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Electronic and crystal structure of NiTi martensite
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All of the first-principles electronic-structure calculations for the martensitic structure of NiTi have used the
experimental atomic parameters reported by Michal and Sinddaita Crystallogr., Sect. B: Struct. Crystal-
logr. Cryst. ChemB37, 1803(1981)]. We have used first-principles, full-potential, linear muffin-tin orbital
calculations to examine the total energy of all the experimental martensitic structures reported in the literature.
We find that another crystal structure, that of Kudethal. [Acta Metall. Mater.33, 2049 (1985], has the
lowest total energy at zero temperature. Ground-state and formation energies were calculated for all of the
experimental structures. Total and local densities of states were calculated and compared with each other for
the structures of both Kudoét al. and Michal and SinclaifS0163-182808)01636-1]

I. INTRODUCTION 1983 Bihrer et al® (BGKMS) used a power-type nitinol
specimen in a neutron-diffraction experiment. They con-
The B2 (bcc-like CsCl structune phase of NiTi, also cluded that the martensite in nitinol is monoclinic of the type
called nitinol, has been used for more than three decades a1 /m, which is slightly more distorted and slender than the
shape memory alloy for couplings, fastener, connectors, andnit cells proposed in Refs. 2—-4. Finally, in 1985 Kudoh
actuators in the automotive and aerospace industries, and 6t @° (KTMO) analyzed the structure in a straightforward
electronics, mechanical engineering, and medical applicahanner by utilizing a x-ray four-circle diffractometer. They
tions. This material transforms martensitically from the par-concluded that the martensite unit cell is of the tyfi /m.
entB2 phase to a monoclinic martensitic phase with an in- Although theoretical calculations of equilibrium volume
termediate orthorhombi® phase, from which a reversible and lattice constants are straightforward calculations in first-
shape memory effect—with the best shape memory behavid¥inciples electronic-structure methods, because of their
of all shape-memory alloys—and pseudoelasticity results. T§maller energy differences, it is much more difficult to com-
understand the martensitic transformation, it is essential tgute small changes of the atomic positions inside the unit
know the crystal structure of the martensitic and parenfe€ll. These parameters are therefore usually based on experi-
phases as precisely as possible. However, the nitinol martef?ental measurements. In this respect, NiTi poses an interest-
sitic crystal structure has been controversial for a long fime.ing problem, since three different values for the atomic po-
One reason for this has been the lack of single-crystal difSitons — have  been reported(Fig. 1.  Although
fraction measurements for precise crystal-structure analysi§Xperimentalists® tend to favor the KTMO crystal struc-
because single crystals of the alloys were very difficult toture, because of the better accuracy of the experimental fit to
obtain in the martensitic phase. Since 1971, all investigator¢ data, all of the available first-principles band-structure
have agreed that the parent phase in nitinol is a CsCl-typgalculation$®~*° of the monoclinic martensitic NiTi crystal
StrUCtu",e’_ known ad32, and that the martensite phase ,'S TABLE I. Comparisons of lattice parameters for NiTi marten-
monoclinic, known as819’". Nonetheless, although there is ;o
agreement on the overall unit cell between different experi-

ments, the positions of the atoms within the unit cell differ experiment HS MS BGKMS KTMO
considerably(Tables | and I). Historically, in 1971, Otsuka

etal? identified the martensitic structure in nitinol as a aA) 2.883 2.885 2.884 2.898
monoclinic structure ofP2/c symmetry. In the same year,

however, Hehemann and Sandrd¢KS) noted that in some  b(A) 4.117 4.120 4.110 4.108
of the martensitic variants of their nitinol sample, the unit

cell is monoclinic withP2, /m symmetry, with atomic coor- c(&) 4.623 4.622 4.665 4.646
dinates that have slightly smaller bond lengths between the

Ti and Ni atoms in the cell. Continuing this study, in 1981 g(°) 96.8 96.8 98.10 97.78
Michal and Sinclait (MS) concluded that the martensite is a

monoclinic P2, /m-type structure, but with some small dif- Atoms/unit cell 4 4 4 4
ferences in the coordinates of atoms as compared with thosspace group P2,/m P2,/m P2,/m P2,/m

given in Ref. 2. In an attempt to obtain more accurate data, i
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TABLE Il. Comparisons of atomic positiongonventional co- TABLE lll. Ground-state and formation energies for NiTi mar-
ordinates for NiTi martensite. tensite. The ground-state energy is relative to B® structure,
which is —2375.331 62 Ry/atom 32 318.044 91 eV/atom).
Experiment Ti Ni
1 1 Experiment Ground-state energy Formation energy
HS 0*10'50 15 ?51 mRy/atom(meV/atom) kJ/atom
0,2, 8 3.2, 8
2o S B2 0.(0) —38.00
MS 0,0,0 0.580,0,0472  HS 6.90(93.89 —28.95
0.055,%, 0.558 0.475%, 0.086 MS —0.79 (-10.79 —39.04
BGKMS —2.34 (—31.89 —41.07
BGKMS 0,0,0 0.595,0,0437  <TMO ~341 (4639 —42.48
0.122,%, 0.534 0.5273, 0.097
KTMO 0,0,0 0.6196, 0, 0.4588 Il. CALCULATIONAL DETAILS AND DISCUSSION
0.1648,3, 0.5672 0.5452%, 0.1084

In our calculations we have used a full-potential linear
muffin-tin orbital techniqué®~'® The calculations were all
lectron, fully relativistic(with the spin-orbit coupling in-
ided at each variational sté39, and employed no shape
pproximation to the charge density or potential. The base

structure have been based on the crystal structure reported
MS* No reasons were given in any of the theoretical paper
why the MS parameters were preferred to other publishe : . .

; . eometry was nonoverlapping muffin-tin spheres; the basis
structures. For this reason, we have decided to do a mo Y pping P

. ) . . . nction, charge density and potential were expanded in
extensive set of theoretical calculations to see if an examina- 9 y b P

: s . therical harmonics within the muffin-tins and in Fourier
tion of total energies could determine the correct crystal_ .- . o ; . :
structure series in the interstitial region. The basis set was comprised

. . of augmented linear muffin-tin orbitat$:?° The tails of the
In this paper, we report and compare calculations of th

. . . . $asis functiongthe extension of the basis functions outside
ground-state and formation energies of NiTi martensite for, \

: . ; their parent spherg¢svere either Hankel or Neuman func-
the different experimental atomic parameters. We show th‘#:ons with nonzero kinetic energy. Four different tail values

the KTMO crystal structure has the lowest Zero-temperature o Linetic energy were used in these calculations. Spheri-
energy. We compare ground-state and formation energies for,

all of the different crystal structures, and show the differ-Cal harmonic expansions were carried out throligi8 for

ences in the total and local densities of stdf2®S) between tr;ii b?rslles I:Lrjengﬂgﬁe (\:,\t]:(;gg g??ﬁgyé?"ﬁ]:ui% otze;nrfleal.WFeoLssea;n-
the MS and KTMO structures. piing 9 :

the speciak-point method*?2with 260 and 22k points for
monoclinic B19') and bcc B2) structures, respectively. To
° o speed convergence of the ground-state energies we associ-
} KTMO } MS ated each calculated eigenvalue with a Gaussian function
having a width of 5 mRy. The linearized tetrahedron method
was used to calculate the total and local DOS. Finally, the
.} First Layer u } Second Layer calculations used the Hedin-Lundgvist exchange-correlation
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FIG. 1. The crystal structure of Ni-Ti martensite for the KTMO Energy (eV)

(solid line) and the MS(dashed ling structure, viewed from the

[010] direction. The atom configurations in the conventional unit FIG. 2. Densities of states of NiTi martensite for the KTMO
cell are shown. Filled and open symbols are the KTMO and MS(solid line) and the MS(dashed ling experimental crystal struc-
atomic positions, respectively. tures.
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FIG. 3. Density of states foB2 NiTi. FIG. 5. Tid-like densities of the states in NiTi martensite for

the KTMO (solid line) and MS(dashed ling experimental crystal

functional with gradient corrections to the exchange and corstructures.
relation included.

The formation energies for different experiments were ob-total energy to the required precision, such a large number of
tained by subtracting the weighted sum of the total energiesalculations would be very expensive computationally. We
of the constituent elements from the total energy of the comtherefore restricted the scope of this paper to the experimen-
pound,AE=Ey; 7 — (QEx°+ bERP). tal geometries.

Our results for the ground-state and formation energies N addition to the total energy, we calculated the total
showed significant differences between the different crystaP©OS for both the KTMO and MS lattice parametésg. 2),

structures, with the KTMO structure having the lowest@S Well as for the bce crystal structufig. 3). The calcu--

(—37.8 kd/atom) for the MS experimental structure is int0 the other calculatiort$™*and is dominated by the Ni and
good agreement with the other reported first-principlesi d-projected DOSFigs. 4 and 5 While the overall place-
valuest It is likely that the small difference between the two Ment and structure of the MS and KTMO bands are similar,
sets of calculations is because we used the experimental ifJ€ir fine-scale features are different. In particular, the
stead of the calculated equilibrium value for the lattice conKTMO structure has a significantly lower DOS at the Fermi
stant. energy(cf. Fig. 2 and Table 1Y, which may partially explain

In principle, we could have tried to find the crystal struc- its greater stability. . 9
ture that the local-density approximation calculations would The x-ray photoelectron spect(XPS) experiments*
predict based on a minimization of the total energy. How-Showed that the forms of spectra do not significantly change
ever, because of the large number of paramete2sin all at the martensitic transfo_rmatlon and display fine structure in
that would need to be optimized, we chose not to do thisboth parent and martensite states. If we compare the total and
With the high degree of accuracy required to converge th&l-projected densities of states of these structures with the bce

structure, we note that on a broad scale they are remarkably

0.0 , similar. With the inherent significant instrumental and ex-
cited state broadening in an XPS experiment, it is not sur-
prising that the XPS should be somewhat similar.

Selected interatomic distances for the Ti-Ni bond are

Nid states

—TTTTERw

2

L

TABLE IV. Total and projected DOS for NiTi martensite at the
Fermi energy(in states/eV atom

d DOS (states/eV atom)
8
o

Experiment MS KTMO
i TDOS 13.35 10.15
200 : Ti
! s 0.21 0.14
{ p 0.93 1.06
0o , l d 14.59 10.1
-6.0 -2.0 0.0 20 Ni
Energy (¢¥) s 0.34 0.32
FIG. 4. Nid-like densities of states in NiTi martensite for the p 1.22 1.34
KTMO (solid line) and the MS(dashed ling experimental crystal d 9.26 7.22

structures.
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TABLE V. Selected interatomic distancg8) for NiTi. The  ture. These seven most closely resemble Belattice for
bond-length variation is the difference between the longest anghe KTMO structure. Also, the range of Ti-Ni bond lengths
shortest bonds in the cluster of seven nearest-neighbor bonds for the greatly reduced relative to other published structiees
martensitic structures. the bond-length variation This may make it easier for the
martensitic transformation to occur.

Experiment HS MS BGKMS KTMO
Martensite 819')
Ti-Ni 2.541X2 2.480k2 24732 2.528<2 Ill. CONCLUSION
2.570<2 2.587xX1 24881 2.52%1 In conclusion, we showed that the KTMO experimental

26182 2591 25421 25941 parameters give the lowest zero-temperature energy, in con-
2.865<2 2BISK2 25582 259K2  yaqt tg the MS parameters that have been used in all theo-
gfﬁzi 32'3; 324><0le g;g.g.% rgtical band-structure calculations. This .would tend to con-
: ' ' firm the arguments of KTMO that their structure is the

Bond-length o . L
variation 0324 0.138 0.247 0077 correct martensitic cryst_al structure, smce_thel_r fit to the ex-
perimental x-ray diffraction patterns was significantly better.
Austenite 82) We would suggest that future electronic-structure calcula-
Ti-Ni 2.611x8 tions should use the KTMO crystal structure.
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