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A soft-phonon feature associated with the shape-memory transition in NiTi is observed in the phonon density
of states (DOS) of the B2 phase of both NiTi and NisyTis;Fes (with Fe substituted for Ti) using inelastic
neutron scattering. In both alloys, the feature softens with decreasing temperature, but the softening occurs
about 100 K lower in the Fe-substituted alloy, indicating a decreased transition temperature. Electrical resis-
tivity and magnetic susceptibility verify the decreased transition temperature but also show that the transition
develops second-order-like behavior similar to that observed by others in NiyyTisoFeq (with Fe substituted for
Ni). First-principles calculations supported by Mdssbauer spectroscopy and neutron diffraction indicate a
double-defect scenario, where Fe occupies Ni sites and the displaced Ni occupies the empty Ti sites in the
Ti-substituted alloys. A comparison between the current results for Ti-substituted alloys, and related experi-
mental data for alloys featuring Fe substitution for Ni, indicates that the instability temperature is controlled by
the number of Fe atoms occupying the Ni sites, while the second-order-like behavior is caused by the addition
of the Ni antisite defects. We argue that this latter behavior results from percolated networks of interacting
defects acting to frustrate the symmetry-breaking strains.
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I. INTRODUCTION

The shape-memory effect present in the NiTi intermetallic
compound is widely utilized for couplings, fasteners, con-
nectors, and actuators in the automotive and aerospace indus-
tries, as well as for electronics and medical applications. This
has been, in part, a motivator for considerable theoretical '™
and experimental research® '3 into the mechanisms behind its
shape-memory effect. A complete assessment of composi-
tional effects on the physics controlling the relevant phase
transitions, however, has not been developed.

Small compositional changes lead to large changes in the
thermal stability of the intermediate R phase in NiTi-based
alloys.'#"1° It has also been reported that the R phase does
not appear in pure NiTi when samples are annealed,'*'® sug-
gesting that small amounts of structural disorder may also
affect the R-phase stability. These effects on the R-phase
transition might be understood in terms of its underlying
mechanism, namely the Fermi-surface nesting.'> One per-
spective is that disorder, chemical or structural, smears out
the Fermi-surface-nested features, analogous to the way tem-
perature does."> A smearing of the Fermi-surface-nested fea-
tures might cause a hardening of the associated soft phonon
in the B2-phase'? and hence drive down the transition tem-
perature. However, electronic effects associated with changes
in chemical composition must also play a role, and a com-
plete understanding must account for the interplay between
electronic and disorder effects on the soft-phonon instability.

In addition to altering the soft-phonon instability, compo-
sitional changes can also change the character of the transi-
tion. Recent work by Choi et al.'”-'® has shown that the typi-
cally first-order R-phase transition develops second-order-
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like behavior in Nis,_, TisoFe, alloys where Fe is substituted
for Ni, with x=6. In particular, Choi et al. observe a con-
tinuous and reversible transition with no latent heat. Further-
more, they show that this behavior is accompanied by a
gradual development of diffuse scattering at an incommen-
surate position near 1/3(110) (followed by a peak locking
into the commensurate position for x=6) and a suppression
of a distortion that usually occurs during the R-phase
transformation.'® The result is a higher-symmetry phase they
designate the C phase and a nanoscale domainlike
structure.'® This effect might be understood by considering
another step in the underlying transition sequence:'>!? cubic
(B2) —second-order incommensurate charge density wave
(CDW) — first-order ~commensurate CDW (R phase)
— martensitic phase (B19’). Specifically, the strains that
bring the incommensurate CDW phase to the commensurate
R phase may be frustrated by the presence of point defects.
The detail of how Fe substitutions, and the associated de-
fects, acts to frustrate these transformation strains remains
unclear.

In this article, we examine the precursor soft phonon, the
temperature characteristics of the transition, and the local
behavior around Fe in a related alloy where Fe is substituted
for Ti rather than for Ni. The more complicated composi-
tional disorder inherent in this alloy provides a contrast to
the Ni-substituted alloy that allows us to distinguish between
disorder and electronic effects on the transition temperature
and provides information on the way point defects act to
constrain symmetry breaking transformation strains. These
observations provide insight on how to tune these transitions
and manipulate the strains responsible for the shape-memory
effect.

©2008 The American Physical Society
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II. METHODS

A. Experimental methods

We prepared rodlike ingots of NisyTiso_ Fe, alloys
(x=0,3) by the arc-melting and casting technique, annealed
them at 950 °C for 50 h, and water quenched them. The
rods, ~5 mm dia X 50 mm long, were then sliced lengthwise
into 1-mm-thick plates, chemically cleaned, loaded into alu-
minum “pie pan” sample holders, and measured on the
LRMECS time-of-flight chopper spectrometer at IPNS, Ar-
gonne National Laboratory. The incident energy was 45 meV
and the detector coverage (0°—~120°) allowed for momentum
transfers spanning several Brillouin zones. Spectra were ob-
tained on both alloys at 300 K, 375 K, 475 K, and 575 K.
The data were corrected by subtracting the scattering from an
empty can and a time-independent background from the data
and then summing over the scattering angles.

Temperature characteristics of the phase transition in
NisgTiy;Feg; were examined using electrical-resistivity and
magnetic-susceptibility measurements made in a Quantum
Design magnetic properties measurement system. Resistivity
measurements were performed with and without an applied
magnetic field using a standard four-probe technique. Mag-
netic susceptibility measurements were performed using a
vibrating sample magnetometer with an external field of 5 T.

The Méssbauer-effect (ME) in °'Fe was used to study the
local behavior of Fe in the NisyTiy;Fe(; alloy at several tem-
peratures. A 1-mm-thick disk of the alloy was polished down
to about 30 um, a thickness that would pass some of the
14.4-keV ME 1y rays yet be thick enough to provide a mea-
surable effect. A >’Co(Rh) unsplit source at the sample tem-
perature provided the analyzing ME v rays.

B. First-principles calculation methods

First-principles calculations were undertaken to compute
the structural and energetic properties associated with the
substitution of Fe for Ni and Ti in the B2 phase of NiTi.
Calculations were undertaken using the projector
augmented-wave (PAW) method?*?! and the Perdew-Becke-
Ernzerhof generalized gradient approximation®? (PBE-GGA)
as implemented in the VASP (Vienna ab initio simulation
package) code.?*?* Use was made of the PAW potentials la-
beled “Fe,” “Ti,” and “Ni” in the VASP PBE library, and for
Fe and Ti this choice leads to treatment of the semicore 3p
states as core electrons. The electronic wave functions were
expanded in plane waves with a cutoff of 337 eV. Structural
optimizations were undertaken until the forces on the atoms
converged to within 0.01 eV/A. Relaxed atomic structures
were derived from calculations employing an “equivalent”
k-point sampling technique®® and the Methfessel-Paxton
broadening scheme®® with k-point meshes equivalent to a
12X 12X 12 grid for the primitive B2 structure and a smear-
ing of 0.1 eV. The final total energies presented below for
relaxed and unrelaxed geometries were obtained from a final
calculation employing tetrahedron integration with a k-point
density equivalent to a 24 X24 X 24 mesh for the primitive
B2 crystal structure. Convergence checks were performed
employing larger k-point densities and smaller smearing pa-
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rameters, leading to an estimated convergence of the relaxed
bond lengths to within a few hundredths of an A and differ-
ences in defect energies (see below) converged to within
0.01 eV. All calculations were performed spin polarized. For
the largest defect Fe-containing supercells (1 Fe per 216 at-
oms) negligible magnetic moments were obtained for both
relaxed and unrelaxed structures. Finite moments as large as
2up per Fe atom were calculated in some of the smaller
supercells (with higher Fe concentrations), although the ex-
act nature of the magnetic structure was found to depend
sensitively on the defect concentration and atomic configu-
ration.

II1. RESULTS AND ANALYSIS
A. Experimental results

The neutron-scattering spectra were corrected for incoher-
ent multiphonon scattering determined iteratively to all or-
ders, the elastic peak, and the thermal occupation factor us-
ing a procedure described in detail elsewhere.?’ The resulting
cross-section weighted phonon densities of states (DOS) are
shown in Fig. 1. A dominant feature between 15 and 20 meV
appears broader and stiffer in the Fe-substituted alloy at tem-
peratures of 375 K and higher. This is likely caused by the
addition of slightly stiffer Fe modes relative to Ni modes in
the Fe-substituted alloy (see the calculated partial phonon
DOS of Ni and Fe in a similar alloy.?®) A particularly
temperature-dependent feature appears near 8.5 meV in NiTi
at 575 K and in approximately the same position in
Nis,Tis;Fe; at 475 K, as indicated by the black (NiTi) and
gray (NisyTiy;Fe;) arrows in Fig. 1. In both alloys, the fea-
ture softens with decreasing temperature, with the
NisoTiy;Fe; continuing to show the feature at the same posi-
tion ~100 K lower in temperature. Neutron-diffraction pat-
terns indicate that between 375 K and 300 K the NiTi alloy
goes through its well-known martensitic transition (B19'),
and the changes observed in the phonon DOS are also simi-
lar to those observed previously for this transition by
Bogdanoff and Fultz.'> The neutron-diffraction patterns for
NisoTiy;Fe; show no transformation in this temperature
range. This is not surprising if we identify the softening pho-
non feature below 10 meV with the precursor phonon mode
to the R-phase transition.®” The softening of this mode also
triggers the transition sequence (through the intermediate R
phase) that eventually leads to the martensitic phase,' and
since it appears in the same position about 100 K lower in
NisoTiy;Fe; than in NiTi, we expect the transition to also be
lowered by about 100 K.

Electrical-resistivity and magnetic-susceptibility measure-
ments were used to search for a lower-temperature transition
indicated by the phonons in the NisyTis;Fe; alloy. As shown
in the top panel of Fig. 2, a minimum occurs in the electrical
resistivity around 260 K, about the temperature where the
phonons would suggest a transition. On further cooling, the
resistivity increases to a broad maximum, and this effect is
independent of an applied magnetic field and reversible on
heating and cooling. The magnetic-field independence elimi-
nates the possibility of scattering from magnetic impurity
sites (Kondo). Since the phonon scattering is decreasing with
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FIG. 1. Temperature dependence of the phonon density of states
(DOS) extracted from spectra collected using the LRMECS time-
of-flight spectrometer at the Intense Pulsed Neutron Source (see
text for details). Arrows indicate the position of a particularly
temperature-dependent feature in both alloys.

temperature as the phonons become depopulated, this im-
plies a gradual development of structural changes on cooling.
This smooth and continuous behavior is very similar to the
second-order-like behavior described by Choi et al.'”!¥ in
Nisq_, TisgFe, alloys involving Fe substitution for Ni, with x
near 6. For comparison their results are reproduced in the
bottom panel of Fig. 2. Notable differences with our Ti-
substituted alloy are that the second-order-like behavior is
occurring at half the Fe concentration and at a higher tem-
perature. In fact, the onset temperature of the behavior,
260 K, is about where the transition is expected in the Ni-
substituted alloys Nis,_, TisgFe,, with the same amount of Fe,
x=3 (note that 260 K is between the transition temperatures
for x=2 and 4 in the data of Choi et al. in Fig. 2), so the main
difference between Ni and Ti substitution appears to be the
onset of the second-order-like behavior at a lower Fe con-
centration. Our resistivity minimum also appears slightly
sharper.

The magnetic susceptibility versus temperature curve of
NisgTiy;Fes, shown in the top panel of Fig. 3, is also quali-
tatively similar to Nis,_, TisoFe, alloys (bottom panel) with x
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FIG. 2. Temperature and magnetic-field dependence of the elec-
trical resistivity measured on our NisyTiy;Fe; sample (top) along
with the results of Choi er al. (Ref. 18, bottom) on a series of
Nis,_, TisoFe, samples (no magnetic field).

near 6, but again the main feature appears at a higher tem-
perature, which in this case is a shoulder about 50 K below
the resistivity minimum. The lack of any Curie tail (a 1/7T
term that is obvious at low temperatures) in the magnetic
susceptibility also indicates that there are no significant local
moments and thus that the Fe is in solution.

Mossbauer-effect spectra taken at 4 K and 300 K, and at a
high and low Doppler velocity, are shown in Fig. 4. The data
were least-squares fitted with a program that allows both
magnetic and quadrupole interactions constrained to the hy-
perfine transitions allowed in the >’Fe ME. The line shape of
the central peak, examined at the Doppler velocity scans of
+3 mm/s, showed quadrupole broadening of the basic
Lorentzian amounting to 0.44 (6) mm/s. The field gradient
at the Fe can arise from a noncubic local structure in the
alloy or from the local variations of the Ni-Ti neighbors
about the ME probe. No magnetic hyperfine splitting was
observed, indicating that no magnetic species is present, con-
sistent with the magnetic-susceptibility measurements. At
room temperature, the observed spectra, including the isomer
shift (-0.3 mm/s), were similar to those previously observed
for Nig;TisoFe;, where Fe resides on Ni sites.?’ Since the
isomer shift is sensitive to the local chemical environment,3°
this raises the possibility that Fe in NisTiy;Fe; might occupy
the Ni sites despite the fact that it was substituted for Ti (this
is considered in detail below).
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FIG. 3. Temperature dependence of the magnetic susceptibility
measured on our NisyTiy;Fes sample along with the results of Choi
et al. (Ref. 17) on Nis,_, TisoFe, samples (bottom).

While the Ni-substituted alloy (Niy;TisgFe;) exhibits a
clear splitting of the central ME peak,” the Ti-substituted
alloy (NisyTis;Fes;) does not, Fig. 4. The splitting of this
peak has been attributed to the rhombohedral symmetry
of the premartensitic R phase.”’ The lack of any splitting
lends further support to the suggestion that the transition
in NisyTig;Fe; is behaving similarly to the transition in
Nis,_, TisoFe, alloys with x near 6. As shown by Choi et al.,'®
the second-order-like behavior in Nis,_,TisoFe, alloys with
x=6 is accompanied by the restraint of a distortion of the
lattice that accompanies the R-phase transition.

B. First-principles calculation results

To understand the origins of the observed compositional
effects on structural transitions it is desirable to confirm the
site selection preferences for the Fe solute atoms and deter-
mine the nature of the local structural distortions that they
induce. To this end, first-principles calculations were under-
taken employing the methods described in Sec. II B. For the
NisoTiso_Fe, B2 alloys investigated in this work, two sce-
narios were considered for the defects resulting from Fe ad-
ditions: (i) a single-defect scenario—the addition of an Fe
atom leads to the formation of single Fe impurity replacing
Ti on its sublattice with an associated defect energy
AEE;—and (ii) a double-defect scenario—Fe replaces Ni on
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its sublattice and the excess Ni required to maintain the com-
position replaces Ti with a total associated defect energy of
(AER+AEY), where AEY; is the energy to form a Ni antisite
defect on the Ti sublattice and AEI;; is the energy to replace
Ni with Fe.

To determine the relative stability of the different defect
structures (i) and (ii) we performed calculations of each of
the impurity energies (AE{) defined above, employing peri-
odic supercell structures at fixed volume. Specifically, to
compute a value for AE] we consider an N-atom periodic
supercell of pure NiTi and replace a single atom of type J by
the defect atom /. The formation energy is then derived from
the difference in energy (per point defect) between this de-
fect supercell and a pure NiTi structure with the same total
number of atoms. Note that with this definition, AE] is de-
rived from the difference in energy between two structures
containing different relative numbers of each atomic species
(Ni, Ti, or Fe) and thus contains contributions associated
with the chemical potentials of the different atom types.
However, this dependence on chemical potential drops out in
the difference AE;;—(AEII;IQAE%), which determines the
relative stability of the single versus double-defect struc-
tures. _ ' '

Table I lists calculated values of AEL —(AEN+AEY) ob-
tained from supercells containing N=54, 128, and 216 at-
oms. Positive (negative) values indicate a preference for the
double (single) defect. As N is increased the separation be-
tween the impurities and their nearest periodic images also
increases; for N=54, 128, and 216, the point defects are
spaced at distances r=3a=9.012 A, r=4a=12.016 A, and
r=3\3a=15.609 A, where a=3.004 A is the calculated
zero-temperature lattice constant for NiTi. The trend in the
energies as a function of N provides an indication of the
range of interactions between the defects. The calculated re-
sults in Table I are given for both unrelaxed structures, where
the atoms are forced to maintain their ideal positions corre-
sponding to a perfect stoichiometric NiTi B2 cubic structure,
and for fully relaxed structures, where the positions of the
atoms relax off of these ideal positions to achieve a local
minimum in the energy under the constraint of a fixed super-
cell volume. The results of the unrelaxed calculations give an
indication of the “chemical” effects driving site-selection be-
havior, while the results of the relaxed calculations include
additional contributions arising from relaxation of the solute-
induced strain energy and associated defect interactions me-
diated by the displacement fields.

Considering first the results of unrelaxed calculations, we
note that AEf:—(AER+AEY,) is positive and on the order of
1.0 eV, indicating a strong chemical preference for the
double-defect structure. The results from the relaxed calcu-
lations confirm this preference, although they display a
somewhat slower convergence with respect to system size.
Specifically, the energy difference AEf.—(AER+AEY,) de-
creases by 0.24 eV as the distance between the defects in-
creases from 9.012 to 15.609 A in the relaxed calculations.
The convergence is found to be even slower for the energies
of the individual defects on the Ti sublattice, with AEY; and
AEgé decreasing by roughly 2.5 eV over this same range of
distance. By contrast, the relaxed value of AEN: converges
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FIG. 4. Mossbauer-effect absorption spectra observed at 4 K
and 300 K for (a) a low Doppler velocity and (b) a high Doppler
velocity. The small feature indicated in the low-speed 300 K spectra
(Fe in Be window) is from Fe impurities in the Be windows of the
cryostat. The solid lines are fit to the data using a procedure de-
scribed in the text.
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TABLE I. Energy cost of forming single Fe defects on the Ti
sublattice versus a double-defect scenario with Fe on the Ni sublat-
tice and the excess Ni on the Ti sublattice for different supercell
sizes (see text).

AELR—(AEN+AEL) eV

N R (A) Unrelaxed Relaxed
54 9.01 0.95 0.71
128 12.02 1.00 0.42
216 15.61 0.96 0.47

relatively rapidly with supercell size, varying by less than
0.1 eV over the range of N (54-216 atoms) considered in
these calculations.

The slow convergence of the Ti sublattice defect energies
is associated with the formation of large elastic displacement
fields around these defects. Figure 5 plots the calculated dis-
placements surrounding the different point defects consid-
ered in this work, which are derived from a 216-atom super-
cell. In this plot the vertical axis indicates the change in bond
length, plotted versus neighbor shell on the horizontal axis.
For an Fe impurity on the Ni sublattice, the strain field de-
cays rapidly, becoming negligible beyond the first-neighbor
shell. By contrast, replacing Ti by either Fe or Ni results in
large oscillating displacements that do not decay appreciably
out to the maximum distance probed in the supercell (half
the distance between the periodic images of the defects).
Around an Fe or Ni impurity on the Ti sublattice, the struc-
tural distortions involve an elongation of the bonds with the
nearest-neighbor Ni atoms and a contraction of the bonds
with the second-neighbor Ti atoms. These distortions are suf-
ficiently large to give rise to an equilibrium second-neighbor
impurity-Ti bond length that becomes shorter than the
nearest-neighbor impurity-Ni bond length. These results are
indicative of a strong repulsion between Ni-Ni and Ni-Fe
nearest neighbors and a strong attraction of Ti with Fe and Ni
in these defect configurations.

For completeness, we note that in addition to the two
defect scenarios considered above, other possible defect con-
figurations can be envisioned involving constitutional vacan-
cies. We considered one such defect complex involving two
Ti vacancies and an Fe substitution for a Ni that gives rise to
much higher formation energies than either of the defect
structures considered above. Overall, the first-principles cal-
culations suggest that the atomic configurations in
NisoTisg_Fe, are characterized by the presence of a total
point-defect concentration of twice x, with Ni antisites on the
Ti sublattice and Fe impurities on the Ni sublattice, Fig. 5.
This result is consistent with the experimental observations.
First, the ME spectra indicate that the chemical environment
of the Fe is similar to that of Niy;TisgFe; where it is expected
to reside on the Ni sublattice. Second, the neutron-diffraction
data showed only a slight contraction of lattice parameter
(~0.3%) with the Fe substitution, ruling out the existence of
large concentrations of vacancies.

IV. DISCUSSION

Despite the predicted double number of site defects, the
soft-phonon instability temperature (transition to R or C
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FIG. 5. Double-defect scenario (a) deduced using a first-
principles calculation based on the GGA and supported by
Mbssbauer-effect spectroscopy and neutron-diffraction results.
Shown in (b) are the respective displacements of the first nine near-
est neighbors around three site defect types, Fe on a Ti site (Fe-Ti),
Fe on a Ni site (Fe-Ni), and Ni on Ti site (Ni-Ti). Gray lines con-
necting site defects in (a) show how interactions might form a per-
colated network.

phase) in the Ti-substituted alloy Nis Tig;Fe; is essentially
the same as in the Ni-substituted alloy Nig;TisoFe;. This im-
plies that the phonon instability temperature is determined
primarily by the number of Fe atoms on the Ni sites and is
relatively insensitive to the extra Ni antisite defects. Further-
more, this implies that the disorder-induced blurring of the
nesting feature in the Fermi surface!? from the addition of Ni
antisite defects is less important than the chemical effect of
swapping out Ni atoms for Fe atoms in determining the pho-
non instability temperature.

By contrast, the characteristics of the transition are
strongly influenced by the presence of the Ni antisite defects.
The characteristic shape of the resistivity versus temperature
and the magnetic-susceptibility versus temperature curves
and the suppression of a structural distortion observed for
NisgTiy;Fe; are qualitatively similar to those observed for
Choi et al. for NiyyTisoFeq and not Niy;TisoFes. It is interest-
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ing that similar behavior observed with Ni substitutions for
Ti in Nisg,, Tiso_, alloys with x> 1 has been shown to have
the characteristics of a strain glass,31 where the transition
strains are frustrated by point defects and the superlattice
diffraction peaks are frozen into incommensurate positions
below a glass transition temperature defined in Ref. 31.
However, NisqTiy;Fe; and Niy,TisoFeq exhibit similar behav-
ior at different temperatures but with a common number of
site defects.

A critical site-defect concentration for strain frustration
suggests a percolation limit, perhaps for defect-defect inter-
actions. Consider a network of interacting site defects that
percolate throughout crystalline regions above a critical con-
centration, which are the gray lines in Fig. 5. These networks
could cause local orientation preferences for distorting into
one of the eight equivalent strain variants for B2 (Pm3m) to
R (P3), thereby frustrating the transformation strains.3' This
mechanism might also explain the nanoscale domainlike
structure observed in NiyTisoFes below the transition
temperature.'® It is interesting that similar nanoscale domains
also appear in the Nis,Tiyq strain-glass state.>' However, for
this same mechanism to be operating in this alloy longer-
range defect-defect interactions are needed to compensate for
the lower concentration. Indeed, according to the relaxation
results in Fig. 5, the range of Ni antisite defects is consider-
ably longer than for Fe on Ni sites, so the defect-defect in-
teractions are expected to bridge larger distances and thus
form networks at a lower concentration. Effects of site-defect
clustering and/or short-range order might also play a role.
Nevertheless, it is likely that Nisy,, Tiso_, (x=2),
NisTiso_,Fe, (x=3), and Nis,_,TisoFe, (x=6) are all exhib-
iting the same frustrated transition strain or “strain-glass”
state, but with slightly different defect constraint conditions.

V. CONCLUSIONS

Our results show that compositional effects can act to
change aspects of the shape memory and related transitions
in NiTi in complex ways that depend on both defect chem-
istry and structure. Substitutions of Fe on the Ni sublattice
drive down the temperature of the soft-phonon instability
independent of whether or not Ni antisite defects are present.
On the other hand, the Ni antisite defects contribute to frus-
trating the symmetry-breaking transition strains. Comparison
with other work suggests that this strain-glass state’® forms
with at least three different defect site configurations. All of
these can be qualitatively understood in terms of percolated
networks of interacting defects, provided that adjustments
are made for the different defect-defect interaction ranges.
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