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A B S T R A C T

Simulations of the positron response to the mechanical deformation of Ni3Al nanowires are performed on

modelled samples obtained using molecular dynamics. Particular attention is paid to the evolution of the

various open volume defects and their interaction during deformation. Positron simulations are done in

conjunction with a general, geometrical analysis of open volumes in the studied samples, which brings

complementary information to the positron response results.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Deep understanding of deformation mechanisms and the role of
defects upon loading are essential in order to control mechanical
properties of materials. Considering high difficulties to investigate
experimentally deformation mechanisms at the nanoscale, mod-
elling is particularly attractive. In this work, Ni3Al samples
modelled by molecular dynamics (MD) using two different
potentials are investigated in detail with respect to created open
volume defects and their evolution during deformation. The
possibility to resolve different types of defects and to follow their
evolution experimentally by means of positron annihilation
lifetime spectroscopy (PALS) is examined in the present work.
There were numerous studies of nanostructured materials by
means of positron annihilation (see e.g. [1]) and recently first
positron experiments on nanowires/nanorods were also per-
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formed (see e.g. [2]). Simulations of the positron response of
nanostructured materials were also carried out (see e.g. [3]) in
order to help understanding the relation of measured positron
characteristics and microscopic models of such materials.

2. Samples

Two crystalline Ni3Al nanowires with L12 structure were
chosen for investigation. They were modelled as cylinders with
their axis along the [0 0 1] direction and with an initial diameter of
6.5 nm. In order to model cylindrical wires of an infinite length, a
periodic boundary condition was applied in the [0 0 1] direction.
They were deformed by a tensile uniaxial stress applied along the
[0 0 1] direction at 300 K. The first nanowire, marked as sample A,
was modelled using the second moment approximation of the
tight binding model potential described in [4] with the para-
meterization suggested in [5]. The second nanowire, marked as
sample B, was modelled using the embedded atom model [6] with
functionals of Ref. [7]. Associated equilibrium lattice constants for
samples A and B were aA = 3.567 Å and aB = 3.618 Å, respectively.
The experimental value of the Ni3Al lattice constant is 3.568 Å [8].
The structural evolution of each sample with the strain
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Fig. 1. The mean FV1 (circles), FV2 (triangles) and total FV1 (squares) versus strain

for sample A (filled symbols) and sample B (empty symbols).
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(ezz = (l � l0), where l0 and l are the lengths of the sample before and
after deformation, respectively) was followed by deformation
steps Dezz = 0.05 until rupture. The detailed description of the
sample preparation procedure and deformation experiment can be
found in Ref. [9].

3. Computational analysis methods

Analyses of free volumes (FVs) were made by means of the
FREEVOL program [10]. Parameters’ setting in FREEVOL was done
in order to allow detecting open volumes of about 7 Å3 (�0.6 of
single vacancy size) and larger. FVs distributions were found
multimodal and corresponding FV groups were distinguished
statistically according to the following rule: only FVs in a mode
with sizes that do not differ by more than three standard
deviations from the mean value of this mode were included in
the same group.

Positron annihilation lifetimes (PALs) were calculated by means
of the ATSUP program [3,11] based on the atomic superposition
method [12,13]. Both FREEVOL and ATSUP codes were updated in
order to allow handling nanowires. Surface positron states were
not considered.

For simulations of PAL spectra corresponding to modelled
samples a Monte Carlo technique was employed. Given the
positron lifetimes and trapping rates for each type of defect, a PAL
spectrum was computer generated1 considering the scheme of the
simple trapping model (STM) [14]. Convolution of the spectrum
with a time resolution function was involved in the simulations.
The resolution function consisted of 3 Gaussians leading to the
total full width at half maximum of 170 ps. Such a resolution
function is provided by the positron lifetime spectrometer at the
Charles University in Prague [15]. Each simulated spectrum
contained �107 counts. The source contribution to annihilation
spectra (22Na between mylar foils) was modelled by two
components with lifetimes ts1 = 368 ps and ts2 = 2 ns and corre-
sponding intensities Is1 = 8% and Is2 = 2%, respectively. Simulated
spectra were finally decomposed by means of a maximum-
likelihood procedure [16].

4. Results

4.1. Analyses of FV

During plastic deformation, two groups of FVs were distin-
guished in the sample A. The first group (‘‘FV1’’ in what follows) is
the distribution of vacancy-like defects at grain boundaries (GBs)
with the size 7–22.5 Å3 (0.6–2 vacancies). The second group (FV2)
is a single cluster with the size ranging from 42 Å3 to 422 Å3 (�4–
40 vacancies) depending upon the magnitude of deformation. This
cluster appears at GBs for some extensions. In the case of the
sample B only the group FV1 with the size 7–25.5 Å3 (0.6–2
vacancies) was found. The evolution of the mean FV and total FV1
for both samples is shown in Fig. 1.

Neither the mean FV size nor the total volume of the group FV1
display any clear evolution during the deformation of the sample A.
Defects of this group do not diffuse between different GBs,
however, they may diffuse within GBs. No defects were found
inside grains of the sample A. In the case of the sample B, the mean
FV size for the distribution FV1 displays no clear evolution during
the deformation whereas the total volume of the distribution
increases at the beginning of plastic deformation. So far, defects are
only detected at GBs. At strains larger than ezz = 0.3, defects were
also found inside grains because of the onset of a structural
1 Unpublished code. FORTRAN source file is available from authors.
transformation (L12 to tetragonal; see Ref. [9] for details), which
caused a further increase in the total FV1. Beyond this structural
transformation, at strains larger than ezz = 0.85, defects are mainly
found inside grains and defects’ positions remain stable upon
further deformation. The total volume of the FV1 distribution
levels off until rupture. The width of the FV1 distribution remains
constant during deformation for both samples.

At the smallest plastic deformation of the sample A, one cluster
(FV2) appears at the boundary between two grains. The position of
its centre of mass remains stable and this cluster grows up during
deformation. A kink develops at the surface and annihilates the
cluster at ezz = 0.4. At ezz = 0.6 a new cluster (FV2) appears due to
the migration and the coalescence of three defects from group FV1.
It annihilates the same way as the previous one at ezz = 0.65. This
indicates that the sample surface plays an important role in
deformation mechanisms and serves as a sink for large defects.

4.2. Simulation of the positron response

Considering a large amount of defects in each sample (usually a
few tens) occurring at each extension examined, calculating PALs
for each individual defect by the ATSUP program would be
unpractical. For this reason, we assume that positrons in FV defects
have the same lifetime as in spherical defects of the same size. The
lifetime corresponding to a given FV in modelled samples was
estimated by interpolation between lifetimes in vacancy clusters.
The latter were prepared in the following way. Clusters up to 15
vacancies were created by removing individual atoms from a
4 � 4 � 4 lattice unit L12 Ni3Al supercell. Larger vacancy clusters
were constructed by omitting gradually coordination shells of a
reference atom (Al) from a 10 � 10 � 10 lattice unit L12 Ni3Al
supercell, up to the 17th coordination shell. Calculated depen-
dencies of PALs for such vacancy clusters were done for both lattice
constants aA and aB.

Different lattice constants result in practically no difference in
the dependence of the PAL on the volume of defects. Approximated
values of PALs differ from those calculated with ATSUP for selected
defects in samples by no more than 10 ps, when defects with the
same volumes are considered. This difference can be caused,
on the one hand, by FV shapes that may deviate from a sphere, and
on the other hand, by the limited precision of the FV size
calculation by FREEVOL.

When simulating PAL spectra, the trapping rate was assumed to
be proportional to the volume fraction of the defect [17], with the
proportionality constant m1V = 2.8 � 1015 s�1 [18] defining the
specific trapping rate for single vacancies in Ni3Al.



Fig. 2. The evolution of PALs and their intensities during deformation of sample A

(filled symbols) and of sample B (empty symbols). Squares: free positrons; circles:

positrons trapped at FV1; triangles: positrons trapped at FV2.
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4.3. Decomposition of simulated spectra

Simulated spectra were decomposed into three or four (for
some extensions of the sample A) exponential components
including the source contribution. PALs of source components
ts1 and ts2 and the intensity Is1 were fixed to the above mentioned
values during decomposition. Consistency of the fitted model with
the simulated spectra was observed in all cases, x2-values being
typically (1.00 � 0.03). The evolution of PALs and of their intensities
during deformation is shown in Fig. 2.

Bulk PALs calculated for the 4 � 4 � 4 lattice unit L12 Ni3Al
supercells with lattice parameters aA and aB are 104.5 ps and
109 ps, respectively. Due to temperature effects PALs calculated
before deformation of samples A and B are 107 ps and 113 ps,
respectively. In both, the PAL of free positrons slightly increases
with the strain during elastic deformation and saturation trapping
occurs during plastic deformation due to the high concentration of
defects.

The shortest component obtained by the fit, t1, corresponds to
positrons trapped at vacancy-like defects of the group FV1. For
simulations of spectra, rather wide distributions of lifetimes from
137 ps to 194 ps (sample A) and from 144 ps to 201 ps (sample B)
were used, resulting in decomposed lifetimes 151–169 ps. No
evolution of t1 was seen during deformation. Individual defects
inside the group FV1 cannot be resolved in PAL spectra.

The second fitted component, t2, represents positrons trapped
at vacancy clusters of the group FV2 (sample A). A single lifetime
was used for the spectrum simulation. This lifetime was estimated
for the single cluster which appeared at some extensions (see
Fig. 1). The fitted lifetime reproduces very well the simulated
value. Changes in the FV2 cluster size can be seen in an increase of
the lifetime value as well as in an increase of the intensity of the
second component. The coalescence of FV1 defects resulting in a
FV2 cluster at the elongation ezz = 0.6 with an estimated PAL of
245 ps can be also resolved in the PAL spectrum, but with a worse
reproduction of the simulated value (fitted lifetime t2 = 235 � 9 ps)
due to proximity of the first component.
5. Conclusions

Associating atomic scale modelling – that provides detailed
information about the state of the sample during deformation –
with the simulations of PAL spectra for the same model sample
allows to assess which part of this information could be resolved in
PAL experiments. Simulations indicate that a single lifetime cannot
be assigned to trapping sites at GBs, but such defects are rather
represented by a distribution from which a weighted average value
can only be found in PAL measurements. Even if individual defects
are irresolvable, detected components of PAL spectra reflect well
the evolution of different groups of FV defects in studied samples.
Hence, the positron response can be useful for the identification of
open volume defects and investigation of their behaviour during
deformation. It should also be mentioned that there are apparent
differences in FV and PAL characteristics of larger free volumes
(FV2) for the samples simulated with different MD potentials, but
otherwise same conditions. PAL measurements can be thus
foreseen as a qualitative tool to assess the adequacy of potentials
used for simulations of Ni3Al nanowires.
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