Acta Materialia 178 (2019) 59-67

Monoclinic angle, shear response, and minimum energy pathways of
NiTiCu martensite phases from ab initio calculations
Sam Bakhtiari1, Jefferson Zhe Liu2, Yinong Liu1*, Hong Yang1

1

2

Laboratory for Functional Materials, Department of Mechanical Engineering, The
University of Western Australia, 35 Stirling Highway, Perth, WA 6009, Australia

Department of Mechanical Engineering, The University of Melbourne, Parkville, VIC 3010,
Australia
*Corresponding author email address: yinong.liu@uwa.edu.au, Phone: +61 8 6488 5664,
Fax: +61 8 6488 1024.

Abstract
Ti50Ni50-xCux alloys are observed to exhibit multiple martensitic transformations from B2 to an
orthorhombic B19 and a monoclinic B19′ phase. In addition, DFT calculations have predicted
a B19ʺ phase with a higher monoclinic angle as the thermodynamically stable ground state.
This study investigated the effects of Cu content and shear stress on the monoclinic angles,
phase stabilities of the various martensites, the minimum energy pathways, and the relative
total energies among the phases in this pseudo-equiatomic Ti(Ni50-xCux) system. A new
monoclinic phase (B19M) with a monoclinic angle lower than that of B19′ was found at above
a critical Cu content. This confirms the formation of an intermediate phase in the martensitic
transformation sequence of the pseudo-equiatomic Ti(Ni50-xCux) system but contradicts the
crystal structure of the experimentally observed phase. It was found that the monoclinic angles
of both B19M and B19ʺ decrease with increasing the magnitude of an opposing shear stress to
their monoclinic distortion. At above certain critical values of the opposing shear stress, the
B19M and B19ʺ phases destabilise and transform to lower monoclinic angle phases. In addition,
the evidence suggests that the experimentally observed monoclinic B19′ phase is in fact a
distorted B19ʺ with a reduced monoclinic angle under an opposing shear stress. With the same
argument, the experimentally reported B19 phase is a metastable phase formed under the effect
of an opposing shear stress to the monoclinic distortion of B19M.

Keywords: Shape memory alloy; Martensitic phase transition; Ab initio calculations;
Minimum energy pathway.

1. Introduction
NiTi shape memory alloys (SMAs) are known to exhibit unique thermomechanical properties
including the shape memory effect and pseudoelasticity [1]. These properties originate from
the thermoelastic martensitic transformations in these alloys [2, 3]. Owing to these remarkable
properties, they have been used in many innovative designs, both in end product applications,
such as low power actuators in automotive industry [4], wing morphing control in aerospace
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engineering [5], miniature actuators in microelectromechanical systems (MEMS) [6], actuators
in robotics [7] and biomedical devices [8], and in novel materials designs, such as intermetallic
composites [9], functionally graded designs [10-13], and smart architectured materials [14]. To
meet demands of different applications, their martensitic transformation characteristics and
thermomechanical properties often need to be altered and controlled. One commonly used
method to alter and control the properties is to add a third element into the binary NiTi, such
as Cu, Nb, Hf and Pd [15-19]. Among them, Cu substitution for Ni is known to introduce an
intermediate orthorhombic B19 phase in its martensitic transformation sequence, to narrow the
transformation hysteresis [20], and to enhance thermal and mechanical cycling stability [21,
22]. These characteristics of ternary NiTiCu alloys make them attractive choices for many
applications.
Solution treated equiatomic NiTi alloys are known to exhibit a B2 austenite and a B19′
monoclinic martensite phase. Furthermore, density functional theory (DFT) calculations have
also identified two other martensitic phases to B2 at 0 K, including a monoclinic B19″ and a
base-centred orthorhombic (BCO) phase [23, 24]. The BCO phase is the ground state at 0 K.
Experimentally, those two phases are not observed though they are energetically stable phases
in DFT calculations. In contrast, the experimentally observed B19′ monoclinic martensite is
thermodynamically unstable in DFT calculations [23, 25]. Stabilisation of B19′ requires either
an opposing shear stress to its monoclinic distortion [25] or a hydrostatic pressure [26, 27]. A
recent DFT calculation suggests that inclusion of the thermal vibrational effect at a certain
temperature may change the relative energy state order of the martensitic phases [28]. For
example, a monoclinic structure with an angle of ~101°, which corresponds to B19″, is the
ground state martensite instead of BCO at above 200 K.
Complex transformation routes have been suggested among these phases of equiatomic NiTi.
The experimentally observed martensitic transformation from B2 to B19′ has been
hypothesised to occur phenomenologically in two steps [1, 29]. The first step is B2→B19. This
transformation is associated with a volumetric lattice contraction and shuffling of the Ni and
Ti atoms along the [010]B19 direction. This produces the orthorhombic structure of the B19
phase. The second step is B19→B19′. It involves a non-basal shear along [010]B19 direction
and shuffling of Ni and Ti in the direction of [001]B19. Further shear along [010]B19 direction
to reach 101.6° and shuffle of Ni and Ti in the direction of [001]B19 produces B19″, and then
finally at ~107° monoclinic angle, BCO crystal structure forms. The B19 orthorhombic phase
is imaginary for binary NiTi.
In Ti50Ni50-xCux alloys when the Cu content exceeds 7.5 at%, the original B2↔B19′ one-step
transformation sequence has been observed to change to two steps, i.e., B2↔B19↔B19′ [15,
20, 30, 31]. When x ≥ 15 at%, B19′ vanishes and the transformation sequence becomes
B2↔B19 [32]. However, some recent studies have shown that the B19′ phase can still be
present in alloys of 16 and 20 at% Cu contents [33, 34].
Although the B19 phase has been well observed experimentally and the empirical criterion for
its formation is established, a clear theoretical ground to explain the formation of the B19 phase
and the change of the transformation sequence from B2↔ B19′ to B2↔B19↔B19′ and then
to B2↔B19 with increasing Cu content is lacking in the literature.
In this study, the effect of Cu content on the structures of the phases in the pseudo-equiatomic
Ti(Ni50-xCux) system was investigated by means of density functional theory (DFT) calculation.
Pure shear stresses were applied to study the stability of the martensitic phases under such
conditions to establish fundamental understandings of the behaviour of the real alloy system.
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2. Methodology
The DFT simulations were carried out using Vienna ab initio Simulations Package (VASP)
[35]. The PBE exchange-correlation functional [36] and the projector-augmented method
(PAW) [37] were employed to perform the simulations. All calculations applied an energy cutoff of 500 eV, an electronic energy convergence criterion of 1×10−7 eV, and the k-point mesh
density of at least 50 k-points per Å-1. The maximum force on each atom after relaxation was
less than 5×10-3 eVÅ-1 and the simulations were spin polarised. The minimum energy pathways
(MEP) between fully relaxed structures were performed using the generalised solid-state nudge
elastic band (G-SSNEB) method implemented in the VTST package [38]. The initial transition
path between two fully relaxed structures was constructed by linearly interpolating the cell
vectors and ionic positions for eight intermediate images. The method is capable of changing
shape, size and ionic positions of intermediate images between two fully relaxed phases to find
the energetically lowest possible states.
The size of the supercells for the most of the DFT calculations for the effects of pure shear and
for the minimum energy pathways was 32 atoms, created from 2×2×2 four-atom primitive unit
cells. The Cu addition was achieved through random Ni atom substitution for each
composition. Given the limited supercell size, only four Cu contents of x=0, 3.125, 6.250, 9.375
and 12.500 at% were investigated. For each Cu content, three different Cu doping patterns were
calculated to avoid artefacts from doping patterns. In this study, the BCO phase is not
considered due to the limited size of the employed supercells, which could easily break the
high symmetry of the BCO phase. To validate the results of the 2×2×2 supercell calculations,
especially the formation of the new phase and the monoclinic angle of the martensite phases,
3×3×3 supercells (containing 108 atoms) of special quasi-random structures (SQS) [39] were
generated for different Cu contents. The SQS method mimics the correlation functions of a
perfectly random structure and can approximate the random solid solution [39].
A geometry-controlled calculation was performed to determine the resistive and assistive shear
stresses required to distort the monoclinic angle of a phase from tis relaxed state. The
calculation was completed using the VASP automatic relaxation routine via optimisation of the
lattice parameters and relaxation of ionic positions. Then the lattice parameters are optimised
by reducing all stress components to 0.01 GPa except the shear stress corresponding to the
monoclinic angle distortion applied. This process allows a pure shear stress corresponding to
the applied monoclinic distortion to be calculated. Fig. 1 shows the changes of the total energy
and the lattice parameters of B19″ in Ti50Ni37.5Cu12.5 when the monoclinic angle is set at 95º,
which is a -3º distortion from the 98º at its relaxed state. The iterations were continued until
the total energy convergence criterion of 10-7 eV/atom is reached and the maximum force on
each atom is below 5×10-3 eVÅ-1.
Using this approach, the shear stress thus calculated is a function of the monoclinic angle
distortion from its relaxed state. The maximum shear stress (positive or negative) on
monoclinic distortion (increase or decrease) of a monoclinic phase signifies the critical
condition at which the phase becomes energetically unfavourable and beyond which the phase
transforms to a new phase with a higher or lower monoclinic angle. These maximum stresses
are thus the critical shear stresses for transformations.
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Figure 1. Optimisation of the total energy and the lattice parameters of B19″ in
Ti50Ni37.5Cu12.5 at 95º monoclinic angle, which is a -3º distortion from its relaxed state.

3. Results and discussions
Fig. 2 shows the effect of Cu addition on the monoclinic angles of the martensitic phases in the
Ti(Ni, Cu) pseudo-equiatomic system. It is seen that the monoclinic angle of B19″ decreases
with increasing Cu content. The monoclinic angle difference between the 2×2×2 (circular blue
data points) and 3×3×3 (rectangular blue data points) supercells is negligible. The B19′ phase
is not a thermodynamically stable phase, thus it cannot be predicted by DFT calculation. The
data shown in the figure are experimental data reported in the literature [30, 40]. It is seen that
the monoclinic angle of B19′ also decreases with increasing Cu content. There is a clear
difference between the monoclinic angles of B19″ (calculated) and B19′ (experimental) phases.
Our DFT calculations also revealed another monoclinic phase at above a critical Cu content,
denoted B19M in Fig. 2. To form the B19M phase, a large enough (i.e. 1º) increase or decrease
of monoclinic distortion can be applied to the relaxed B19 or B19″ phases, respectively.
Subsequent VASP automatic relaxation may stabilise the B19M phase. A small distortion
reverts back to the fully relaxed distorted structure. Apparently, at below the critical Cu content,
the distorted B19″ transforms to B19 and vice versa. The critical Cu content for the
stabilisation of the B19M phase for 2×2×2 and 3×3×3 supercells are x = 6.25 at % and 9.25
at%, respectively. The difference in the critical Cu content to stabilise the new phase can be
attributed to the limitations of the smaller supercells, and the value obtained from the larger
supercells is expected to better approximate the random solid solution condition. To further
investigate the onset of the stabilisation of the B19M phase, a 4×4×4 (256 atoms) SQS supercell
with x = 9.375 at% was constructed. The increase of the size of the supercell did not affect the
monoclinic angle or the onset of the stabilisation.
The presence of this new phase at above 9.25 at% Cu in the DFT calculation coincides with
the presence of the B19 phase at above 7.5 at% Cu in experiment [15]. However, the
monoclinic crystal structure of the B19M phase predicted by the calculation contradicts the
experimentally observed orthorhombic phase (B19). The monoclinic angle of this phase is
below those of B19′ (experimental) and B19″ (calculated) phases. This phase is denoted B19M
in recognition of its monoclinic lattice distortion. Its monoclinic angle is also calculated and
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found to decrease with increasing Cu content. Fig. 2 also presents the calculated B19 phase at
different Cu contents. The data points shown in the figure for the B19 phase are the fully
relaxed phases. No change to its orthorhombic angle is expected with changing the Cu content.
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Figure 2. Effect of Cu content on the monoclinic angles of martensites in the pseudoequiatomic Ti(Ni50-xCux) system. The data for B19′ are from experimental measurements
[30, 40]. (The circular and rectangular data points are calculated from 2×2×2 and 3×3×3
supercells, respectively).
In DFT calculations, the B19′ phase is known to be thermodynamically unstable, i.e., it does
not exist except under the influences of external factors such as a resistive shear stress [25] (a
shear stress opposing the monoclinic distortion of the phase) or a hydrostatic pressure [26, 27].
The resistive shear stress and hydrostatic pressure can be self-generated during the martensitic
phase transformation because B2→B19″ (and also B2→B19′) is associated with a monoclinic
lattice distortion and a volume expansion. In our previous work [27], we revealed that the B19′
structure can be stabilised at 2 GPa hydrostatic pressure without the presence of a resistive
shear stress. Increase of the hydrostatic pressure reduces the monoclinic angle of the martensite
phases and induces the B19″→B19′ transformation at ~6.3 GPa and the BCO→B19′
transformation at ~9 GPa [27].
The B19′ structure can also be achieved by applying a resistive shear stress to B19″. Fig. 3
shows the effect of a resistive shear stress on the monoclinic angle, relative total energy, and
phase stability of B19″ in the Ti50Ni50 alloy system (i.e., x = 0 at% Cu). Fig. 3(a) shows the
effect of resistive shear stress on the monoclinic angle and phase stability of B19″. The
calculation shows that the monoclinic angle of B19″ decreases progressively with increasing
the magnitude of the resistive shear stress and that at -0.85 GPa shear stress the monoclinic
angle is reduced to 97.8°, the value measured experimentally for B19′. This suggests that the
B19′ phase may in fact be a distorted B19″ at -0.85 GPa opposing shear stress. Further increase
of the opposing shear stress destabilises B19″ towards the orthorhombic B19 (the dash line in
the figure). The critical point of the destabilisation is at 95.5° monoclinic angle and -1.17 GPa
shear stress. The critical monoclinic angle and resistive shear stress are in a good agreement
with the previous calculation by Wagner and Windl [25]. The only difference between this
work and their analysis is the initial crystal structure. In this work we applied the opposing
shear stress to B19″, and they started from the BCO structure. Fig. 3(b) shows the effect of
monoclinic angle, which is influenced by the resistive shear stress, on the relative total energy
of B19″. The total energy of B19 relative to that of B19″ is also shown in the figure. The
relative total energy of B19″ increases with decreasing the monoclinic angle (caused by the
increase of the resistive shear stress) to 95.5°, at which point it destabilises into B19. The B19
phase is at a higher relative total energy position than B19″. The monoclinic angle of the
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experimentally observed B19′ phase is also indicated in the figure. It is apparent that the B19′
phase is not a local minimum under shear stress.
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Figure 3. Ti50Ni50 alloy system. (a) effect of resistive shear stress on the monoclinic angle and
phase stability of B19″; (b) effect of resistive shear stress on the relative total energy of B19″
as reflected by the variation of the monoclinic angle.
Similar to the equiatomic NiTi case, shear stresses can be applied to the martensitic phases of
the pseudo-equiatomic Ti(Ni50-xCux) system to achieve the experimentally reported B19′ and
also to reveal the shear response of B19M. Fig. 4 shows the effect of a resistive shear stress on
B19M and B19″ in the Ti50Ni43.75Cu6.25 alloy system. Fig. 4(a) shows the effect of the shear
stress on the monoclinic angles and phase stabilities of the two phases. The monoclinic angle
of B19″ decreases with increasing the opposing shear stress. At -0.75 GPa shear stress, the
monoclinic angle is reduced to 95.5° and B19″ destabilises towards B19M. Comparing with the
case for equiatomic NiTi, the Cu substitution for Ni decreases the critical shear stress required
to destabilise B19″. A linear interpolation between the experimentally reported monoclinic
angles of B19′ (see Fig. 2) at 5 and 7.5 at% Cu reveals a monoclinic angle of 95.9° for B19′ at
6.25 at% Cu, which is indicated in the figure. It is very close to the calculated critical
destabilisation monoclinic angle of B19″ under the influence of the opposing shear stress.
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Figure 4. Ti50Ni43.5Cu6.25 alloy system. (a) effect of shear stress on the monoclinic angle and
phase stability of B19M and B19″; (b) effect of shear stress on the relative total energy of
B19M and B19″ as reflected by the variation of the monoclinic angle.
The opposing shear stress is also applied to the B19M phase, as seen in Fig. 4(a). Similar to
B19″, the monoclinic angle of B19M decreases progressively with increasing the opposing
shear stress. It destabilises into B19 at the critical monoclinic angle of 92° at -0.46 GPa shear
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stress. For comparison, an assistive shear stress, which is in the direction of the monoclinic
distortion, is also applied to the B19M phase. In contrary with the opposing shear stress, the
monoclinic angle of B19M increases progressively with increasing the assistive shear stress. At
+0.24 GPa shear stress, the monoclinic angle is increased to 96° and the B19M phase is
destabilised to B19″. The shear stress hysteresis for the B19M↔B19″ transformation is 0.99
GPa as indicated by the double headed arrow in Fig. 4(a).
Fig. 4(b) shows the effect of shear stress, as reflected by the monoclinic angle change, on the
relative total energies of B19″ and B19M phases. It is seen that the relative total energy of B19″
decreases with decreasing the monoclinic angle (i.e., increasing the resistive shear stress), till
the critical point at 95.5° when B19″ becomes unstable and transforms to B19M, as indicated
by the dashed line. In comparison, the relative total energy of B19M increases with both
increasing and decreasing the monoclinic angle (corresponding to the increase of both an
assistive and a resistive shear stress, respectively). This means that B19M is a local shear
minimum. The B19M phase becomes unstable when the monoclinic angle is reduced to 92° and
transforms to B19 under the influence of a resistive shear stress, or when the monoclinic angle
is increased to 96° and transforms to B19″ under the influence of an assisting shear stress. The
shear energy barrier of B19M→B19″ phase transformation is ~0.3 meV/atom. The total energy
of B19 relative to that of B19″ is also shown in the figure. It is seen that the relative total energy
of B19 is above those of both B19M and B19″. Also in comparison with the relative total energy
of B19 in the equiatomic NiTi alloy, the addition of Cu has lowered the total energy of B19
relative to that of B19″.
Similar calculations have also been performed for x=12.5 at%. Fig. 5 shows the effects of shear
stress on the B19M and B19″ phases in the Ti50Ni37.5Cu12.5 alloy. Fig. 5(a) shows the effects of
shear stress on the monoclinic angles and phase stabilities of B19M and B19″. Similar to the
previous two cases, the monoclinic angle of B19″ decreases with increasing the opposing shear
stress. At -0.72 GPa shear stress the monoclinic angle is reduced to 95° and B19″ becomes
unstable and transforms to B19M. The values of the shear stress and monoclinic angle of the
critical point for B19″→B19M are both slightly lower than those for the Ti50Ni43.5Cu6.25 alloy.
The monoclinic angle of B19′ corresponding to this alloy composition was estimated via linear
extrapolation from the experimental data shown in Fig. 2 to be 95.1°, as indicate in the figure.
It is very close to the calculated critical monoclinic angle of B19″ under the influence of an
opposing shear stress.
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Figure 5. Ti50Ni37.5Cu12.5 alloy system. (a) effect of shear stress on the monoclinic angle and
phase stability of B19M and B19″; (b) effect of shear stress on the relative total energy of
B19M and B19″ as reflected by the variation of the monoclinic angle.
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The opposing shear stress is also applied to B19M phase. Similar to B19″, the monoclinic angle
of B19M decreases progressively with increasing the opposing shear stress. The critical
monoclinic angle is 91.75° and the critical shear stress is -0.45 GPa for the B19M→B19
transformation. When an assistive shear stress is applied to B19M, the monoclinic angle
increases progressively till 96.5° at +0.95 GPa shear stress when it becomes unstable and
transforms to B19″. The shear stress hysteresis for the B19M↔B19″ transformation is 1.67
GPa, which is much higher than that for the Ti50Ni43.5Cu6.25 alloy.
Fig. 5(b) shows the effect of shear stress, as reflected by the variation of the monoclinic angle,
on the relative total energies of the martensite phases. The relative total energy of B19″
decreases with decreasing the monoclinic angle (increasing the opposing shear stress). There
is a shear energy barrier of 1.84 meV/atom for B19″→B19M. B19M is still a local shear
minimum. The reverse B19M→B19″ transformation may occur by the application of an
assisting shear stress (a shear stress in the direction of the monoclinic distortion, thus increase
of the monoclinic angle). The shear energy barrier of the B19M→B19″ transformation is ~2.72
meV/atom, which is higher than that for the Ti50Ni43.5Cu6.25 alloy. This implies that B19M is
further stabilised relative to B19″ at higher Cu contents.
Values of the shear stresses and the monoclinic angles at the critical points for the B19M→B19,
B19M→B19″, and B19″→B19M phase transformations as determined from the above
calculations are summarised in Table 1. Also derived from these values are the shear stress
hysteresis (∆τ) for B19″↔B19M. It is seen that by increasing the Cu content in the pseudoequiatomic Ti(Ni50-xCux) system, the critical resistive shear stress required to destabilise B19″
phase reduces. It can also be seen that the critical resistive shear value to destabilise B19″ is
higher than that of B19M. The increase of the Cu content also increases the shear hysteresis of
the B19M↔B19″ transformation. The increase of the shear hysteresis can be interpreted as
stabilisation of B19M relative to B19″.

Table 1. Summary of the calculated shear stresses, monoclinic angles, and shear hysteresis at
the critical points for the B19M→B19, B19M→B19″, and B19″→B19M phase
transformations.
B19M→B19
B19M→B19″ B19″→B19M(B19) B19″↔B19M
at% Cu
τ(GPa) β(°) τ(GPa) β(°)
τ(GPa)
β(°)
∆τ(GPa)
0
-1.17
95.5
6.25
-0.46
92
+0.24
96
-0.75
95.5
+0.99
12.5
-0.45
91.75 +0.95
96.5
-0.72
95
+1.67
According to these findings, the theoretical thermal transformation sequence is expected to be
B2↔B19″ (BCO phase is not considered in this discussion) at Cu < 9.25 at% and is
B2↔B19M↔B19″ at Cu ≥ 9.25 at%, when under no external influences (e.g., shear stress or
hydrostatic pressure). The DFT prediction of the appearance of the intermediate B19M phase
at above 9.25 at% Cu coincides with the experimental observation of the B19 phase [15, 20,
30, 31]. However, there exist a couple of discrepancies between the theoretical calculations
and experimental observations. First, at below 9.25 at% Cu, the predicted martensite is B19″
whereas the experimentally observed martensite is B19′, which has a smaller monoclinic angle.
Secondly, Cu ≥ 9.25 at%, the experimentally observed intermediate phase is B19, which has
an orthorhombic structure, whereas the theoretically predicted phase is B19M, which has a
monoclinic structure.
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The discrepancy between B19″ and B19′ has been rationalised here by the effect of the inherent
resistive shear stress self-generated by the monoclinic distortion of the transformation itself.
The evidence presented in Fig. 3(a) (similarly in Figs. 4(a) and 5(a)) also suggests that the B19′
phase is a distorted B19ʺ with a reduced monoclinic angle instead of a stable phase in its own
right, since that it is not a local shear minimum but a passing state on the continuous curve of
the monoclinic angle vs shear stress. This hypothesis also implicitly implies that the monoclinic
angle of the experimentally observed B19′ can vary depending on the magnitude of the local
opposing shear stress. Considering the stiffness tensor of B19′ martensite (taken also as for
B19″) calculated by Wagner and Windl [25] and its monoclinic shear distortion, the opposing
shear stress generated within a rigid body can be estimated to be ~3 GPa, apparently sufficient
to reduce the monoclinic angle of B19″ to that of the experimentally observed B19′.
By the same argument, the theoretically predicted monoclinic B19M is also expected to selfgenerate an opposing shear stress, which will also reduce its monoclinic distortion, as expressed
in Figs. 4(a) and 5(a). The self-generated resistive shear stress may well be above the critical
value required to destabilise B19M. This may lead to the experimentally observed orthorhombic
B19 phase. This is also plausible in that the critical shear stress of B19M→B19 is significantly
lower than that required for B19″→B19′.
Summarising the above analyses, it is believed that the experimentally observed B19′ is in fact
a distorted B19″ with a reduced monoclinic angle and that the experimentally observed B19 is
induced from B19M, with both process caused by the self-generated opposing shear stress
associated with the monoclinic distortion of the martensites.
To study the stabilities of the B19, B19M and B19ʺ phases and the possible transformation
routes, the minimum energy pathways (MEPs) between them are established. Fig. 6 shows the
MEPs for B19↔B19M and B19M↔B19″ phase transformations. Fig. 6(a) shows the
B19↔B19M transformation at three different Cu contents. The B19M phase has a lower energy
state than the B19 phase, and the B19→B19M transformation is barrier-less, implying a
spontaneous transformation and the instability of B19 (B19 is not a local minimum) under no
external influences (e.g., shear stress and hydrostatic pressure). Fig. 6(b) shows the
B19M↔B19″ transformation at three different Cu contents. An energy barrier exists between
the two phases for all the three cases, and its magnitude increases with increasing the Cu
content. It is apparent that below the critical level of Cu content, the B19M→B19″ is barrierless, thus the B19M structure transforms to B19″ (the ground state). The energy barrier implies
that B19M can be a local minimum, which can be the reason for the formation of B19M. It is
also seen that the energy level of B19M is above that of B19″ but the difference between them
decreases with increasing the Cu content. At 12.5 at% Cu, the two phases have similar energy
levels. Following the same trend, it may be expected that at x > 12.5 at% Cu the energy level
of B19M becomes lower than that of B19″, i.e. B19M becomes the ground state. This can be the
reason of the reported disappearance of B19′ (B19″) from the thermal transformation sequence
of B2↔B19↔B19′ [15].
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Figure 6. Minimum energy pathways between (a) B19↔B19M and (b) B19M↔B19″ for the
Ti(Ni50-xCux) system.
To further assess the stabilities of B19 and B19M phases, phonon dispersions were calculated
from the frozen phonon approach using displacements of 0.01 Å in the Phonopy package [41].
Negative frequencies in a phonon dispersion implies dynamic instability of the studied crystal
structure. Fig.7 shows the phonon spectra of the phases. Fig.7 (a) shows the phonon dispersion
of B19 at 0 at% Cu content (i.e. equiatomic NiTi alloy system). It is seen that negative phonon
frequencies are present near Γ. This reveals the instability of B19 in the equiatomic NiTi alloy
system. Fig. 7(b) shows the phonon dispersion of the B19 phase at the 9.375 at% Cu content.
It is seen that negative frequencies are present which implies that the Cu addition does not
stabilise the B19 phase at 0 K. Fig. 7(c) shows the phonon dispersion of the newly discovered
B19M at 9.375 at% Cu content. The positive frequencies reveal the stability of the phase at the
studied condition.
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Figure 7. Phonon dispersions of (a) B19 at 0 at% Cu, (b) B19 at 9.375 at% Cu and (c) B19M
at 9.375 at% Cu phases at 0 K. Phonons are extracted from simulations using 384-atom
super-cells (2×2×3 super-cell of 2×2×2 four-atom primitive unit cells).
Fig. 8 shows the effect of Cu substitution for Ni on the unit cell parameters of the possible
phases of pseudo-equiatomic Ti(Ni50-xCux) alloy system. Fig. 8(a) shows the effect on the unit
cell volume of the phases. The unit cell volumes of all the phases increase with increasing Cu
content. The unit cell lattice parameters of B19′ at 0 at% Cu are experimental values adopted
from Kudoh et al. [40], and at 5, 7.5, and 10 at% Cu are adopted from Nam et al. [30]. The unit
cell volume of B19M is close to that of the B19 orthorhombic phase but differs clearly from
that of the B19′ phase. This indicates that the experimentally observed B19′ phase is not a
mistaking of the calculated B19M phase. Fig. 8(b) shows the dependences of the calculated
lattice parameters of B19 and B19M on Cu content. Lattice constants a and b increase and c
decreases with increasing Cu content for both phases. Apparently, at 12.5at% Cu, the unit-cell
volume and the lattice parameters a and c of B19 and B19M become very close, but b and the
monoclinic angels (Fig. 2) remain still different. Fig. 8(c) shows the effect of Cu content on
the lattice parameters of B19″ and B19′. The data for B19″ are calculated and the data for B19′
are experimentally measured. Lattice constants a increases and b decreases with increasing Cu
substitution for Ni for both phases. Lattice constant c increases for B19″, but shows no clear
trend for B19′ with increasing Cu content.
Comparing the different martensitic phases, B19 and B19M exhibit some partial structural
similarities (i.e., similar values of unit cell volume and lattice constants a and c) whereas B19M
and B19ʺ differ from each other in every aspect including the unit cell volume, lattice constants
a and c and monoclinic angle. The higher degree of structural similarity between B19 and B19M
than between B19M and B19″ explains the lower critical resistive shear stress required for the
B19M→B19 transformation than that for the B19″→B19M transformation (Figs. 4(a) and (5(a)).
Fig. 8(d) shows the calculated and experimentally measured lattice parameter of B2 phase with
increasing Cu content. The lattice parameter for both cases increases with increasing the Cu
content. The experimentally measured values are higher than those estimated by DFT
calculation at all Cu contents, and the difference between the two increases with increasing the
Cu content. This shows a good agreement between the calculated and measured lattice
parameters.
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Figure 8. Effect of Cu content on the unit cell parameters of the parent and the martensitic
phases of Ti(Ni50-xCux). (a) effect on unit cell volume; (b) effect on lattice constants of B19
and B19M ; (c) effect on lattice constants of B19′ and B19″; (d) effect on the lattice
parameter of B2. The data for B19′ are from experimental measurements [30, 40].
Fig. 9 shows the effect of Cu content on the relative total energies of the martensitic phases of
Ti50Ni50-xCux alloy, as computed by means of DFT calculations. The data are relative to the
total energy of the B2 phase (the energy difference between the B2 phase and the others). The
relative total energy of B19′ is computed by using the experimentally reported lattice
parameters and monoclinic angle of each composition followed by a relaxation of the ionic
positions. It is seen that the relative total energy of B19″ (and of B19′) increases (decrease in
absolute value) with increasing Cu content. This is consistent with the experimental
observation that the latent heat of the B2↔B19′ martensitic phase transformation decreases
with increasing the Cu content as measured by differential scanning calorimetry (DSC) [31].
B19″ is the ground state at below 12.5 at% Cu content. For the B19 phase, relative total energy
increases moderately with increasing Cu content up to 6.25 at% Cu and remains practically
constant at above 6.25 at% Cu. The relative total energy of B19M is below that of B19 but
above that of B19″. It is also apparent that the relative total energy levels of all martensitic
phases converge and become comparable with increasing Cu content to above 12 at%. From
the trend, it is expected that at above 12.5 at%, B19M becomes the ground state among the
martensitic phases. Consequently, the theoretical transformation sequence becomes
B2↔B19M. This is consistent with the experimental observation of the one-step B2↔B19
phase transformation at above 15 at% Cu content [32].
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4. Conclusions
This study investigated the effect of Cu substitution for Ni in pseudo-equiatomic Ti(Ni50-xCu
x) alloy on the structures and stabilities of the various martensitic phases. The main findings
are summarised below:
(1)

A new monoclinic phase (B19M) is identified to form at x ≥ 9.25 at%. This phase is
distinctively different from the known orthorhombic B19 and monoclinic B19′ phases.

(2)

The monoclinic angles of the B19M, B19′, and B19ʺ structures decrease with increasing
the Cu content in the pseudo-equiatomic Ti(Ni50-xCu x) system.

(3)

The B19→B19M transformation has a barrier-less minimum energy pathway, i.e., the
B19 phase is unstable under no external influences (e.g., shear stress) and the
transformation is spontaneous.

(4)

The B19M→B19ʺ transformation is associated with an energy barrier in the minimum
energy pathway and the magnitude of the barrier increases with increasing the Cu
content. The presence of the energy barrier indicates that B19M is a stable phase.

(5)

In the pseudo-equiatomic Ti(Ni50-xCu x) system, at x ≤ 12.5 at% B19″ is the ground state
and the theoretical transformation pathway is B2↔B19M↔B19″. At x > 12.5 at%, it is
predicted that the B19M becomes the ground state and the theoretical transformation
pathway changes to B2↔B19M.

The evidence collected in this study also enables the following hypotheses:
(6)

The experimentally observed B19′ typically with a monoclinic angle of 97.8° in binary
NiTi (i.e., at x=0 at% Cu) is in fact a distorted B19″ phase with a reduced monoclinic
angle from 101.6°. This can be rationalised by the inherent opposing shear stress
associated with the monoclinic lattice distortion of the B19ʺ (and B19′) phase. In this
regard, it is in essence not a thermodynamically stable phase and its monoclinic angle is
expected to change depending on the actual magnitude of the opposing shear stress upon
each variant.

(7)

By the same argument, the experimentally observed orthorhombic B19 phase reported in
the literature for Ti(Ni,Cu) alloys is in fact a metastable phase formed from B19M under
the influence of an opposing shear stress. This can also be rationalised by the inherent
opposing shear stress associated with the monoclinic lattice distortion of the B19M phase.
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