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Abstract: The microdefects and free electron densities in B2, R and B19' phases of Nisg,5T149 5, alloy were studied by positron
lifetime measurements. Comparing the lifetime parameters of the Nisq 751492, alloy measured at 295 K and 225 K, it is found that the
free electron density of the R phase is lower than that of the B2 phase; the open volume of the defects of the R phase is larger, while
the concentration of these defects is lower than that of the B2 phase. The NisggTis9 0, alloy exhibits B19' phase at 115 K. In
comparison with the R phase, the free electron density of the B19' phase increases, the open volume of the defects of the B19' phase
reduces, and the concentration of these defects increases. The microdefects and the free electron density play an important role
during the multi-step transformations (B2—R—B19' phase transformations) in Nis, 75T149.25 alloy with the decrease of temperature.
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1 Introduction

NiTi alloys are the most successful shape memory
alloys as a result of their combination of good functional
properties and excellent mechanical strength[1,2]. The
thermal and mechanical shape memory behavior in these
alloys is dependent upon their martensitic transformation,
as has been discussed by numerous sources in the
literatures|3, 4]. It is well established that two martensite
phases, R-phase and B19', are prone to form in NiTi
alloys from the high temperature cubic B2 phase on
cooling. Due to thermoelasticity and crystal invertibility
of martensite transformation, parent phase can be
restored on heating, consequently showing shape
memory effect.

The defect and the electronic structure strongly
affect the physical properties of the alloy[5, 6]. The NiTi
alloy showing good reversible shape memory effect
needs to contain some structural defects, neither too
much nor too little[7]. ZHENG et al[8] have pointed out
that the superelasticity of the moderately cold-drawn

NiTi alloy is associated with the appearance and
disappearance of micro-twinning. SHABALOVSKAJA
et al[9] showed that the electron structure changed in
martensite transformation. Up to now, a variety of
methods have been used in the studies of NiTi alloys.
However, investigations by positron
annihilation on the microdefects and electronic structure
of different phases in NiTi alloy are very limited.

Positron is very sensitive to microdefects in metals
and alloys[10]. Positron annihilation technique is useful
for studies on microdefects and electron structure of
materials, which can provide information about size and
concentration of microdefects, electron density and so on
[11]. In this work, positron lifetime spectra of single
crystal Ni, polycrystal Ti, and the B2, R, B19' phases of
Nisg 7811402, alloy are measured and analyzed. The
microdefects and electron density of different phases of
Niso 78 T140.22 alloys are studied.

experimental

2 Experimental

The Nisg75T14025 alloy was prepared from pure Ni
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and Ti. The purity of raw materials used in this study
was 99.97% Ni and 99.8% Ti (mass fraction). The
electrode mixture of Ni and Ti materials was firstly
melted by using vacuum consumable electrode arc, and
then melted in vacuum induction furnace for the second
time. After homogenizing for 4 h at 1 123 K, the ingot
was calcined and hot rolled as rods with a diameter of 10
mm. Since the mass loss ratio after arc melting was less
than 0.01 %, the alloy used in this study is expressed as
the nominal chemical composition. Slices with the
thickness of 1 mm were cut from the sample rods for
positron lifetime measurements. For comparison, single
crystal Ni and polycrystal Ti specimens were also
prepared. Before test, the surfaces of the specimens were
polished. In order to recover the defects, the Ni and Ti
specimens were annealed at 1 000 ‘C for 2 h in vacuum
furnace with a pressure of about 5x10~ Pa, and then
furnace cooled.

The points of phase
temperatures of the Nisg 7511402, alloy were measured by
differential scanning calorimetry, and the results are as
follows, M=222 K, M=197.2 K, 4=237.5 K, AF255.5
K. The R phase occurs between 270 K and 223 K.

The positron lifetime experiments were carried out
by using a fast-fast coincidence ORTEC system. The
samples were cooled by a cryostat system and the
temperatures of the samples can be changed from 300 K
to 15 K. A 0.76 Mbq source of **Na was sandwiched
between two identical sample pieces. The temperature of
the Nisg 7511402, alloys started to decrease from 300 K
and the positron lifetime spectra were measured at 295K,
225K and 115 K which corresponded to the B2, R and
B19' phases of the alloy, respectively. The positron
lifetime spectra of single crystal Ni and polycrystal Ti
were measured at 295 K. About 10° counts were
accumulated for each spectrum.

critical transformation

3 Results and discussion

After source corrections and  background

subtractions, the spectra of the Nisg75T149,, alloys were
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analyzed using three decay lifetime components. The
values of the lifetimes (71, 7,, 73) and the corresponding
intensities( 17 , I5 , I3 ) vary with the samples. The
long-life component 73 (=1 200 ps) in each spectra with a
small intensity 75 (<<1%) is considered to be the result
of positron annihilated at the surfaces of the samples. It
is disregarded in our discussion. Renormalize the first
two intensities /; and I, and mark them as [; and 1.
The intermediate-life component 7, is the lifetime of
positrons the defects, the
corresponding positron annihilation rate in defects, A4,
can be expressed as Aq =7, The positron annihilation
rate and the lifetime 1n bulk, 4, and 7,, can be written as
M= T{I +L7,' . 5=7,;". respectively[10].

The electron densities in bulk and defects, #, and nq,
can be estimated by the following formula given by
BRANDT and REINHEIMER[12],

n=(A-2)/134

annihilated at and

Q)

where / is the positron annihilation rate in ns™', # is the
electron density in atomic unit or au. (for electron
density, n, la.u. =6.755x10°°m™).

The parameters of positron lifetime spectra and
electron densities in the bulk and the defects of the
Niso 78 T140.20 alloy at 295, 225 and 115 K are shown in
Table 1.

Only one lifetime component has been found in the
spectra of the annealed single crystal Ni and polycrystal
Ti. The bulk positron lifetimes, positron annihilation
rates, electron densities, electronic configurations and
electronegativities of pure Ni and Ti metals are listed in
Table 2.

The positron annihilation rate in an alloy can be
calculated by the local density approximation[13,14].
Especially, in a binary alloy consisting of metal elements
of A and B, the positron annihilation rate in the alloy
Asp(alloy) can be expressed as[11]

Acv(alloy)=xaAu(A)+xpln(B) 2)

M(A) and Ay(B) are the positron annihilation
rates of the pure metals A and B; x, and xp are the mole

where

Table 1 Parameters of positron lifetime spectra and electron densities of B2, R and B19' phases of Nisg 7511495, alloy

Phase  Temperature/K  7,/ps T,/ps 1,/% L,/% Ag/ns ! Ay/ns ! T/ps my/a.u. ng/a.u.
B2 295 14742 278+12 83.1 16.9 3.60 6.26 159.7 0.0318 0.0119
R 225 158+1 335+20 92.7 73 2.99 6.08 164.5 0.0304 0.007 4

B19’ 115 13942 262+11 813 18.7 3.82 6.56 1524 0.034 0 0.0136

Table 2 Bulk positron lifetimes, positron annihilation rates, electron densities, electronic configurations and electronegativities of Ni

and Ti metals

Element T/ps Jy/ns” ny/a.u. Electronic configuration Electronegativity
Ni 105 9.52 0.0561 (An)3d®4s” 1.80
Ti 145 6.90 0.0366 (Ar)3d*4s? 1.50
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fractions of metal elements A and B in the alloys,
respectively.

At 295 K, the NiTi alloy is composed of B2 phase.
In the B2 phase of Nisg75Ti49,, alloy, if we suppose that
the bonding nature in the alloy is pure metallic bonds, the
positron annihilation rate in the bulk of Nisq 15T149 5, alloy
Aw(B2-NiT1) can be calculated by Eqn.(2). Let
Jo(N1)=9.52 ns™", Ay(T1)=6.90 ns™' (Table 2), x3=0.507 8
and x1;=0.492 2 in Eqn.(2), and then let A,(B2-NiT1) in
Eqn.(1), one can calculate the positron annihilation rate
and the electron density in the bulk of the Nisy 7gT1404,
alloy: Aqp(B2-NiT1)=8.23 ns ™' and ng(B2-NiTi)=0.046 5
a.u.

The electron density in the bulk of Nisys5T14945
alloy obtained from the present experiment is ny,(B2)=
0.031 8 au. as shown in Table 1. It is lower than
nep(B2-NiTi). Thus, the bonding nature in Nisg75T14920
alloy is not a pure metallic bond.

The electronic configuration of Ni atom (3d*4s) is
shown in Table 2. There are some 3d electrons without
being coupled. The electronegativity of Ti (1.5) is
smaller than that of Ni (1.8). When Ni atoms bond with
Ti atoms, the electrons from Ti atoms may couple with
these localized 3d electrons to form covalent bonds.
Because of the localization of the covalent electrons, the
free electron density in the bulk of the Nisg 511405, alloy
(my,) 1s low relative to the calculation (ny,). Our present
results are in agreement with the results of JIA et al[15]
which were calculated by using EET method.

The positron lifetime increases with the open
volume of the defect[10]. The lifetime of positron
annihilated in defects of the B2 phase of NisggTi4922
alloy (t,(B2) =(278+12)ps, Table 1) is larger than that in
a monovacancy of Ni (7,(N1)=170 ps)[16]. This indicates
that there are not only the vacancies, dislocations but
also the large-open-volume defects such as column
cavities existing on the grain boundaries of NiTi alloy.
The second lifetime component of the B2 phase with an
intensity of 1,(B2)=16.9% shows that there are some
defects in the B2 phase of NiTi alloy. That is, some
dislocations, grain boundaries and subgrain boundaries
exist in the B2 phase of the NiTi alloy. The stress fields
of these defects provide the preferential places for the
nucleation of martensites and make the martensites grow
regularly and homogeneously. It has been found that the
presence of some dislocations in the NiTi alloy gives rise
to the stable martensite transformation, and the alloy
shows good shape memory effect[17].

At 225 K, the NiTi alloy is R phase. The free
electron density of the R phase of the alloy (m(R)=
0.030 4 a.u.) is lower than that of the B2 phase (n,(B2)=
0.031 8 au.) as shown in Table 1. This indicates that
more valence electrons are localized to form covalent
bonds in the R phase.

The second component lifetime of the R phase of
NiTi alloy ((R)=(335+20) ps) is longer than that of the
B2 phase (12(B2)=(278£12) ps), and the intensity of the
second lifetime component of the B2 phase (/,(R)=7.3%)
is smaller than that of the B2 phase ([,(B2)=16.9%)
(Table 1). That is, the open volume of the defects of the
R phase is larger, while the concentration of defects is
lower than that of the B2 phase. The above findings can
be interpreted as follows: the phase transformation of
B2—R is due to the forming and growing of the
nucleation of asymmetric martensites. With the decrease
of the temperature, at the beginning of the phase
transformation, R-phase slices start to form at different
dislocations and connect to each other; finally, the
R-phase forms in the whole field, which leads to the
decrease of the concentration of defects. On the other
hand, the strong order atom arrangement and high
ordering energy of R phase make its grain boundaries
very little relaxed, which results in the increase of the
open volume of grain boundaries.

At 115 K, the NiTi alloy is B19' phase. The free
electron density of the B19' phase of the alloy (m,(B19")=
0.034 0 a.u.) is larger than that of the R phase (m,(R)=
0.030 4 a.u.) as shown in Table 1. This means that more
valence electrons participate in metallic bonds in the
B19' phase, and the valence electrons participating in
covalent bonds are relatively fewer. KATSUYAMA et al
[18] measured the variation of electrical resistivity vs
temperature, and the results showed that the electrical
resistivity of B19’ phase is less than that of R phase and
the stability of covalent bonds in B19' phase decreases.

It can be seen in Table 1 that 7,(B19")(=(262%11)ps)
is lower than 7,(R)(=(335+20)ps), and /,(B19')(=18.7%)
is larger than 1,(R)(=7.3%). That is, the open volume of
the defects of the B19' phase is smaller, but the
concentration of defects is higher than that of the R phase.
This can be understood by the following explanation.
With the decrease of temperature, the martensite
transformation starts at AM=222 K and finishes at
M=197.2 K. During the formation of martensites, the
parent phases accommodate to form high concentration
of defects which in turn prevent the martensite from
growing up further[19]. Due to lower symmetry of
martensites, single-orientation parent phase may
transform to 24 variants of martensites, whose sub-
structure is twinning with the model of <011>1I[20]. On
the other hand, the atom arrangements of the B19'
structure, being monoclinic space group, are relatively
compact. Our experimental results demonstrate that the
existence of high concentration of twinning defects in
B19' phase leads to the increase of the traps of positrons
and thus the intensity of the second lifetime component
I,(B19") is increased, while the open volume of the
twinning defects is smaller than that of the defects in the



1262

R phase.

In general, as the temperature decreases from 295 K
to 115 K, the phase transformations of B2—R—>B19'
take place in the Nisg5T140.20 alloy. At 295, 225 and 115
K the Nisgs5T1404, alloy exhibits the B2, R and B19'
phases, respectively. It has been shown in Table 1 that
ny(B19)>ny(B2)>ny(R) and ny(B19") > ny(B2)>ny(R).
The results of JIA et al[21] obtained by using EET
method showed that the covalent electrons decrease from
4.640 7 per atom of B2-phase to 2.252 2 per atom of
B19'-phase; the electrical resistivity decreases from 100
pQ-cm of B2-phase to 70 pQ-cm of B19'-phase; and the
elastic modulus decreases from 75 GPa of B2-phase to
40 GPa of B19'-phase. Our results are in agreement with
the results of JIA et al.

4 Conclusions

1) The concentration of microdefects and the free
electron density of the B2, R and B19' phases in the
Nisg7sT14020 alloy are very different. They play an
important role during the multi-step martensite
transformations (B2—R—B19' phase transformations) in
Nisg 75 T140.2, alloy with the decrease of temperature.

2) The positron lifetime measurements on the
Niso 78 T14020 alloy at temperatures of 295 K and 225 K
show that the free electron density in the R phase is
lower than that of the B2 phase; the open volume of the
defects of the R phase is larger; while the concentration
of these defects is lower than that of the B2 phase.

3) As the Nisg-gTi490, alloy is at temperatures of
225 K and 115 K, the free electron density in the B19’
phase is larger than that of the R phase; the open volume
of the defects of the B19' phase is smaller; but the
concentration of these defects is higher than that of the R
phase.
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