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Thermal cycling of a Ni-excess NiTi alloy was conducted between 50 °C and liquid nitrogen temperature
to induce martensitic transformations and to reverse them after. The starting point was an annealed and
slowly cooled state, the end point a sample thermally cycled 1500 times. Positron annihilation lifetime
spectra and Coincidence Doppler Broadening profiles were obtained in various states and at various tem-
peratures. It was found that the initial state was low in defects with positron lifetimes close to that of
bulk NiTi. Cycling lead to a continuous build-up of a defect structure up to 200—500 cycles after which
saturation was reached. Two types of defects created during cycling were identified, namely pure dislo-
cations and vacancies attached to dislocations.
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1. Introduction

Near-equiatomic NiTi shape memory alloys (SMAs) exhibit
pseudoelasticity and the shape-memory effect and like many other
SMAs have promising application prospects. Their physical metal-
lurgy is complicated and processes on the micro and mesoscale
vary with alloy composition and thermomecanical pre-treatment.
A one-step martensitic transformation B2 — B19’ is observed in
near equiatomic alloys with a slight Ni excess that are quenched
from the homogenisation temperature [1]. The exact Ni content-
usually between 50 and 51 at.% - has a pronounced influence
on transformation temperature. Two-step transformation via the R
phase occurs in annealed alloys [2].

Training of SMAs by thermal cycling can increase fatigue life
in NiTi(Fe) alloys [3] and it is such thermal cycling that will be
studied in this paper. Thermal cycling induces dislocation substruc-
tures that are not uniformly distributed due to their mutual inter-
actions. Cycling can hinder transformation [4,5], i.e. shift the asso-
ciated DSC peak to lower temperatures, or have the opposite effect
[6,7].
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Positron annihilation spectroscopy (PAS) is a powerful materials
characterization tool for investigating atomic level changes caused
by point or line defects. It relies on the annihilation of positrons
with electrons in a sample. Lifetime spectroscopy exploits the life-
time differences between areas of higher electron densities (short
lifetimes in defect-free areas of the alloy) and lower electron den-
sity (longer lifetimes in vacancies, dislocations, other open vol-
ume) and thus allows one to identify structural features. Coinci-
dence Doppler broadening (CDB) spectroscopy makes use of the
annihilation signature of a positron with the core electrons of the
atoms surrounding an annihilation site (e.g. a vacancy) and pro-
vides chemical information. Due to PAS’s high sensitivity, it is ex-
pected that minute structural changes that occur during thermal
cycling of SMAs can be detected.

The few applications of PAS to NiTi alloys published so far have
revealed only a few basic properties such as the positron lifetime
in a defect-free NiTi bulk (measurements on melt-spun and an-
nealed alloys [8]), the lifetime in vacancies induced by electron
irradiation [9] or positron lifetime changes in the pre-martensitic
region or at the onset of martensitic transformation [10-12]. The
results are not always consistent. It has been reported that ther-
mal cycling of melt-spun NiTi alloys has little effect on positron
lifetime due to the high defect density in such materials. This is
why we decided to cycle materials with a low defect density to be
able to isolate the effect of cycling. Often, NiTi alloys are quenched
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from a high homogenisation temperature (e.g. 1000 °C) prior to
further characterization. Such quenching induces defects in many
alloys and, for example, in aluminium alloys the positron lifetime
after quenching is very different from that of an annealed ma-
terial and also changes with time at ‘room temperature’ [13]. In
NiTi alloys, however, the mean positron lifetime after quenching is
not much higher than after annealing [10] (0.138 ns compared to
0.130 ns) and much lower than in irradiated alloys (0.197 ns [9])
and therefore not many quenched-in vacancies seem to exist. As
quenching stresses might give rise to the formation of dislocations,
we used an annealed and slowly cooled state for our studies. The
possible formation of Ti3Niy precipitates and associated R phase
formation during subsequent cooling to low temperature [14] was
deemed relatively less of a concern than the formation of defects
that would obscure the signal from defects induced by thermal cy-
cling.

An alloy prepared in this way was investigated by PAS at 20 °C
during cycling and also at lower temperatures for selected states
to detect open atomic volume created by cycling and to reveal the
nature of the associated defects.

2. Experimental

NiTi alloy was provided by Special Metals Corp., USA, and
is the same used in a previous study [15] and characterized
there as room temperature austenite. In the solutionized and
quenched state it exhibits a one-step transformation from austen-
ite to martensite with the following transformation temperatures:
Martensite start, Mg = 2.1 °C, Martensite finish, My = —414 °C,
Austenite start, A; = —1.3 °C, Austenite finish, Ay = 23 °C [15].
From published relationships between Ni content and transforma-
tion temperature Ms for binary alloys we derive an effective Ni
content of 50.55 + 0.05 at% [16]. The samples were received as
rolled sheets of 0.6 mm thickness.

The as-received condition is abbreviated ‘AR’ here after. The
starting material was annealed at 800 °C for 30 min in an argon
atmosphere containing 0.1 ppm residual oxygen and then slowly
cooled to ‘room temperature’ in 1 day. This state will be abbrevi-
ated ‘AN’ in the following. One sample was quenched in ice wa-
ter (referred as ‘AQ’). The AN samples were thermally cycled be-
tween 50 and —196 °C up to 1500 times using an in-house fabri-
cated robotic system that dipped the sample into liquid nitrogen,
after which it was pulled out and heated to 50 4+ 3 °C using a
hot air blower. Samples cycled n times will be called ‘Cn’ in the
following. C1 means that the AN sample was cooled to —196 °C,
reheated to 50 °C and then characterized at 20 or 25 °C (‘room
temperature’) by positron annihilation spectroscopy (PAS) or trans-
mission electron microscopy (TEM). Some samples were cycled by
cooling down to —125 °C in a cryostat while carrying out PAS mea-
surements at various temperatures and then reheating again. One
sample was left at ‘room temperature’ for 2 months during which
positron lifetime was measured.

Two positron lifetime spectrometers were used. The one at
the laboratory in Berlin (B) is an analogue fast-fast coincidence
spectrometer with photomultiplier tubes H3378-50 from Hama-
matsu and BaF, scintillators. Backscattering was suppressed by
lead shields [17]. The count rate achieved was 700-800 s~!. The
measured positron lifetime spectra with typically 2 x 10 counts
contain contributions from the 20 uCi 22Na,CO3 source itself. We
used spectra measured on pure annealed Ni and Ti to determine
the contributions of the positron source to the measured spectra.
They contain a component of about 15% from the two 7.5 pm thick
Kapton foils and the sodium salt (~0.380 to ~0.400 ns) and less
than 1% of a component with a long (~3 ns) lifetime due to sur-
faces and pores and other contributions. For this component, we
adopted the strategy outlined in Ref. [13] to treat the lifetime and
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intensity of that component as a variable and to check whether
it takes reasonable values after fitting. Computer programme LT9
was used to subtract the source contributions as well as the back-
ground and to de-convolute the spectra from the spectrometer res-
olution function [18], which we found to be well represented by
one Gaussian with a FWHM of ~0.220 ns.

The spectrometer in Prague (P) is digital and optimised for
high resolution (FWHM of resolution function is 0.145 ns) but
has a much lower count rate of 50 s=! [19]. The spectrometer is
equipped with BaF, scintillators optically coupled to Hamamatsu
H3378-50 photomultiplier tubes. Pulses from the detectors are
sampled by a pair of Acqiris DC211 digitisers at a rate of 4 GHz.
The 27 nCi #2NaCl positron source is sealed by a 2 pum thick tita-
nium foil. Decomposition of positron lifetime spectra is analogous
to the treatment in Berlin except that the spectrometer resolution
function is modeled by two Gaussians [19]. The source contribution
to the positron lifetime spectra was determined using a reference
sample of well-annealed iron and its intensity was recalculated
for the NiTi SMA specimens using the procedure described in Ref.
[20]. The source contribution consisted of two components with
lifetimes ~0.180 and ~0.400 ns and relative intensities ~11% and
~2%, respectively. These components represent a contribution of
positrons annihilated in the Ti foil and the 22NaCl positron source
spot, respectively. The corrections were measured at 20 °C and at
—125 °C and found to be almost the same. 5 x 10° counts were
obtained for each spectrum which took typically a day. All the
measurements were carried out in a cryostat that guaranteed a
temperature stability of = 5 K. Analysis of the positron spectra
yielded a one-component positron lifetime t;c whenever just one
positron lifetime was suspected. Alternatively, two lifetime compo-
nents were derived, and 3 corresponding independent parameters
obtained, namely two lifetimes and one intensity.

The CDB investigations were carried out using a digital spec-
trometer [21] equipped with two HPGe detectors. The detector sig-
nals are sampled by 12-bit digitizers Acqiris DC 440 and analysed
off-line using a dedicated computer code [21]. The spectrometer
is characterized by an energy resolution of 0.9 at 511 keV and a
peak-to-background ratio better than 10°. At least 5 x 10° anni-
hilation events were accumulated in each two-dimensional CDB
spectrum which was subsequently reduced to one-dimensional
cuts representing the resolution function of the spectrometer and
the Doppler-broadened annihilation photo peak. In order to high-
light the high-momentum region, the CDB results are presented
as ratio curves [22] related to an aluminium reference, i.e. a nor-
malised momentum distribution of each sample was divided by
the normalised momentum distribution of a well-annealed pure Al
(99.9999%) reference sample. Similar to positron lifetime studies,
the CDB measurements were also carried out in a cryostat with
temperature stability of &+ 5 °C.

Thermal analysis was performed on 4.8 mm diameter disc
samples using a Netzsch 204 F1 Phoenix differential scanning
calorimeter at a heating rate of 10 K/min. A baseline obtained by
heating two empty crucibles at the same heating rate was sub-
tracted.

Samples for TEM were prepared by electropolishing at a tem-
perature of —30 °C and a voltage of 20 V using an electrolyte con-
sisting of 59% methanol, 35% diethylene glycol butyl ether and 6%
perchloric acid (by volume). Two TEMs were used in this study: A
TEM Philips CM30 (ThermoFischer Scientific) operated at 300 kV
and at ‘room temperature’ and a JEOL 2200 FS operated at 200 kV
and at liquid nitrogen temperature.

3. Ab-inito calculations

Ab-initio calculations were employed for modeling vacancies in
the cubic B2 NiTi structure [23], the trigonal (rhombohedral) R
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Table 1
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Lifetime 7 calculations of positrons delocalized in a perfect lattice (bulk lifetime) or trapped in Ni (Vy;) or Ti (Vy;) vacancies based on given lattice parame-
ters. Calculated positron binding energies Eg to vacancies are also listed. The mean displacements of the nearest neighbour (NN) and next nearest neighbour
(NNN) ions surrounding vacancies obtained from ab-initio calculations are shown in the last two columns. Negative values indicates inward relaxation (towards
vacancy), positive values indicate outward relaxation in the direction out of the vacancy.

Lattice Positron state

parameters

Phase Space group

NN relaxation NNN relaxation
(A) (A)

7 (ns) Eg (eV)

a=b=cv2 bulk
c=3.013 A

(23]

B2 Pm3m

a=b=73451A
c=52718 A
y =120 ° [25]
Vni

. Vri
a =466 A bulk
b=411A
c=291A
y =98 °[24]

B19’ P2y/m

Vi
Vri

0.127 - - -

0.194 2.69 —0.12 (Ti) 0.10 (Ni)
0.207 5.96 0.12 (Ni) ~0.05 (Ti)
0.131 - - -

0.199 2.86 ~0.09 (Ni)
0.207 3.87 0.10 (Ti)
0.129 - -

0.09 (Ni)
~0.10 (Ti)

4.66
5.90

0.195
0.207

~0.14 (Ni)
0.15 (Ti)

0.12 (Ni)
~0.16 (Ti)

phase [24] and the monoclinic B19’ phase [25]. The lattice pa-
rameters of these phases are listed in Table 1. Vacancies in the
B2 and B19’ phases were modeled using 108-atom based su-
percells, while 144-atom supercells were used for the R phase.
Electronic structure calculations and ion relaxation around vacan-
cies were performed using the projector augmented wave (PAW)
method [26] implemented in the Vienna Ab-initio Simulation Pack-
age (VASP) [27,28]. An electron exchange-correlation potential of
Perdew-Burke-Ernzerhof (PBE) [29] was used. The energy cut-off
of the plane wave basis of 500 eV and Fermi smearing of the elec-
tronic occupancy with a width of 0.2 eV were used in all cal-
culations. Reciprocal space was sampled using a 3 x 3 x 3 k-
point mesh generated applying the Monkhorst-Pack scheme [30].
Convergence tests revealed that calculated energies converged to
within ~0.01 eV. Equilibrium geometries of defects were deter-
mined by fully relaxing ions positions in the supercell as well
as supercell volume. Structural relaxations were performed until
forces on each atom were smaller than 0.01 eV/A.

Lifetimes of free positrons and positrons trapped in vacancies
were calculated using density functional theory. The ground state
densities for both positrons delocalized in a perfect lattice and
trapped at various defects were calculated within the so-called
conventional scheme [31]. In this approximation, the positron den-
sity is vanishingly small everywhere and does not affect the bulk
electron structure. At first, the electron density n(r) in the material
is solved without the positron. Subsequently, the effective potential
for a positron is constructed as:

V(1) = @(r) + Veore[n, V1], (1)

where ¢ (r) is the Coulomb potential produced by the charge dis-
tribution of electrons and nuclei and V¢ is the zero positron den-
sity limit of the electron-positron correlation potential [31]. The
ground state positron wave function was calculated by a numer-
ical solution of a single-particle Schrédinger equation:

SV VO () = B (1), @

where E, is the positron ground state energy. The positron lifetime
was calculated from the overlap of the positron density n . (r) =
|4 (r)|? and the electron density n(r) using the expression:

t = {mric/n (rnry|n, Vn]dr}fl, (3)

where re is the classical electron radius, and c is the speed of light.
The electron enhancement factor y accounts for the pile-up of
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Fig. 1. DSC measurements on NiTi alloy in state AN and after various thermal cy-
cles (Cn). The zero point of all curves is at 20 °C. The lower curves are offset by
—0.1 W/g to avoid overlap with the upper.

electrons at the positron site [31]. The electron-positron correlation
potential and the enhancement factor were treated by the gen-
eralized gradient approximation (GGA) using the approach where
Veorr and y are determined by the electron density n and its gra-
dient Vn at the site of positron [32]. A Brillouin-zone integra-
tion over the lowest-lying positron state [33] was used in calcu-
lations of positron density for vacancies to achieve rapid conver-
gence of the results with respect to the supercell size. Positron
calculations were performed using relaxed geometries of defects
obtained from VASP. For calculations of positron density, the su-
percells used in VASP were enveloped by a perfect lattice of the
corresponding phase in order to get larger supercells, namely a
256-atom based supercell for the B2 and B19’ phase and a 1152-
atom based supercell for the R phase. The electron density n(r)
for positron calculations in Eqs. (1)-(3) was constructed by su-
perposition of atomic electronic densities calculated using a rela-
tivistic atomic code [34]. This approach called atomic superposition
[35] neglects charge transfer, but it is computationally feasible and
can be used even for very large supercells retaining the full 3D ge-
ometry of the problem.
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Fig. 2. TEM BF images, taken in the 110 two-beam condition, (a) annealed and slowly cooled (AN), (b) annealed and quenched (AQ), (c, d) sample C1 in 2 magnifications, (e,

f) sample C1500 in 2 magnifications.

4. Results

Fig. 1 gives the thermal traces obtained for the annealed NiTi
sample (AN) from 60 to —100 °C and back to 60 °C (only central
temperature range shown) and for samples thermally cycled 1, 50
and 500 times before DSC measurement. In all cases, two peaks
upon cooling and one upon heating are measured. A slight shift to
lower or higher temperatures for increasing cycling numbers dur-
ing cooling or heating, respectively, can be seen.

Fig. 2 shows various microstructures obtained by TEM. The an-
nealed sample (‘AN’), Fig. 2a, features little contrast and in partic-
ular no pronounced presence of dislocations unlike the quenched
sample (‘AQ’) in which dislocations are visible, Fig. 2b. The sam-
ple cycled once (‘C1’) exhibits a different scenario: it is full of dark
contrast, Fig. 2¢, which at higher magnification becomes visible as
about 10—20 nm large objects, most of which in black with a white
division line (‘coffee-beans’), see Fig. 2d. TEM images of samples
cycled 500 (not shown) and 1500 times, Fig. 2e, f, look similar to
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Fig. 3. Diffraction analysis of NiTi samples: (a) XRD pattern recorded on the samples cycled 10 times (C10) and 500 times (C500), showing the B2 and R phase peaks. Due
to the large grain size (up to 500 pm) only a few grains contribute to the recorded diffracted signal and therefore the intensity ratios between the peaks markedly vary. (b)
SAED pattern recorded along the [110]g, axis of the C500 sample showing R phase peaks in the circles.
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Fig. 4. One-component positron lifetime 7;¢ for annealed state AN as well as for
cycled states Cn measured at 20 °C in spectrometer B. Inset shows data for n < 100
on a logarithmic cycle scale.

those of sample C1 with a dense collection of objects with pre-
dominantly coffee-bean contrast. It is hard to judge, whether the
number density of particles in samples C500 and C1500 is higher
than in C1 due to high contrast and uncertain thickness of the area
imaged.

The nature of these particles was further studied by means
of X-ray and electron diffraction. Fig. 3a shows X-ray diffraction
(XRD) patterns of samples C10 and C500 and Fig. 3b the selected
area diffraction pattern recorded in the TEM on a C500 sample,
taken along the 110 zone axis of the B2 phase. R phase spots are
highlighted with circles. The diffraction experiments show that the
phase formed during thermal cycling of the annealed TiNi alloy has
the structure of the R phase. The small non-labelled peaks do not
correspond to NigTiz phase, i.e., no trace of this phase is detected.

The variation of the one-component positron lifetime ;¢ mea-
sured at 20 °C with spectrometer B as a function of the number
of thermal cycles is shown in Fig. 4. The measured lifetime val-
ues increase from (0.129-0.131=uncertainty) ns to 0.163 ns for the
annealed state up to 0.163 ns for 500 and more thermal cycles.
The largest slope is observed for the initial cycles and the increase

0.170 -
E = AN
1 o c1-C3
1 <& C500-C502
0.160 /,_%ﬁ
__0.150
= ]
£ ]
" 0.1401
0.130-
0.120 . .

-120 -100 -80 -60 -40 -20 0 20
T (°C)

Fig. 5. Averaged lifetime T measured at 4 temperatures for samples AN, C1 (then
C2, C3) and C500 (then C501, C502) using spectrometer P. Arrows indicate sequence
of cooling or heating.

levels off after about 200-500 cycles (arrow in Fig. 4). The various
runs differ only marginally. Especially the first that was carried out
a few months before the 2nd and 3rd with another spectrometer
calibration (inset in Fig. 4).

The temperature dependence of positron lifetime is displayed
in Fig. 5. The data were measured with the spectrometer P, de-
composed into 2 lifetime values and then averaged to T, which
might slightly differ from tc. Two separate measurements have
been merged: one first measured only at 25 °C, three more car-
ried out at different temperatures, 20, —50, and —125 °C. For sam-
ple AN, the temperature dependence is marginal. Upon cooling, T
first increases, then decreases again. Such a behavior (for 7;¢) was
independently confirmed with spectrometer B (not shown). Note
that the measurement on AN that involves cooling to a tempera-
ture below My itself is half a cycle. After cycling an annealed sam-
ple to the C1 state, the measurement was performed at decreasing
temperatures again. This time T slightly increases. Upon reheating
to ‘room temperature’ the increase is even larger. After this mea-
surement, the sample that was in C1 state initially has been cy-
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Fig. 6. Two-component decompositions of spectrometer data into 75, and 73 for
various cycle numbers (0 = AN up to C1500) and temperatures. (a) ‘room temper-
ature’ measurements for different cycles and spectrometers B and P. For spectrom-
eter B, the error bars have been omitted for the sake of clarity. They are typically
+ 0.01 ns for T and + 2% for I. (b) measurements with spectrometer P and the three
states AN, C1-C3 (averaged), C500-502 (averaged) at various temperatures. For AN,
there is only one component, hence two identical entries connected by an arrow.
The low temperature side of each series is marked with ‘—~125 °C". The small arrows
in (a) and (b) point at data points common to both graphs.

cled, hence it is in state C2. The measurement cycle is repeated
and leads to an analogous result: T increases during cooling and
heating, slightly more during heating. The resulting sample is then
in state C3 and experiences an analogous increase of T upon fur-
ther measurement. After 500 cycles the level of 7 remains con-
stant between cycle numbers 500 and 502 within the typical ex-
perimental fluctuation. An increase of temperature involves a more
pronounced increase of T than for states C1-C3 and a decrease a
corresponding larger decrease.

Positron spectra were decomposed into two components, see
Fig. 6, where two positron lifetime components 71, and 73 are
given as a function of their corresponding intensities I;; and Is.
Here, the subscript “12” is chosen because this component will
later be found to consist of an average of two components 7; and
T,. Fig. 6a displays ‘room temperature’ measurements. One set of
measurements performed at 20 °C (11 states) was obtained with
spectrometer B. The corresponding one-component lifetimes were
already shown in Fig. 4. The other set was measured with spec-
trometer P at 25 °C (6 cycling states). Two-component decompo-
sition of the lifetime spectra measured at B was supported by the
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results from P to set starting conditions of the fitting procedure.
Despite some differences between the results of B and P, the over-
all trend is the same for both spectrometers: the annealed state
can be described by one lifetime component ~0.130 ns but cy-
cling introduces a second component, thus splitting the spectrum
into lifetimes 715 and 73 with corresponding intensities I;; and I5.
Component 73 assumes values between 0.160 and 0.169 ns with an
increasing intensity contribution I3 that reaches 93% or more af-
ter 1500 cycles. Component 71, decreases from ~0.130 to below
~0.060 ns while I, goes down to a few?.

Fig. 6b shows the lifetime components measured with spec-
trometer P for 3 different cycling states at 4 temperatures. For
state AN, there is only one lifetime component and this is only
weakly temperature dependent as already seen in Fig. 5. In con-
trast, data for states C1-C3 and C500-C502, both averaged, are
temperature dependent, more for the latter than for the former.
Lowering the temperature has the same effect on both C1-C3 and
C500—-C502: The component t3 shows little change but the corre-
sponding intensity I3 decreases. Concurrently, I;; = 1 — I3 increases,
but now the corresponding lifetime 71, also increases and eventu-
ally reaches values up 0.130 to 0.136 ns.

Supplemental Fig. 1 shows 7;c measured at 20 °C with spec-
trometer B for state C1500 during long natural ageing at ‘room
temperature’. Merely fluctuations on the scale of < 1 ps are found.

Fig. 7 shows results of the CDB measurements. Fig. 7a displays
measurements at ‘room temperature’ for well annealed pure Ni
and Ti as well as for samples in the states AN, C1 and C500. All
NiTi curves lie between the curves obtained for the pure elements.
Cycling shifts the curves towards Ti. Fig. 7b shows one measure-
ment each for C1 and C500 at 20 and —120 °C. The lower the tem-
perature, the closer the measured response to the one of Ni.

5. Discussion
5.1. Possible positron trapping sites

In crystals completely free of defects, a positron is delocalized
in the lattice and the electron density in inter-atomic regions de-
termines its lifetime (so called bulk positron lifetime, tg). Higher
electron density implies a shorter tg. For NiTi in the B2 structure,
a 71 value of 0.132 ns is reported [9], which is in a reasonable
agreement with the bulk lifetime of the B2 structure obtained by
our ab-initio calculations, see Table 1.

Single vacancies in an otherwise perfect crystal are efficient
positron trapping sites due to their negative apparent charge at
and below ‘room temperature’ since the depth of the associated
potential well (a few eV) is much larger than the thermal energy
of the positron (tens of meV). Provided that the site fraction of va-
cancies is larger than ~10~7 sufficiently many positrons annihilate
in them to give rise to a component showing in positron lifetime
spectra. The lifetime of a positron trapped in such a deep trap is
usually ~50% higher than in the bulk. The calculated lifetimes of
positrons trapped in Ni (Vy;) and Ti (Vq;) vacancies are listed in
Table 1. Relaxation of the nearest neighbour (NN) ions (i.e. Ti ions
in the case of Vy; and Ni ions in the case of Vp;) and the next-
nearest neighbour (NNN) ions (i.e. Ni ions for Vy; and Ti ions for
Vri) surrounding vacancies obtained by ab-initio calculations are
listed in Table 1 as well. For Vy; NN, Ti ions slightly relax from
their regular lattice sites towards the vacancy while NNN Ni ions
exhibit outward relaxation. The situation is reversed for Vy; where
relaxation of NNN Ni ions is outward while NNN Ti ions are dis-
placed towards the vacancy.

From calculated positron biding energies Eg given in
Table 1 one can deduce that Vq; is a slightly deeper positron
trap than Vy; and is characterized by larger open volume, but
the lifetimes of positrons trapped at Vy; and Vy; are similar. A
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Fig. 7. (a) CDB measurements at 20 °C for states AN, C1, C500 and C1500 given
as a ratio of the NiTi CDB data to that of annealed aluminium. 4 values for the
Ni content of the environment of the annihilation site are given (bulk for AN, SV
defects for Cn). Horizontal bar marks range in which w; in Eqs. (4) and (8) were
calculated to yield the values for xy; displayed here and discussed in the text. (b)
Temperature-dependent Doppler broadening measurements for C1 and C500.

lifetime 7y = 0.197 ns of positrons trapped in vacancies generated
by electron irradiation was reported for the B2 phase [9]. This
experimental value corresponds well to the average of Vy; and Vy;
in the B2 phase (0.201 ns).

Dislocations can also trap positrons but their potential well is
of the same depth as the energy of the positron at ‘room tempera-
ture’. Therefore, they are shallow positrons traps [36] and positrons
can easily be de-trapped at ‘room temperature’. Only at low tem-
peratures, dislocations become deep enough to trap positrons long
enough to give rise to a measurable lifetime component, i.e. they
are ‘activated’ by lowering the temperature. However, dislocations
can also act indirectly when positrons annihilate in open volume
associated to them. Such open volume defects can be dislocation
jogs or vacancies attached to dislocations [36,37]. While there is
a general agreement that vacancies bound to dislocations act as
deep positron traps, the role of jogs is disputed. Some researchers
ascribe a significant role in annihilation to jogs [37,38], others
find little open volume and see jogs acting similar to undisturbed
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Fig. 8. Various calculated positron lifetimes tg associated to edge (E) and screw
(S) dislocation-related defects in Al, Cu [37], Fe [54], Ni [55], and Ti [56,57] shown
as quantity L relative to the lifetimes in the bulk 7z (bottom) and in a mono-vacancy
7, (top), i.e. L= (T4 — T8)/(Ty — Tg). The lifetime (in ns) is given together with
the positron binding energy in eV (italics), Full lines: calculated, broken lines: mea-
sured. The figure provides an overview of positron lifetimes in different defects in
various fcc and bcc metals and allows to assess the two lifetimes determined ex-
perimentally for Ni-Ti alloys (right column) relative to these elements. PD traps are
found to be in the range usually occupied by dislocations or jogs (red lines, shallow
traps), whereas SV traps are located in the range of dislocations in association with
vacancies (green lines, deep traps). Dislocation jogs (orange lines) and screw dislo-
cations (light blue) might also play a role. Thus, the identity claimed for the two
traps in this paper is in accordance with that in pure elements. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

edge dislocations [39]. Since a dislocation is a line defect with one
macroscopic dimension while a vacancy is a point defect, the cross
section for positron trapping in dislocations is much larger than
that for vacancies. Hence, positron trapping in open volume defects
associated with dislocations is a two-stage process: once a positron
is weakly localized in the shallow potential of a dislocation line, it
quickly diffuses along the dislocation line until it is finally trapped
in a deep trap of the vacancy-like defect associated with the dis-
location [40]. Fig. 8 gives (mostly) calculated positron lifetimes in
various positron traps together with the binding energy between
positron and traps for the 5 elements Al, Cu, Ni, Fe and Ti. All
these lifetimes are normalised to the range between bulk lifetime
(always lowest) and mono-vacancy lifetime (highest). On the very
right the positron lifetimes in the two traps generated in NiTi are
given as derived in this paper. It will be discussed in the following
how they compare to the positron lifetimes given for the elements.

5.2. Annealed alloy (AN)

DSC data in Fig. 1 shows that during cooling there is a phase
transition in two stages, first to the R phase than to the final
martensitic B19’ phase. The occurrence of the R phase stems from
the slow cooling after solutionizing, as after quenching no such
DSC peak is observed [15]. A possible explanation would be that
during slow cooling, time is spent in the intermediate tempera-
ture range where Ti3Niy might precipitate. Annealed stoichiomet-
ric NiTi alloys have been found to show a direct transition to the
B19’ phase and the R phase appears only after a few (about 10)
thermal cycles [41]. However, TizNiy was neither observed in the
TEM images nor in the diffraction patterns. Precipitation during
quenching has been observed by SANS, and the corresponding par-
ticles formed are just 2 nm in diameter [42], which explains their
absence in TEM images. The low volume fraction of such parti-
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cles would not alter the Ni concentration in the matrix enough
to markedly modify Mg, but might be sufficient to induce R phase
upon cooling.

The one-component positron lifetime ;¢ at 20 °C is 0.125 and
0.131 ns for two different samples measured with spectrometer B,
see Fig. 4 (inset). The slight difference is due to different calibra-
tions of the instrument. Spectrometer P yields an average positron
lifetime T = 0.129 ns when measured at 20 or 25 °C (Fig. 5). The
literature value for B2 NiTi structure is 0.132 ns [9], thus fitting
well to our measured values.

T shows a weak temperature dependence upon cooling. First,
a slight increase from 0.129 to 0.131 ns, followed by a decrease to
0.127 ns (Fig. 5). This points at the martensitic transformation that
changes the electron density due to a transformation from the B2
structure (NiTi austenite) to the intermediate R phase or the B19’
structure (martensite). With our ab-inito calculations yielding the
bulk positron lifetimes 0.127 ns for the B2 structure (NiTi), 0.131 ns
for the R phase and 0.129 ns for the B19’ phase (martensite) the
observed changes are explained. The lifetime decrease in the sec-
ond temperature step is partially also caused by the lattice contrac-
tion at lower temperature. The behavior of 7;c measured at various
temperatures with spectrometer B is similar to that of T: 7y¢ first
increases to 0.135 ns upon cooling to —120 °C, after which it de-
creases to 0.129 ns at —180 °C (data not shown).

Literature data on various Ni-Ti alloys also show a pronounced
lifetime increase with decreasing temperature, but the samples
used there were annealed at 1000 °C and then quenched [12].
Positron lifetime was measured from 52 to —53 °C. A pronounced
increase of positron lifetime (just one component reported in that
study) is measured from ~0.126 ns at 20 °C to ~0.148 ns for a
Ni content of 51%. The maximum occurs at the Ms temperature of
—53 °C, i.e., the main increase is pre-martensitic. For 50.5% Ni, an
M;s of 20 °C and a positron lifetime of 0.152 ns are found. Our sam-
ple (50.55 at.% Ni) in the ‘AN’ state, however, does not reach values
higher than 0.135 ns at any temperature and the highest value is
found far below M; (not shown in Figures). The only feature re-
ported in Ref. [12] we can confirm is the decrease towards lower
temperatures, however with a smaller amplitude.

Fig. 6b shows that there is only one lifetime component in the
‘AN’ sample at 25 °C and also at lower temperatures. Together
with the small temperature dependence this points at predomi-
nant positron annihilation in the bulk of the austenite or marten-
site structure. Dislocations or other defects do not play a role since
they are shallow and would give rise to a temperature dependence
of the positron lifetime and to more than one lifetime component
at low temperature. This finding is actually in variance with re-
sults reported on similar alloys first melt-spun, and then annealed
at 1000 °C and furnace cooled, in which still 70% or 78% of the an-
nihilation was in traps with typical lifetimes of 0.161 or 0.171 ns,
respectively [8]. The same applies to another reported measure-
ment [43], where in the annealed state 7 values above 0.160 ns
were measured. The temperature dependence of 7, in turn, was
similar to what is reported here, just shifted to much higher val-
ues by about 0.04 ns [43]. Perhaps some (undocumented) thermal
cycling was carried out in those studies or additional defects were
included during manufacture. We think that our result is the cor-
rect one because a lower defect density is more difficult to achieve
and the data were measured independently with two spectrome-
ters.

The CDB ratio curve of the state AN lies between that of pure
Ni and Ti (roughly in the middle, Fig. 7a). This can be expected
due to a near equal content of Ni and Ti in the ordered B2 lattice
in which the positrons annihilate. As chemical information about
the neighbourhood of the annihilation site is provided by the high
momentum data due to the interaction of positrons with the core
electrons of the surrounding atoms, we determine an average value
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w; for each curve i in Fig. 7a in the momentum range indicated by
the horizontal bar. By writing

Wi, aN = XniWni + (1 — Xni)Wrj, (4)

we obtain a fraction xy;= 0.54 of Ni atoms in the neighbourhood
of the (average) annihilation site (delocalised in the bulk) which
close to the nominal site fraction of 0.505 Ni.

Altogether, the annealed state is consistently described by all
the measurements as a state with a low level of defects that do
not contribute to positron annihilation at any of the investigated
temperatures. We shall use the value 7z = 0.129 ns for the lifetime
of a positron in the undisturbed NiTi lattice in the following dis-
cussion.

5.3. Cycled state C1

The measurements at ‘room temperature’ show that compared
to the annealed state AN, in state C1 both 7;c (Fig. 4, spectrometer
B) and 7 (Fig. 5, spectrometer P) are increased by about 3 ps. This
points at the formation of defects associated with additional open
volume. Such defects trap positrons and increase the measured av-
erage positron lifetime.

The TEM images show a pronounced increase in image contrast
after one cycle, namely the appearance of a high number density
of particles causing ‘coffee-bean’ contrast. Such contrast is typi-
cal for coherent strain fields around precipitates or particles. Both
electron and X-ray diffraction studies show that the particles are
predominantly R phase, which is metastable at ‘room temperature’
and should have dissolved during reheating but has been possibly
stabilised by the effects of mechanical straining during thermal cy-
cling. Such residual R phase has not been reported in other cycling
studies. However, those usually include an upper temperature of
the thermal cycle higher than in the current study (100 °C: [4,5],
150 °C [44], 67 °C only for equiatomic NiTi [41]) so that residual
R phase might have dissolved there. The presence of such a dense
distribution of phases is linked to the absence of a network of dis-
locations well visible in the homogenous austenitic lattice as re-
ported by Pelton et al. [5]. Rather, we hypothesize the presence
of a high density of misfit dislocations hidden in the strain con-
trast around the residual phases but giving rise to a temperature-
dependent positron lifetime signature, see Sec. 5.4 on the C500
sample.

Another characteristic of thermal cycling is that Ms is shifted
by just about 3 K. The same applies to the reverse transformation.
This is in contrast to reports on strong DSC peak shifts of the for-
ward and reverse transformations [4,5,41,44]. The observed value
for Mg of —32 °C in Fig. 1 is much lower than the Mg of 2.1 °C re-
ported for the AQ state [15]. This observation suggests that the full
effect of hindering the transformation to martensite has unfolded
already in the first cycle.

Fig. 6a, b yield more information. Two positron lifetime com-
ponents are measured at 20 °C with the spectrometer P defining
a mixture of 69% of 71, = 0.118 ns and 31% of 73 = 0.160 ns. Here
we call the second component 73, anticipating that the component
71 will be split into two components later (at low temperatures).
At ‘room temperature’ 71, could be simply written as t; since the
intensity of 7, is near zero, but this would complicate notations.
Using the equation of the two-state trapping model (2STM) that
allows one to calculate the bulk lifetime 7z [45]:

oo (fe by )
B Tiz2 13 ’

yields the value of 0.128 ns given in Fig. 9a (discussed in Section
5.6). This shows that the 2STM is fulfilled reasonably well since
Tga“ is close to the value for the annealed state (0.129 ns) that
represents annihilation in the bulk of the B2 structure.
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The positron lifetime 73 = 0.160 ns represents a new trap cre-
ated by thermal cycling. Potential candidates are deep vacancy-
related objects such as a bare vacancy, a vacancy-solute complex
or a dislocation with an attached vacancy. Bare vacancies in NiTi
are expected to have t values of 0.197 ns as found for irradiated
NiTi [9] and therefore cannot be the source of 3. A better candi-
date is a vacancy that is attached to a dislocation and is therefore
squeezed in volume by the compressive stress field of the dislo-
cation. As the formation energy of vacancies at a dislocation can
be markedly lower than in the bulk [37] it is plausible that cy-
cling induces such squeezed vacancies (‘SV’) that then remain as-
sociated to dislocations. We shall call this object ‘SV trap’ in the
following. The positron lifetime in this trap is about 50% on the
normalised scale between 7z and ty, which is about the same as
for various elements, see green lines in Fig. 8. The other compo-
nent (71, = 0.118 ns) is the reduced lifetime of free positrons. It
is only slightly reduced to below the value for bulk annihilation
because I;; = 69% is so high.

The temperature dependence of the positron lifetime decom-
positions during cooling to —50 and —125 °C yields additional in-
formation. In Fig. 6b, 71, increases from ~0.118 to ~0.135 ns, Iy
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increases by ~10%, while t3. remains the same but I3 decreases by
~10% upon cooling to —125 °C. This temperature dependence im-
plies that a shallow trap is ‘activated’ at low temperatures, i.e. due
to a lower measurement temperature the positrons can now an-
nihilate in the trap and contribute to the signal. A good candidate
for such a trap is a ‘pure’ dislocation (‘PD’), i.e. without an attached
vacancy. It will be called ‘PD trap’ in the following.

The positron lifetime in a dislocation line is usually (at least for
elemental Al, Cu, Ni, Fe) very close to the bulk lifetime and bind-
ing of a positron is weak (red lines in Fig. 8). So shallow traps
characterized by a lifetime slightly higher than that of the bulk
explain the experimental findings. Whether jogs on edge disloca-
tions fall into the category of shallow traps is disputed (compare
Al and Ni/Fe in Fig. 8 given by orange lines). If yes, jogs could be
the annihilation sites. Moreover, there is a chemical preference for
Ni in the environment of the annihilation sites since CDB indicates
an increase in the contribution of positrons annihilating with core
electrons of Ni at low temperatures (Fig. 7b). We will discuss in the
next section why the R phase itself is not considered the source of
positron trapping.

As positrons can annihilate in two different traps and in
the bulk, the 3-state trapping model (3STM) should be applied
implying that there are three measurable lifetime components,
71, Tp and 73. However, due to limited spectrometer resolution,
only two lifetimes are actually resolved, namely 71, and 3.

The positron lifetime 7, in the ‘activated’ shallow (PD) trap can-
not be larger than 0.160 ns because in this case the spectrometer
would have mixed the contribution of the deep trap (dislocation
with a squeezed vacancy) with the shallow trap (dislocation) and
a higher value and intensity of 73 would have been the conse-
quence. On the other hand, t, cannot be smaller than 7, since
T1<Ty and It =Lt + b1ty with 0 < (L,L) <1. Thus, 0.129 ns
=71 <T13 <7, <13= 0.160 ns.

We rationalise this by stating that: (i) The value 7, = 0.135 ns
measured at —125 °C (Fig. 6b) is in reality a mixture of a reduced
free positron contribution (77) and the lifetime of positrons con-
fined in the shallow PD trap (7). (ii) As mentioned above, 7, must
be between 77, and 0.160 ns. The largest 71, measured is 0.135 ns.
We estimate that 7,=0.145 ns, which is roughly in the middle be-
tween the lifetime in the SV trap (~0.160 ns) and in the bulk
lifetime (~0.129 ns). This choice appears reasonable because the
positron lifetime in an undisturbed dislocation should be close to
the lifetime in the bulk 73=0.129 ns. Therefore, we chose a value
close to the lower limit of 0.135 ns. (iii) The 3STM is satisfied.
(iv) At —125 °C, the shallow PD trap is nearly fully ‘activated’. The
3STM defines 7 in term of three lifetimes and two independent
intensities:

T=hti+hLbt+hLts;h+L+=1 (6)

Here, the left hand side is a known measured quantity, but as
liand tyare unknown, the equation is underdetermined. However,
due to assumption (iii) we can write [45]:

L L B\
T = (f N 7) = 0.129ns, (7)
T T T3

which allows us to determine l1and 77 (and hence , =1 -1; — I3)

by combining Eqs. (6) and (7) and solving a second order equation.
The result is [;=9%, 7; =0.055 ns and [,=70%, 7, = 0.145 ns, see
Fig. 10a that also shows values for -50 °C. For the ‘room tempera-
ture’ measurement I, ~ 0 is required since the 2STM is satisfied for
712 and t3. Fig. 10a shows that starting from ‘room temperature’,
where we find a low contribution of PD traps, for decreasing tem-
perature PD traps gain importance in absolute terms (increasing I,
at the cost of mainly the free positron contribution I;) but also rel-
ative to the SV traps since I3 decreases. At —125 °C, the effect of
PD traps is 3.3 times higher than that of SV traps.
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exhibits considerable variation. The values for t1; and I;; can be read from Fig. 6b.

The CDB ratio curve is shifted towards Ti by cycling compared
to the annealed state (Fig. 7a). The shift is caused by a decrease of
the Ni fraction in the environment of the annihilation site. Using
the averages w; in the high-momentum regime defined in the last
paragraph we can calculate the Ni site fraction xy; ¢ using:

wWniti, c1 = (1 — B)Wnimi, an + B[Xniciwni + (1 — Xnict)wr]. (8)

Here, 3= 0.31 is taken from Fig. 10a (see arrow) yielding
xni = 0.35. Therefore, cycling introduces traps with a Ti-enriched
environment of the annihilation site and xy; = 0.35 instead of xy;
0.54 as in the AN state. Thus, the squeezed vacancy is preferen-
tially a missing Ni atom surrounded by Ti or Ti has segregated to
the annihilation site. This finding is in agreement with calculations
in which the equilibrium site fraction of vacancies was calculated
for B2 NiTi and vacancies on Ni sites were found to be much more
numerous than vacancies on Ti sites (many orders of magnitude,
although still a low fraction) [46]. Non-equilibrium vacancies cre-
ated by thermal cycling would then show the same preference for
Ni sites.

At —125 °C, the Doppler spectrum is closer to Ni than at 20 °C
(Fig. 7b). The PD trap activated at low temperature shows more an-
nihilation through Ni atoms. Therefore, either the entire dislocation
line or the jogs have a slight preference for Ni in their immediate
neighbourhood.

5.4. Cycled state C500

500 cycles have only a small effect on the DSC traces as the
peaks of the cooling curve are shifted only slightly (3 K) to lower
temperature (Fig. 1) unlike in cases where shifts are an order of
magnitude larger [4]. However, this is not a contradiction since
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even shifts to higher temperature are known in some alloys [7]. In
this particular case, the absence of dislocations after slow cooling
as opposed to the usual quenching is one reason for the absence
of the shift. Another is the occurrence of residual R phase after the
first cycle. Together, these prevent the gradual build-up of a dis-
location network and the associated shift of the peak positions as
discussed in Ref. [5].

PALS measurements at ‘room temperature’ show that compared
to state AN and C1, 500 thermal cycles markedly increase the
positron lifetime measured at either 20 or 25 °C. For spectrom-
eter B, 7ic increases by 36—38 ps to 0.161-0.163 ns (Fig. 4), for
spectrometer P, the increase for T is 32—37 ps to 0.161-0.166 ns
(Fig. 5). This is much more than for state C1 and indicates further
formation of SV traps. However, TEM images have a similar appear-
ance after 1 or 500 cycles or more, see Fig. 2c-e. Whether high cy-
cle numbers further increase the number of R phases is not clear
from the TEM images. If yes, it is not a very pronounced increase,
whereas positron lifetime does show large further changes. This
leads to the conclusion that the particles visible so clearly cannot
cause the increase of positron lifetime directly. Rather dislocations
attached to the R phases trap positrons. As no dislocations are vis-
ible in the space between the R phases these must be very short
and associated to the phases. There, very strong stress obscures
these phases. Misfit dislocations can be created as the stress dur-
ing continued growth of R during cycling is partially relaxed. They
increase in number as the stresses in each cycle increase. The rela-
tionship between such misfit dislocations and the specific ‘coffee-
bean’ contrast observed has been described in the literature [47].

The two-component decomposition in Fig. 6 measured at 20 °C
by spectrometer P yields 7% of 71 = 0.049 ns and 93% of 13 =
0.169 ns, showing that compared to state C1, the contribution
related to SV traps is close to saturation and just a small free
positron contribution is left. As Fig. 4 shows that the increase of
Tyc saturates after 500 cycles (or earlier) it is reasonable to assume
that SV trap formation has come to an end in sample C500 or that
saturation trapping is reached.

Due to the predominance of SV traps the reduced free positron
lifetime 7; = 0.049 ns at 20 °C is very small. In the 2STM, [; —
0 as t; — 0. This is in accordance with very small value Iy = 7%
observed.

As for C1, the temperature dependence of positron lifetime pro-
vides more information: Upon cooling to —125 °C from ‘room
temperature’, T3 remains essentially unchanged but I3 decreases
sharply from 94 to 39%, see Figs. 6b and 10b. Correspondingly, t1,
increases from 0.049 ns to 0.132 ns, I;; by 55%. As for C1, the shal-
low PD trap is activated at low temperatures. Using the same typi-
cal positron lifetime in PD traps as for C1, T, = 0.145 ns and by ap-
plying Eqs. (5) and (6) again, t; and I; can be determined. Fig. 10b
shows the results that can be compared to the results for state C1
(Fig. 10a). For —125 °C we find I; = 8% and t; = 0.045 ns. The
main differences between C1 and C500 are the following. In state
C500, the intensity ratio L/I3 is 1.4 while it is 3.3 in C1. Although
the density of PD is higher in both cases, more SV traps have been
created in state C500 than PD traps. In other words, with increas-
ing number of cycles the concentration of SV traps increases faster
than the concentration of PD traps. This is in accordance with a
high concentrations of vacancies reported in materials subjected to
severe plastic deformation [48,49].

The changes of T in Fig. 5 between low and high temperature
are more pronounced than for state C1. This is due to the greater
variability of I5, i.e., higher concentration of SV traps, compare
Fig. 10a, b. The Doppler spectrum at 20 °C is shifted even more
towards Ti than for C1 and the temperature effect (shift towards
Ni for lower T) is slightly stronger than for C1, see Fig. 7. Applying
Eq. (8) using the data for C500 in Fig. 7a, we obtain a site fraction
Xni = 0.4 similar to that for state C1.
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Table 2
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Summary of the two types of positron traps formed during thermal cycling. Grey scale and number of large diamonds qualitatively indicate trap density.

object

Dislocations in a Ni-enriched environment

‘ short name t component
PD trap

AN C1  C500
¢ AR 4 444

T2

Squeezed vacancies in a Ti-enriched
environment associated to a dislocation

SV trap

¢ L 2 L 4 2 4

3

* very small density, no clear positron signal.

5.5. Evolution from AN to C1 and C500

From the results obtained in Sections 5.2. to 5.4. one can con-
clude that one cycle applied to the annealed state introduces pre-
dominantly pure dislocations (shallow positron traps with a life-
time of 0.145 ns) and fewer squeezed vacancy/dislocation com-
plexes (deep positron traps with lifetime 0.160—0.170 ns) as the
free positron component at ‘room temperature’ is still large. As-
suming that at -125 °C the shallow traps are fully activated, the in-
tensity ratio between the latter and the former is 70:21. 500 cycles
introduce more traps of both types than one cycle as reflected by
a small bulk component at room temperature. The number of va-
cancy/dislocation complexes is relatively larger than after one cycle
but pure dislocations still dominate (ratio 53:39). These facts are
illustrated in Table 2.

5.6. Further aspects of measurements

The two-component decompositions in Fig. 6 allow us to es-
timate the defect density provided that a value for the spe-
cific trapping rate is known. For dislocations in Ni a value of
=29 x 10" s~ has been reported [50] and we shall use this
value for the NiTi alloy of the present study. It can be converted
to an area-specific trapping rate of 2.3 x 10~% m~2s~! (which is
close to another value of 3.9 x 104 m~2s~! given in Ref. [51]).
From this and the values for 715, 73 and I3 we calculate the dislo-
cation density associated to SV traps (PD dislocations not activated
at 20 °C) using the 2STM,

_ ]3( 1 1 >

u\tp w3/
given in Fig. 11 as a function of the number of thermal cycles. The
dislocation density strongly increases with increasing number of
cycles from ~ 1012 m~2 (typical for moderate deformations) and
saturates in samples subjected to more than 500 cycles at a value
around 7 x 10 m~2 which corresponds to a heavily deformed
metal. Note that Pelton et al., although applying different condi-
tions, measure a comparable dislocation density range by TEM,
namely from initially 10" to 5 x 10 m~2 at the end point of
cycling including, however, all types of dislocations [5].

The deviations from the 2STM of all the positron lifetime data
that can be decomposed into two components is expressed in
Fig. 9 as the value tgalc obtained from Eq. (5) and should be iden-
tical to the bulk lifetime g = 0.129 ns provided the 2STM is satis-
fied. The measurements approximately fulfilling the 2STM (tgalc <
0.132 ns) are states AN and the cycled states at 20 °C up to C100
for spectrometer P, up to C20 for spectrometer B. The 2STM is
not fulfilled (rga'c > 0.145 ns) for the as-received sample AR, the
higher cyled samples at ‘room temperature’ and also C1 and C500
at —125 °C. C1 at -50 °C and C50 to C200 at 20 °C (spectrometer
B) show small deviations from the 2STM.

The trend that with increasing cycling (and hence creation of
dislocations of both types) the 2STM is no longer fulfilled can be
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Fig. 11. The development of the mean density of SV traps with increasing number
of cycles as calculated from PAS data using Eq. (9).

explained by taking into account that the annihilation centres are
no longer uniformly distributed but lump together in certain spa-
tial areas. Such an effect has been observed in ultra-fine grained
Cu [52] and steel [53] prepared by severe plastic deformation. This
supports the idea that dislocations are increasingly non-uniformly
distributed after repetition of thermal cycling for many times and
therefore cause the too high values of rgalc. For C1, however, de-
creasing the temperature leads to the breakdown of the 2STM. This
cannot be caused by non-uniform distribution of annihilation cen-
tres because after reheating to ‘room temperature’ the emerging
state C2 satisfies the 2STM again. Here, a second reason is respon-
sible, the presence of 3 positron lifetimes and the attempt to fit
this with the 2STM instead of the 3STM. The middle component
7, might distribute over both measured components and lead to a
wrong value of Tgalc as the equations of the trapping model show.

We also characterized the as-received (AR) materials before ini-
tial heat treatment. It is influenced by the manufacturing process
involving rolling. We find two components, 46% of 0.183 ns life-
time and 54% of 0.124 ns. The average lifetime 7 is therefore close
to that of C100, and the calculated value rgalc = 0.146 ns indicates
that the 2STM is not satisfied. Therefore, AR can be assumed to
contain non-uniformly distributed defects that were created dur-
ing rolling.

6. Conclusion
Thermal cycling of a NiTi shape memory alloy (50.55 at% Ni)

through the B2 < (R) < B19’ martensite transition was studied by
positron annihilation lifetime and coincidence Doppler broadening
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spectroscopies and thermo-calorimetry. The main findings are sup-
ported by TEM and XRD measurements:

« The annealed and slowly cooled alloy is low in defects.

In the first cycle, a high number density of 10 to 20 nm large
particles of residual R phase but no NiyTiz phases are formed.
Positron trapping is initiated in misfit dislocations around these
phases.

Up to 300 to 500 cycles, more positron traps are generated in
each cycle, after which defect generation saturates.

Two types of positron traps can be distinguished, namely:
‘Pure’ dislocation (PD). The annihilation site, possibly a jog,
has a slightly Ni-enriched neighborhood.

Squeezed vacancy (SV): a vacancy is attached to a disloca-
tion line and is squeezed in volume compared to a free va-
cancy. It is preferentially a vacancy on a Ni site.

Both dislocation types are concentrated near R phases.

No free monovacancies are found, i.e., their site fraction is
<1077,

PD traps are formed earlier than SV traps and, when activated,
their contribution to positron annihilation is always higher, but
thermal cycling creates relatively more SV traps.

We have demonstrated that PAS is a suitable tool to detect sub-
tle changes of defect configuration even after just one thermal cy-
cle. It would be promising to extend the study to other shape
memory alloys and other thermomechanical treatments.
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