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ABSTRACT A water-quenched martensitic CuAlNi shape-
memory alloy was investigated by a combination of coinci-
dence Doppler broadening and positron-lifetime spectroscopy,
supported by positron-lifetime calculations. We find a high
defect concentration in the as-quenched samples. The positron-
lifetime calculations suggest that the defects are not only single
vacancies but also vacancies associated with dislocations and
stacking faults. Annealing in the martensitic phase has no sig-
nificant influence on the vacancy concentration but results in
a different chemical environment around the vacancies. After
aging in the austenitic phase the vacancy concentration de-
creases significantly.

PACS 61.72.Ji; 78.70.Bj

1 Introduction

Nowadays, shape-memory alloys are extensively
studied because of their high damping capacity in the marten-
sitic phase. Cu-based alloys are particularly interesting be-
cause they can be used at high temperatures. At high tempera-
tures these alloys are in a stable bcc disordered beta phase.
After quenching a martensitic structure is obtained. It is well
known that a relatively high concentration of quenched-in va-
cancies is created.

The role of quenched-in vacancies in Cu–Al–Ni has been
studied in the past by e.g. resistivity measurements [1–4]. Va-
cancies are believed to play an important role in the reversible
martensite to austenite transformation and are responsible for
the martensite stabilization effect observed in this type of
alloy.

In this paper we report the study of Cu–13.2 wt % Al–
3.1 wt % Ni. This material has been studied before by Co-
varel et al. [3] using internal friction and electrical resistivity
measurements. They have shown that after annealing in the
martensitic phase no significant change in the vacancy con-
centration could be observed. But, on the other hand, internal
friction measurements clearly show a structural change in the
specimens. The aim of this work is to identify the nature of
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the defects in water-quenched CuAlNi alloys using positron-
lifetime spectroscopy and coincidence Doppler-broadening
spectroscopy.

Positron annihilation lifetime spectroscopy has proven to
be a very sensitive probe for various defects in solids [5].
Positrons have a positive charge and are therefore attracted to
vacancies, dislocations and other free-volume defects. Once
a positron is trapped inside such a free volume, the lifetime
of the positron can be directly related to the size of that free
volume. In this way it is possible to detect defects as small as
vacancies at concentrations as low as 10−7 at−1.

Measuring Doppler broadening of annihilation radiation
allows the identification of the chemical surroundings of the
defects [6]. The photons that are created during the electron–
positron annihilation are detected by germanium detectors.
The shape of the resulting photo-peak reflects the momentum
distribution of the original electron–positron pairs. This distri-
bution in its high-momentum part is unique for each chemical
species (see [6] for details).

For previous positron-annihilation studies on copper-
based martensites we refer the reader to [1, 2, 7–16] and more
specifically to [12–14, 16] for the study of CuAlNi alloys.
Most of these studies focussed on the defect behavior during
the martensitic transformation by investigating the S param-
eter and the mean positron lifetime as a function of aging
temperature. In this paper we focus on the detailed character-
ization of such defects regarding their size, concentration and
chemical environment.

2 Experimental procedures

2.1 Sample preparation

All the specimens used for this study have the same
composition: Cu–13.2 wt%Al–3.1wt%Ni (Cu70.9Al26.3Ni2.8).
They were homogenized at 1400 ◦C for 10 min before quench-
ing in water at room temperature. This results in an ordered
martensitic β′

1 structure (18R). Differential scanning calorime-
try measurements indicate that the temperature (Ms) when
upon cooling the martensite starts to appear is about 150 ◦C.
The specimens were annealed at 97 ◦C and 200 ◦C, i.e. at tem-
peratures well below and above Ms. Resistivity measurements
of these samples have shown that the vacancy concentration
is not influenced by aging in the martensitic phase [3]. After
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aging in the austenitic phase the vacancy concentration de-
creases.

2.2 Positron-annihilation spectroscopy

The positron-lifetime measurements were per-
formed with a conventional fast–fast lifetime spectrometer
(see e.g. [5]) with a resolution (FWHM) of about 220 ps
using the sandwich arrangement. The positron source (about
0.4 MBq) was made by evaporating 22NaCl onto a standard
kapton foil (7-µm thickness), which was then sealed with an-
other foil. The spectra all contained more than 5 ×106 counts
and were analyzed using the multi-component program LT
developed by Kansy [17]. The vacancy concentration is esti-
mated using the simple trapping model (see e.g. [5]). In this
model the defect concentration (Cd) can be calculated using
the following equation:

Cd = I2

µd

(
1

τ1
− 1

τ2

)
, (1)

with I2 the intensity of the defect component, and τ1 and τ2
positron lifetimes of, respectively, the free and the trapped
positrons, whereas µd is the positron-trapping coefficient for
the defects. This quantity is material dependent. It is a meas-
ure of the trapping efficiency of the defects in that material.
As µd is not known for our system, we will use the positron-
trapping coefficient for vacancies in B2 FeAl (1.6 ×1015 s−1)
as a first approximation [18].

The coincidence Doppler-broadening measurements were
performed with the two-dimensional Doppler spectrometer
at Ghent University. A full description of this setup and the
data analysis is given in [19]. All spectra contained more than
30 ×106 counts.

The positron-lifetime measurements are supported by
positron-lifetime calculations performed on perfect and de-
fect lattices using the atomic superposition (ATSUP) method
developed by Puska and Nieminen [20–22]. This method has
proven to be very reliable to predict positron lifetimes in small
defect structures in metallic systems. The calculations are per-
formed within the local density approximation. We used the

FIGURE 1 The unit cell of Cu3Al with the D03 structure

FIGURE 2 The projection of the unit cell of the martensitic β′
1 phase in two

directions. The symbols A, B, . . . denote the six types of close-packed stack-
ing planes (data taken from [24])

parameterization of the enhancement factor and correlation
potential as proposed by Boroński and Nieminen [23].

For the martensitic β′
1 phase the calculations were per-

formed on a cell with the atomic composition Cu51Al19Ni2,
which very closely corresponds to the composition of our Cu–
13.2 wt % Al–3.1 wt % Ni samples, and on Cu3Al with the
D03 structure, which is the parent phase of the β′

1 phase (see
e.g. [24]). Both structures are shown in Figs. 1 and 2. For the
calculation of the defect lifetimes in the D03 and the β′

1 struc-
tures we have used supercells containing, respectively, 128
and 1296 atoms.

3 Results

3.1 Positron-lifetime calculations

Table 1 shows the results of calculations of the ele-
mentary systems Cu, Al and Ni. The calculated bulk positron
lifetime of Al is well reproduced whereas for the transition-
metal materials the lifetimes are somewhat too low. This has
been reported before in the literature and is due to an overes-
timation of the contribution of the 3d electrons. The positron
lifetime in vacancies in Cu and Ni is underestimated by about
10 ps for the same reason. Calculations using the generalized
gradient approximation give better results for transition-metal
materials, but seriously underestimate the positron lifetime in
Al [25, 26]. The latter is due to an overestimation of the en-
hancement of the low-momentum electrons [27].

Now we proceed with the martensitic structures. First we
discuss the positron lifetime of the defect-free bulk structures.
The bulk positron lifetime of both the D03 and the β′

1 struc-
tures is 117 ps. The additional Al and Ni atoms in the β′

1
structure compared to the Cu3Al structure apparently have no
significant effect. The calculations were performed with the

Cu (ps) Al (ps) Ni (ps)
exp calc exp calc exp calc

Bulk 114 109 166 168 105 97
Vacancy 180 168 238 243 175 166

TABLE 1 Overview of experimental (exp) and calculated (calc) positron
lifetimes in Cu, Al and Ni. The experimental vacancy positron lifetimes for
Cu and Al were, respectively, taken from [28] and [29]. The other values
were measured at Ghent University
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Ni atoms at several different positions in the lattice, but this
turned out to have no influence on the bulk lifetime. This could
be expected because in these bulk structures the positron
wavefunction is delocalized, which makes the positron life-
time rather insensitive to the local structure. A small variation
of the Al content (Cu48Al22Ni2–Cu54Al16Ni2) in both struc-
tures (to mimic local differences in the composition) resulted
in lifetime changes smaller than 1 ps (no change of the lattice
constant was considered here).

To calculate the positron lifetime in vacancies in D03
Cu3Al, we have to take into account that there exist two pos-
sible crystallographically non-equivalent positions for the Cu
vacancy and one for the Al vacancy. They are characterized by
the composition of the eight nearest neighbors. The results are
shown in Table 2. We did not take lattice relaxations around
the vacancies into account. The lifetimes of Cu and Al va-
cancies differ by only a few ps, which makes it impossible
to distinguish between them in positron-lifetime experiments.
In the β′

1 phase there exist several possible vacancy sites. In
a first step we have calculated the positron lifetimes for all the
possible vacancy configurations for the β′

1 phase when neg-
lecting the Ni content (i.e. Cu54Al18 = Cu3Al). The result is
shown in Fig. 3. The Al vacancies have on average a slightly
larger lifetime than the Cu vacancies, but again here the dif-
ferences are very small. In a next step extra Al and Ni atoms
are added close to the vacancy sites. This gives only second-
order corrections (smaller than 1 ps) for the vacancy lifetimes.
These results show that positron-lifetime spectroscopy is not
suitable to distinguish different chemical surroundings of va-
cancies in the CuAlNi martensitic structure.

As a last step we calculate the positron lifetime of di-
vacancies. The presence of di-vacancies in quenched CuAlNi

Vacancy type Lifetime (ps) Nearest neighbors

Cuv 185 8 Cu
Cuv 182 4 Cu–4 Al
Alv 185 8 Cu

TABLE 2 Overview of calculated positron lifetimes of vacancies in Cu3Al
(D03 phase)

FIGURE 3 Histogram of calculated positron lifetimes in all 72 vacancy
configurations in Cu3Al with the β′

1 structure

TABLE 3 Overview of calculated positron lifetimes in di-vacancies in
Cu3Al (D03 phase)

Di-vacancy type Lifetime (ps) Direction

Cu–Al 209 [111]
Cu–Cu 210 [111]
Cu–Al 195 [100]
Cu–Cu 195 [100]

has been reported in [16]. In the D03 Cu3Al structure two
types of di-vacancies can be produced by taking away the
atoms in, respectively, the [111] and the [100] directions. The
results are shown in Table 3. The lifetime of the di-vacancies
in the [111] direction is about 25 ps larger than the lifetime
of mono-vacancies. The di-vacancies in the [100] direction
are formed by second-nearest neighbors and therefore have
a positron lifetime that is only 10 ps larger than the mono-
vacancy lifetime. Di-vacancies formed by atoms that are not
first- or second-nearest neighbors (e.g. in the [110] direction)
exhibit lifetimes similar to the mono-vacancy lifetime. In the
case of the β′

1 structure the situation is somewhat different.
The lifetimes of di-vacancies formed by the nearest neighbors
vary between 207 ps and 208 ps, similarly to di-vacancies in
the D03 structure. But all other di-vacancies have the same
lifetime as the mono-vacancies, so no intermediate di-vacancy
lifetimes were found.

3.2 Positron-lifetime measurements

An overview of the positron-lifetime results is
given in Table 4. The samples 1, 2 and 3 exhibit only one
positron lifetime, which is clearly larger than the expected
bulk lifetime. This is an indication for saturation trapping; the
concentration of defects is so high that all the positrons are
trapped. This means that it is not possible to retrieve exact
information about the defect concentration in these samples.

The defect lifetimes of all samples are equal to or some-
what lower than the calculated positron lifetime in vacancies.
This agreement between theory and experiment has also been
reported for other D03 structures (see e.g. [11]). It would
therefore be tempting to ascribe this defect component to sin-
gle vacancies. But we have to take into account that for Cu the
calculated lifetime is underestimated with respect to the ex-
perimental lifetime. The positron lifetime of a vacancy in Cu
is underestimated by more than 10 ps. Therefore, we would
expect that vacancies have an experimental positron lifetime
of at least 190 ps. A possible explanation could be the fact
that the specimens contain other defects. Indeed, transmis-

N Annealing τ1 τ2 I1 I2
T (◦C) Time (h) (ps) (ps) (%) (%)

1 25 – – 182 – 100
2 97 1 – 180 – 100
3 97 24 – 180 – 100
4 200 1 106 179 50 50
5 200 197 103 180 50 50

TABLE 4 Overview of the positron lifetimes in CuAlNi quenched from
860 ◦C as a function of annealing temperature and time. τ and I represent,
respectively, the positron lifetime and the relative intensity
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sion electron microscopy observations showed the presence
of numerous stacking faults and disoriented variants. Accord-
ing to positron-lifetime calculations performed by Häkkinen
et al. the lifetime of Cu vacancies related to (edge) disloca-
tions or stacking-fault regions should be, respectively, 10%
and 4% lower than the vacancy lifetime [30]. So, possibly at
least a part of the positrons is trapped in vacancies associated
with other defects such as dislocations and/or stacking faults.
There is no evidence for the presence of a significant amount
of di-vacancies in our specimens.

Samples 1, 2 and 3 exhibit saturation trapping, so (1)
cannot be used to calculate the vacancy concentration. We
can only state that the vacancy concentration is higher than
10−4 at−1. A sample quenched from 760 ◦C revealed the same
results. The positron lifetimes of samples 1, 2 and 3 are the
same within the error limits. The structural change that is ob-
served with internal friction apparently has no influence on the
size of the defects that are detected with positrons. Resistivity
measurements have also shown that the vacancy concentra-
tion does not change during 40 h annealing at temperatures
below Ms [3]. This has also been observed by Kong et al.
for Cu–13.2 wt % Al–3.1 wt % Ni quenched from 800 ◦C [16].
They investigated the variation of the S parameter (see later)
as a function of aging time at different aging temperatures.
In contrast to Cu–Zn–Al, no change in the S parameter was
found for aging temperatures below the temperature of the
beginning of the reverse martensitic transformation. This ef-
fect was ascribed to the fact that Ni is primarily located at the
Cu sites with Al nearest neighbors [31]. This causes a strong
bonding between Ni and Al, which retards diffusion in the
martensitic state.

After annealing at 200 ◦C a second lower lifetime ap-
pears. This is an indication for an irreversible decrease of
the vacancy concentration. This is in agreement with resis-
tivity measurements [3]. The vacancy concentration can be
estimated at about 1.2 ×10−6. The results for short and long
annealing are the same. Apparently the remaining vacancies
are rather stable at this temperature. This has also been ob-
served by Kong et al. [16].

3.3 Doppler-broadening measurements

Doppler spectra are often analyzed in terms of the
S and W parameters. They are defined as the relative contri-
butions of, respectively, the central part and the outer part of
the annihilation peak compared to the whole peak (area) [32].
The S parameter is mainly sensitive to changes in the low-
momentum part of the annihilation peak, i.e. to changes in
the contribution of conduction and valence electrons. The
W parameter reflects the contribution of the high-momentum
electrons to the annihilation peak and is therefore a measure
of the contribution of the core electrons. Compared to conven-
tional Doppler measurements, coincidence Doppler measure-
ments have the advantage of a very large peak-to-background
ratio. Therefore, no background corrections are necessary,
which makes the S and W parameters of different samples
more reliable compared to those obtained from single Doppler
spectra.

The Doppler profiles of the CuAlNi samples were recorded
together with the profiles for Cu, Al and Ni for comparison.

The best way to represent the S and W data is in a S–W
plot as shown in Fig. 4. Cu, Al and Ni clearly have well-
separated S–W points due to their different electronic and
crystallographic structures. This makes it possible to distin-
guish between them in a S–W plot. Upon trapping, the overlap
of the positron wavefunction with the wavefunctions of the
core electrons decreases drastically. This leads to a decrease
of the W parameter and an increase of the S parameter. This is
evidenced in Fig. 4, where the S–W points for defect-rich (de-
formed) Ni and Cu are shown. It can be shown that for a given
material a change in the defect concentration results in S–W
points that lie on a straight line in a S–W plot [5]. This can
be seen in the case of our CuAlNi samples. When we extrapo-
late this line, we end up with defect-free copper. This could be
an indication that the vacancies are mainly surrounded by Cu
atoms. Furthermore, the S–W point of deformed Cu is located
very close to the S–W points of CuAlNi.

The S–W point after annealing at 97 ◦C is different than
before annealing. At first sight this is an indication that the
defect concentration has decreased. But the positron-lifetime
and resistivity measurements indicate no change in defect
concentration. So, we have to look for other possible reasons
for this behavior. As we can see in Fig. 4, the S–W point for
Al is very close to the straight line connecting CuAlNi and Cu.
This is an indication that by using a S–W plot it would be very
difficult to distinguish between changes from an Al to a Cu
environment and changes in the defect concentration.

After annealing in the austenitic phase the defect concen-
tration decreased significantly, leading to a lower S and a
higher W value. There is no sign of preferential trapping near
Ni atoms, as in that case the S–W point would deviate from the
straight line towards the Ni point.

The next step is to compare the Doppler profiles them-
selves. These profiles typically span about five orders of mag-
nitude. To highlight the differences among these profiles, we
have made ratio curves with respect to the profile of graphite.
The area of each spectrum was first normalized to unity be-
fore making the ratio curves. The results are shown in Fig. 5.
The ratio curve of sample 3 is the same as for sample 2, but for
clarity of the figure it is not shown. All ratio curves, except for
the one of Al, are dominated by a large peak between 15 and

FIGURE 4 S–W plot of CuAlNi, Ni, Cu and Al
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FIGURE 5 Ratio Doppler profiles of CuAlNi, Ni, Cu and Al with respect
to graphite

25×10−3 m0c, which is due to the contribution of the 3d elec-
trons. Pure Cu and Ni have rather similar ratio curves, as they
are adjacent in the elemental table, but the maximum of the
Cu profile is shifted by about 2.5 ×10−3 m0c towards higher
momentum compared to that of Ni.

The maximum of the CuAlNi ratio curves is located close
to that of Cu. This is an indication that the defects are mainly
surrounded by Cu atoms, as could be expected. Samples 1 and
2 have clearly different ratio curves, whereas they have simi-
lar positron-lifetime characteristics. Therefore, this difference
can only be due to a different chemical environment. A Ni en-
richment or impoverishment around the defects would result
in a shift of the peak maximum, which is not the case here. The
Al ratio curve is rather flat compared to that of the other sam-
ples. Therefore, a change in the Al contribution in the CuAlNi
Doppler profiles could lead to a change in the height of the
peak in the ratio curves, but not in a shift of the peak maxima.
This hypothesis is confirmed when we subtract a fraction f of
the Al Doppler profile from the profile of sample 1 and renor-

FIGURE 6 Doppler profiles of sample 1 corrected for the Al contribution
compared to the Doppler profile of sample 2. The spectra are normalized with
respect to C

malize the resulting spectrum to unity. The ratio curve of the
latter spectrum coincides perfectly with that of sample 2 for
f = 13%. This is evidenced in Fig. 6. It should be noted that
this is independent of the Doppler profile used to normalize
the spectra. The same observation was made when the ratio
curves were made with Al and Ti, which highlight different
parts of the Doppler profiles.

So again here we can conclude that a change from a defect
environment with fewer Al atoms can hardly be differentiated
from a change in defect concentration. As the latter was not
observed by both positron-lifetime and resistivity measure-
ments, we can conclude that aging at 97 ◦C induces a struc-
tural change so that the trapped positrons see a lower fraction
of electrons belonging to Al atoms. This could indicate that
after aging a larger fraction of the vacancies are located at the
Al sites, or at the Cu sites with mainly Cu atoms as nearest
neighbors.

After aging at 200 ◦C the Doppler profile is much closer
to that of pure Cu. This is mainly due to the lower vacancy
concentration in these samples.

4 Conclusions

We have studied defects in water-quenched marten-
sitic Cu–13.2 wt % Al–3.1 wt % Ni using positron-annihila-
tion spectroscopy. Positron annihilation lifetime spectroscopy,
supported by positron-lifetime calculations, reveals a large
fraction of defects (> 10−4 at−1) in the as-quenched samples.
Positron-lifetime calculations show that one should be careful
in ascribing the defect component in these kinds of materials
to single vacancies. We rather believe that the defect com-
ponent is a combination of single vacancies and vacancies
associated with dislocations and stacking faults.

Aging at 97 ◦C did not show any change in positron-
lifetime characteristics, contrary to what has been found for
many other water-quenched Cu-based martensitic materials.
Aging at 200 ◦C results in a large reduction of the vacancy
concentration to 1.2×10−6 at−1. These vacancies are stable at
these temperatures. Coincidence Doppler broadening meas-
urements show that the vacancies are mainly surrounded by
Cu atoms. During aging at 97 ◦C a structural change occurs, as
evidenced by internal friction experiments. Doppler measure-
ments suggest that this structural change results in a redistri-
bution of the vacancies, leading to fewer Al atoms around the
annihilation site. This could be an indication that after aging
the vacancies are mainly located at Al sites, or at Cu sites with
mainly Cu atoms as nearest neighbors.
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