg, Si, Ga, Sb and Hf. These results are in fair agreement
with the bulk moduli computed by Bozzolo et al. [33], although
they report that Cu, Zr, Al, Hf tend to lower the bulk modulus as
their amount increases while our calculations suggest that these
elements do not change the bulk modulus in a significant manner.
It is also worth considering the fact that our calculations corre-
spond to relatively dilute alloying and further research must be
carried out at significantly higher concentrations in order to eluci-
date composition effects in a more systematic manner. Our results
indicate that Pd, Pt, and Fe increase the bulk modulus beyond the
numerical uncertainties in the calculation—estimated to be on the
order of 3–5 GPa. This is also consistent with the increased ther-
modynamic stability of NiTi–X(Pd, Pt, Fe) alloys. An increase in
bulk modulus indicates that X additions in general tend to increase
the cohesive energy of NiTi–X structures. The Young’s modulus and
shear modulus, similar to the bulk modulus, increase with the
addition of the ternary element with the exceptions of Al and Si.



Fig. 4. Energy of formation (dE) in meV/atom and Debye temperature (TD) and Elastic constants: Bulk modulus (K), Elastic modulus (E), Shear modulus (G), C11 � C12 in GPa
and Poisson’s ratio (m) for Ni16Ti15X (NiR).

Table 2
NiTi elastic properties.

Property This
work

Calculations Experiments

C11 165 168 [53], 180 [54],
218 [55]

162 [56]

C12 141 144 [53], 162 [54],
178 [55]

129 [56]

C11 – C12 24 – 33 [56]
C44 47 50 [53], 39 [54], 71

[55]
35 [56]

Bulk modulus (GPa) 149.5 156 [53], 168 [54] 140 [56]
Young’s modulus (GPa) 77 – 69 [57], 68

[58]
Shear modulus (GPa) 27 – –
Poisson ratio 0.41 – 0.35 [57]
Debye temperature (K) 290 – –
Sound velocity (m/s) 23 – –
Longitudinal wave

velocity (m/s)
54 – –

Transverse wave velocity
(m/s)

21 – –
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While the underlying physical principles for the effect of com-
position on the transformation temperatures of SMAs remains to
be completely elucidated [62], there are currently several theories
that have attempted to address this issue. Ren and Otsuka [63]
used Landau theory to establish that martensitic transformations
dominated by basal shear and shuffles occur at a critical shear con-
stant, ‘c’, which in turn is (roughly) independent of composition for
a given nominal chemical system. By contrast, chemistry and tem-
perature strongly affect ‘c’. They used this model to rationalize the
fact that Cu-based SMAs tend to show a higher Ms when the shear
constant is lower. Extension to Ni–Ti based systems seemed to
agree in the case of SMAs with low MS, although the analysis did
not hold for high Ms systems.

The calculations of C11 � C12 may lend an insight into the stabil-
ity of the B2 phase to shear and other martensitic transformation
inducing deformations. As per the argument by Zarinejad and Liu
[64], lower C11 � C12 may result in higher transformation temper-
atures. Comparing with the extensive compilation by Zarinejad
and Liu [64] it is not possible at this time to establish the validity
of the reasoning, although the experimental data suggests that the
most effective ternary additions at increasing Ms are Hf, Zr, Pt and
Pd and in our calculations those ternary additions generally result
in a C11 � C12 close to the lower range of the calculations.

There are, however, many exceptions to this trend, suggesting
that the transformation temperature is the result of more subtle
and complex aspects of the energy landscape around the
austenite–martensite transformation. In fact, Frenzel et al. [62]
experimentally investigated a wide range of NiTi–X SMAs and
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Fig. 5. Schematic representation of the effect of the reduction of latent heat of
transformation, dH, on the reduction in T0, assuming that the entropy of the
phases—i.e. the slope of the free energy curves—remains unchanged.
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rationalized the strong compositional dependence ofMs in terms of
enthalpy differences between austenite and martensite as mea-
sured by DSC as well as the influence of anti-site defects on the lat-
tice distortion in near stoichiometric NiTi–X B2 cubic austenite.
Smaller latent heats for transformation, DH, were generally corre-
lated, albeit not perfectly, with lower Ms. As shown in Fig. 5, other
things remaining equal (i.e. entropy), compositional changes that
reduce the enthalpy difference between austenite and martensite
would necessarily result in a lowering of the temperature at which
both phases have equal Gibbs energies, T0. Note that while T0 is
related to Ms, the latter is the result of barriers associated to the
transformation that otherwise would occur at T0.

Finally, in the figures we report the Debye temperature, which
corresponds to the frequency at which the wavelength of the pho-
non frequency equals the lattice parameter of the unit cell. For fre-
quencies higher than this cutoff value, the vibration becomes
independent of the lattice. The Debye cut off frequency or temper-
ature signals a distinct barrier between the collective thermal lat-
tice vibration and independent thermal lattice vibration and
corresponds to the temperature at which all thermal phonon
modes are excited. With the exceptions of Al, Pt, Pd and Au; ternary
alloying of equiatomic NiTi results in an increase in the Debye tem-
perature, although Zr and Hf additions do not increase it signifi-
cantly. Interestingly, these element additions tend to result in
NiTi–X alloys with the highest transformation temperature.
4. Conclusions

In this systematic study of the effect of ternary alloying on the
equiatomic NiTi B2 alloy, atomistic calculations were carried out to
document the variation in the energetics, elastic properties and
acoustic properties of Ni0:5Ti0:5 due to an impurity element. Owing
to the complex nature of these alloys and the lack of literature on
systematic studies, especially computational studies, this work fills
in a gaping void in the framework for the future development of
these alloys. While there are very clear systematics in the trends
for cohesive energies (manifested in terms of bulk modulus), for-
mation enthalpy and site occupancies, the trends are less clear in
the case of the calculations for the mechanical properties (bulk
modulus, Young’s modulus, shear modulus, shear constant, etc.).

More importantly, there remains a significant gap in our under-
standing of the effect of alloying elements on MS. While it has been
suggested that changes in elastic constants (shear elastic constant,
shear moduli) can be used to infer at least the sign of the change in
MS relative to stoichiometric NiTi, the calculations, when used in
conjunction with the scarce available experimental data no strong
trend is observed. It is indeed very likely that the transformation
temperature is a complex function of the energy landscape (that
also is temperature-dependent) around the austenite–martensite
transformation path. While the work is still in progress, future
efforts should focus on more concentrated alloys. The energy land-
scape as a function of alloying elements may also provide more
insight into the observed alloying effects on the transformation
behavior of NiTi–X alloys.

On the experimental side, more systematic studies that investi-
gate the effects of composition not only on the mechanical proper-
ties of the austenite in NiTi–X but also on the enthalpy differences
between austenite and martensite are necessary in order to make
contact with calculations. While the work by Frenzel et al. [62]
points to the right direction, other approaches, particularly high-
throughput synthesis [65] and characterization may provide a
more systematic investigation of the compositional effects on the
thermodynamics, structure and transformation behavior in SMAs.
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