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Summary: The martensite crystal structures and electronic structures of TisoNiso<Cux (X = 0,
5, 12.5, 15, 18.75, 20, 25) shape memory alloys are investigated using density functional
theory (DFT). It is found that, by introduction of Cu atoms into TiNi martensite crystal, the
lattice parameters (a and c¢) and the monoclinic angle decrease, while the lattice parameter b
increases. When Cu content is increased to around 20 at%, an orthorhombic crystal
structure is formed which agrees well with reported experimental observations. In particular,
by introduction of Cu atoms into TiNi martensite crystal, Ti and Ni/Cu atoms move
significantly along x-axis but insignificantly along y-axis and z-axis for all alloys examined.
As a result, the distance between two Ni/Cu atoms increases while the Ti atoms get closer
along x-axis, which is responsible for the decrease in the monoclinic angle. With increasing
Cu content, fewer electrons were transferred from Ti to Ni in comparison with that in binary
TiNi alloys, leading to a weaker interaction between them, which results in an increase of
bond length. As the movements of both Ti and Ni/Cu atoms along x-axis are continuous, the
monoclinic angle decreases gradually without dramatic change.

1 INTRODUCTION

TiNi-based shape memory alloys (SMASs) have been widely used in the aerospace and
biomedical fields because of their superior shape memory effect (SME), high superelasticity
as well as favorable biocompatibility [1-5]. In order to fulfill the requirement of high
response frequency in automotive and aerospace industries, TiNiCu SMAs in which Cu
substitutes for Ni, have been widely studied owing to their narrow martensitic transformation
(MT) temperature hysteresis in comparison with TiNi binary alloys [6-9]. In order to design
new SMASs possessing very small transformation temperature hysteresis, understanding the
effect of alloying on martensite structures is of vital importance. Previously reported works
have studied the effects of Cu content on transformation temperature [10], microstructure [7,
8, 11-13], stress-strain characteristic and fatigue life [14-16], as well as applications as
actuators [5, 17]. Earlier study has found that the Cu content in TiNiCu alloys has little
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influence on the MT temperature but obvious effect on the MT pathway [11, 12, 18]. TiNiCu
alloys with Cu content of less than 7.5 at% are known to show the B2—B19’ transformation.
For the alloys with Cu content between 7.5 at% and 15 at%, there is a B2—B19—B19’
transformation, and for Cu > 15 at%, a direct B2—B19 transformation takes place.
Meanwhile, the transformation temperature hysteresis becomes smaller with increasing Cu
content in TiNiCu alloy [7, 8, 10].

With the quick progress in high performance computing, the first principle density
functional theory (DFT) has become one of the most broadly used approaches to investigate
the crystal structures of SMAs at the quantum level [19-21]. Using the DFT method, a base-
centred orthorhombic (BCO) structure with 107 °monoclinic angle was reported by Huang et
al. [22] in TiNi martensite, which is significantly different from the experimental reported
value of 96.8< A new martensite structure in TiNi indicated as B19"” phase was predicted by
Vishnu et al. [23] using a SeqQuest code based on the DFT.

In order to effectively design SMAs with required transformation hysteresis,
understanding the atomic displacement and subsequent crystal structure transition as a result
of alloying is of primary importance. However, the mechanism of Cu addition in modifying
the martensite crystal structure is not clearly understood. In the present study, in order to
determine how Cu content affects the martensite crystal structures of TiNiCu alloys, a first
principle investigation on the atomic displacement of martensitic TisoNisoxCuy (X = 0, 5, 12.5,
15, 18.75, 20, 25) alloys has been performed. The results presented in this research may
provide an insight for a better understanding of the transformation hysteresis in TiNiCu
SMAs.

2 COMPUTATION METHODOLOGY

In this research, all calculations are carried out with generalized gradient approximation
(GGA) of Perdew, Burke and Ernzerhof (PBE) [24] based on the DFT method as
implemented in the CASTEP code [25, 26]. The cutoff energy of the plane wave was set to
1000 eV to ensure the accuracy. The integrations in the Brillouin zone were performed on a
grid of 9>6>6 Monkhorst-Pack set. The convergence tolerance of energy, maximum force,
maximum stress and maximum displacement were set to be 5.0<10° eV/atom, 0.01 eV/A,
0.02 GPa and 5.0<10™ A, respectively. The ultrasoft pseudo-potentials were used to represent
all ions. Pseudo atomic calculations performed for Ti, Ni and Cu are 3s%3p°3d®4s?, 3d°4s? and
3d"%4s, respectively.

The martensite crystal structures of TiNiCu alloys with different Cu contents have been
reported [22, 27-31] and are listed in Table 1. The B19 and B19' phases were observed in
experiments, while the BCO structure was obtained from computational calculations. In the
present calculations, all initial crystal structures were set to monoclinic structures, i.e. B19’
phase. The original atomic positions of Ni and Ti were taken as x = 0.0525, y = 0.25, z =
0.693 and x = 0.4726, y = 0.25, z = 0.221, respectively [32].

Alloy Phase a(d) bA cA pO Ref.
TisoNiso BCO (Comp.) 294 3997 4936 L07.0 [22]
TiNiso  B19-Monoclinic (Exp.) 2.89 412 462 965 [27,28]
TigNigoCuz B19-Orthorhombic (Exp.) 2.88 428 452 -  [27,28]

Table 1. Lattice parameters of, B19, B19' and BCO from previous experimental and theoretical work.
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In this research, all TiNiCu structures were optimized in two different methods, which are
Supercell Method (SM) and Virtual Crystal Method (VCM), to ensure the accuracy of the
results for crystal structures, and the calculation results were cross-checked. In order to
obtain and visualize the atomic displacements in TiNiCu alloys with different Cu contents,
the same unit cell has been used and all TiNiCu initial structures were optimized by the
Virtual Crystal Method (VCM) [33].

3 RESULTS AND DISCUSSIONS

The calculated lattice parameters, through both SM and VCM, as a function of Cu
content in TiNiCu alloys are shown in Figure 1. It can be observed that with increasing Cu
content, the lattice parameters a and ¢ decrease while the lattice parameter b increases. The
results from these two methods are quite similar and the trends are identical. As the present
calculation results agree well with the reported experimental observations [8, 10-12], it can
be stated that the calculation results are accurate and trustworthy. It also shows that the lattice
parameters of TiNiCu alloys are affected significantly by Cu content.
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Figure 1. Variation of lattice parameters with different Cu content.

The monoclinic angle (B) and unit cell volume, as a function of Cu content in TiNiCu
alloys, obtained through both SM and VCM are presented in Figure 2. From this figure, it can
be seen that by increasing Cu content, the monoclinic angle (B) decreases gradually. When
Cu content is between 0 at% and 18.75 at%, the stable martensite structure is monoclinic as
B19' phase. However, the B19 phase with orthorhombic structure is presented when the Cu
content is increased to 20 at%, which are consistent with experimental observations. From
Figure 2, it also can be observed that the unit cell volumes of the TiNiCu alloys remain stable
with different Cu content.
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Figure 2. Variation of unit cell volume and monoclinic angle with different Cu content.

The calculated Mulliken charge transfer with different Cu content, are shown in Table 2.
For binary NiTi alloy, it can be considered as a TiNiCu alloy containing 0 at% Cu. As shown
in Table 2, with increasing Cu content, more electrons escape from the Ti atoms when
compared with equiatomic TiNi binary alloy. As the ability of Cu atom to attract electrons is
stronger than Ni, more charge transfer to Cu atoms than to Ni atoms was observed.

Alloys - Charg_es (e)

Ti Ni Cu

TisNisp 0.365 -0.365
TisoNizsCus 0.399 -0.348 -0.85
TisoNiz7 sCUyos 0.445 -0.323 -0.82
TisoNizsCUys 0.464 -0.3157 -0.81
TisoNiag 25CUsg 75 0.495 -0.294 -0.83
TisoNizClag 0.496 -0.273 -0.83
TisoNiysClUys 0.54 -0.23 -0.85

Table 2. Calculated charge transfer per atom in TiNiCu alloys.

The calculated atomic positions of Ti and Ni/Cu as a result of Cu addition are listed in
Table 3, in which reported experimental data are also included. From Table 3, it can be
clearly observed that in the x-direction, the displacements of Ni/Cu and Ti atoms are clearly
evident. Increasing Cu content leads to a displacement of Ni/Cu atom along the [100]
direction and Ti atom in the [100] direction. Both Ni/Cu and Ti atoms remain unshifted in the
[010] direction with increasing Cu content. The displacements of Ni/Cu and Ti atoms along
the [001] direction are relatively small in all the alloys considered here. Since the Ni/Cu and

Ti atoms remain unchanged along the [010] direction, it can be stated that all the atomic
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displacements have occurred within the (010) plane. The schematic projections of the crystal

structures along the y-axis for TiNiCu alloys containing different Cu contents are illustrated

in Figure 3. The positions of Ni/Cu site (blue) and Ti site (grey) along ‘a’ and ‘c’ lattice

parameters with respect to the binary alloy have been indicated. The dashed circles represent

the original positions of Ni and Ti atoms in the computational TisoNisg B19' structure.

Atomic parameter (Ni/Cu)

Atomic parameter (Ti)

Alloys
X y z X y z

TisoNiso (EXp.) 0.0525 0.25 0.693 0.4726 0.25 0.221
TisoNiso (Comp.) 0.08978 0.25 0.670962 0.351818 0.25 0.215147

TisoNizsCus 0.0639 0.25 0.67 0.38695 0.25 0.215
TisoNiz7 sCU125 0.0471 0.25 0.6687 0.402645 0.25 0.21339
TisoNizsCuys 0.0349 0.25 0.670517 0.416639 0.25 0.212366
TisoNis; 2sCU18 75 0.0126242 0.25 0.677317 0.460799 0.25 0.213376
TisoNizCuag 0.0116357 0.25 0.677294 0.462048 0.25 0.212587
TisoNizsCuss -0.0019362 0.25 0.67934 0.506478 0.25 0.211795

Figure 3. Projections of the martensite crystal structures along <010> direction of (a) binary TisgNisg; (b)

Table 3. Atomic parameters (X, Y, z) of Ti and Ni in TiNiCu alloys.

S
lu;.-’\l;

TisoNigsCus; (€) TisoNisz5CU125; (d) TisoNiasCuis; (€) TisoNiz1.25CUg 755 (F) TisoNizpCuzo and (g) TisoNizsCuss,
comparing the typical relative average positions of Ni site (blue) and Ti site (grey) along ‘a’ and ‘c’ lattice

parameters with respect to the binary alloy.

The crystal structure is determined by the atomic arrangements in crystalline solids. With
increasing Cu content, the distance between the two Ni/Cu atoms increases along the x-axis,
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while that between the Ti atoms decreases. Specifically for the Ni/Cu atom, when Cu content
reaches 25 at%, the x-parameter is near zero. This form of atomic displacements within the
(010) plane leads to a rotation of the (100) plane. As a result, the crystal structure changes
from monoclinic (B19’) to orthorhombic (B19).

Moreover, this change is gradual. From Table 3, it can be clearly observed that the
displacements of both Ti and Ni/Cu atoms in the x-direction are continuous, which results in
a continuous change of the monoclinic angle and lattice parameters, leading to successive
changes in the crystal structure. Thus, it can be surmised that, with increasing Cu content in
TiNiCu alloys, the change in the martensite crystal structure from monoclinic B19’ to
orthorhombic B19 is not dramatic but gradual.

Accommodation of Cu in the monoclinic martensitic TiNi takes place by substitution of
Ni atom, and it is assumed that replacements are controlled primarily by the size mismatch of
Cu [34]. The atomic radii of Ti, Ni and Cu are 1.45 A, 1.29 A and 1.28 A, respectively. As
the atomic radii of Cu is slightly smaller than that of Ni, the size mismatch is not significant,
which is consistent with previous observation that there is no dramatic change of crystal
structure when substituting Cu in TiNiCu martensitic alloys.

4 CONCLUSIONS

The present research has investigated the stable martensite crystal structure, electronic
structure and atomic positions of TisgNisg.xCux (X =0, 5, 12.5, 15, 18.75, 20, 25) alloys using
DFT. The following conclusions can be drawn:

1. With increasing Cu content in TiNiCu alloys, the martensite lattice parameters a and ¢
and the monoclinic angle decrease, while the lattice parameter b increases. When Cu
content reaches to 20 at%, an orthorhombic crystal structure is presented. The
computational results are in good agreement with experimental observations.

2. As a result of Cu addition to TiNi, the shifting of Ti and Ni/Cu atoms along the x-axis
is clearly evident, but minimal along the y and z axes. With increasing Cu content, the
distance between two Ni/Cu atoms increases along the x-axis while the Ti atoms
become closer, which is responsible for the rotation of the (100) plane, leading to a
decrease in the monoclinic angle.

3. With increasing Cu content, more electrons escaped from the Ti atoms and fewer
charge transfer from Ti to Ni was observed as compared to that in binary NiTi alloys.

4. Since the atomic radius of Cu are very similar to those of Ni, the displacements of
both Ti and Ni/Cu atoms along the x-axis are progressive, indicating no dramatic
change in TiNiCu martensite crystal structures. Thus, the unit cell volumes of TiNiCu
martensite structures remain stable with different Cu contents.

5. Since the present computational results agree well with previous experimental
observation, this numerical approach provides a new avenue for investigating the
effect of alloying on the crystal structure change in SMAs, and offers reasonable
predictions.
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