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Abstract

Vacancies in Fe3Al intermetallic alloys were investigated by positron annihilation spectroscopy combined with X-ray diffraction. Two
complementary techniques of positron annihilation were employed: positron lifetime spectroscopy and coincidence Doppler broadening.
The experimental results were combined with ab initio theoretical calculations of positron characteristics. It was found that Fe3Al
quenched from 1000 �C exhibits a mainly disordered A2 structure. Defects in the as-quenched sample were identified as Fe vacancies
on the A sub-lattice surrounded by Al nearest neighbors. The concentration of quenched-in vacancies was determined from the positron
lifetime results. The samples were subsequently subjected to isochronal annealing which enabled an investigation of the recovery of
quenched-in vacancies and the formation of thermal vacancies in B2 phase. It was found that recovery of quenched-in vacancies is
accompanied by ordering to the D03 structure. The enthalpy and entropy of formation were determined for vacancies in the B2 phase.
� 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Good mechanical strength and excellent oxidation resis-
tance at elevated temperatures make Fe–Al phases very
attractive for high temperature applications [1,2]. It is well
established that the physical and mechanical properties of
Fe–Al alloys are strongly influenced by the atomic ordering
and point defects [3]. It was shown that a high concentration
of vacancies formed in Fe–Al alloys at high temperatures
can be relatively easily quenched down to room tempera-
ture. The concentration of quenched-in vacancies increases
with increasing Al content or quenching temperature and
may be as high as several atomic percent [4–6]. It was con-
vincingly demonstrated that the hardness and strength of
Fe–Al alloys can be increased by vacancies [5,7]. Thus the
investigation of vacancies is very important for understand-
ing the physical properties of Fe–Al alloys. So far character-
ization of vacancies has been performed mostly in Fe–Al
alloys with an Al content around Fe–Al stoichiometry, since
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these alloys exhibit the highest concentrations of vacancies.
Less is know about vacancies in Fe–Al alloys with compo-
sitions close to the Fe3Al stoichiometry.

During cooling from high temperatures Fe–Al alloys
with an Al content in the range 22.7–40 at.% undergo
ordering from the high temperature disordered A2 phase
to the partially ordered B2 structure and subsequently to
the ordered D03 phase [8,9]. The disordered high tempera-
ture phases can be retained in the samples by fast cooling.
Structure of the Fe3Al phases is based on two interpene-
trating cubic sub-lattices, denoted A and B, which are
shown in Fig. 1. In the disordered A2 phase both sub-lat-
tices are randomly occupied by Fe and Al atoms. Hence,
each lattice site in Fig. 1 is occupied by an Fe atom with
probability 0.75 and by an Al atom with probability 0.25.
In the partially ordered B2 phase the A sub-lattice is occu-
pied exclusively by Fe atoms, while the B sub-lattice is
randomly filled by Fe and Al. Thus, each site in the B
sub-lattice is occupied by an Fe or Al atom with probabil-
ity 0.5. The complex D03 phase is fully ordered, with the A
sub-lattice occupied only by Fe atoms and the B sub-lattice
consisting of alternating Fe and Al atoms (see Fig. 1).
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Fig. 1. The structure of the Fe3Al phases. Solid and dashed lines show the
A and B sub-lattices, respectively. In the disordered A2 phase the A and B
sub-lattices are randomly occupied by Fe and Al atoms. In the partially
ordered B2 phase the A sub-lattice is occupied exclusively by Fe atoms
(full circles), while the B sub-lattice is filled randomly with Fe and Al
atoms. The complex D03 structure consists of the A sub-lattice occupied
only by Fe atoms (full circles) and the B sub-lattice consisting of
alternating Fe (half filled circles) and Al (open circles) atoms. The symbol
a denotes the lattice parameter of the A2 and B2 phases, while a0 = 2a is
the lattice parameter of the complex D03 phase.
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Positron annihilation spectroscopy (PAS) is a well-
established, non-destructive technique with a high sensitiv-
ity to vacancies [10,11]. Moreover, positron characteristics
can be calculated from first principles and directly com-
pared with experiment [12]. PAS involves several experi-
mental techniques. Among them, positron lifetime (LT)
spectroscopy [10,11] and coincidence Doppler broadening
(CDB) [13,14] are most suitable for the characterization
of vacancies in Fe–Al alloys. LT spectroscopy enables the
determination of the free volume and concentration of
defects, while CDB provides information about the local
chemical environment of defects.

LT spectroscopy has been employed to investigate
vacancies in Fe–Al alloys by a number of authors
[15–28]. In contrast, CDB studies of Fe–Al alloys are still
rather rare [20,28], despite that fact that a knowledge of
the chemical environment may significantly facilitate iden-
tification of vacancies. The lifetime of trapped positrons is
to some extent influenced by the chemical environment of
the vacancy. However, the dependence of the positron life-
time on chemical environment of a defect is relatively
moderate. In Fe–Al alloys variations in the chemical
environment of vacancies changes the lifetime of trapped
positrons typically by a few picoseconds [16,28]. Hence,
taking into account statistical scattering of the experimen-
tal data, unambiguous identification of vacancies is not
always possible on the basis of LT results alone. This can
be seen in Table 1, which summarizes the published life-
times of positrons trapped in vacancies in Fe–Al alloys
with compositions close to Fe3Al. Positron lifetimes
reported in the literature fall in the range 170–188 ps, with
one exception of a rather short lifetime of 160 ps in Broska
et al. [18]. From inspection of these data it is clear that
additional information about the chemical environment
of vacancies is highly desirable. The exceptional sensitivity
of the CDB technique to elements in the vicinity of defects
enables reconstruction of the chemical environment of
vacancies. Hence, a combination of LT and CDB is an
excellent method to investigate vacancies in Fe–Al alloys.

In this work we performed detailed investigations of
thermal vacancies in stoichiometric Fe3Al alloys employing
LT spectroscopy combined with CDB. The phase composi-
tion of the samples was characterized by X-ray diffraction
(XRD). The experimental PAS data were interpreted with
the aid of ab inito theoretical calculations of the positron
parameters.

2. Materials and methods

The stoichiometric Fe3Al alloy was prepared from Fe
(99.99% purity) and Al (99.99% purity) by induction co-
melting under an Ar atmosphere. The Fe3Al ingot was
homogenized at 1000 �C and then cooled in a furnace.
Samples for PAS investigations having the dimensions
10 � 10 � 1 mm were cut from the Fe3Al ingot. The sam-
ples were then encapsulated in evacuated silicon glass
ampoules which were subsequently filled with argon and
annealed at 1000 �C for 1 h. The annealing treatment was
finished by quenching the ampoule in water at room tem-
perature. Since the annealing treatment was performed in
the region of the disordered A2 phase [8,9] it is expected
that the A2 phase is retained in the quenched samples.
After characterization of defects in the as-quenched alloy
the specimens were isochronally annealed in steps of
40 �C for 40 min. Each annealing step was finished by
quenching in oil and subsequent PAS investigations at
room temperature.

A 22Na2CO3 positron source with an activity of
1.2 MBq deposited on a 2 lm thick Mylar foil was used
for the LT and CDB studies. The source contribution con-
sists of two components with lifetimes of �368 ps and
�1.5 ns and intensities of �8% and �1%. These compo-
nents represent the contribution of positrons annihilated
in the source itself and in the covering foil.

A high resolution digital spectrometer [29,30] was
employed for LT investigations of the alloys studied. The
detector part of the digital LT spectrometer is equipped
with two Hamamatsu H3378 photomultipliers coupled
with BaF2 scintillators. Detector pulses are sampled in real
time by two ultra-fast Acqiris DC211 8 bit digitizers at a
sampling frequency of 4 GHz. The digitized pulses are
acquired by a PC and calculations carried out off-line by
software using a new algorithm for integral constant



Table 1
Lifetimes sV of positrons trapped in vacancies in Fe–Al alloys with
compositions close to Fe3Al reported by various authors.

Alloy sV (ps) Thermal treatment applied Reference

Fe76.3Al23.7 171 ± 1 In situ LT measurement [15]
Fe3Al 178 Water quenched from 1000 �C [16]
Fe3Al 188 ± 3 Air quenched from 1000 �C [17]
Fe3Al 182 ± 3 Slowly cooled from 1000 �C in

furnace
[17]

Fe3Al 181 ± 3 Air quenched from 1000 �C and aged
at 520 �C for 1 week

[16]

Fe3Al 160 ± 2 In situ LT measurement [18]
Fe3Al 182 ± 1 Water quenched from 1000 �C in an

ampoule filled with Ar
This
work

Fe72Al28 184 ± 1 Air quenched from 1000 �C [19]
Fe72Al28 178 Oil quenched from 1000 �C [20]
Fe72Al28 170 ± 2 Slowly cooled from 1000 �C [21]
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fraction timing [31]. The time resolution of the digital LT
spectrometer was 150 ps (full width at half maximum
(FWHM), 22Na). At least 107 annihilation events were
accumulated in each LT spectrum.

The CDB spectrometer consists of two HPGe detectors
and commercial NIM modules operated by a PC. The
overall energy resolution of the spectrometer was 1.0 keV
(FWHM) at 511 keV energy. At least 108 events were col-
lected in each two-dimensional spectrum, which was subse-
quently reduced to a one-dimensional Doppler profile and
instrumental resolution cuts. The relative changes in Dopp-
ler profiles were followed as ratio curves of the Doppler
profile normalized counts to those of a well-annealed
a-Fe reference profile. The CDB profiles are symmetrical
with respect to the origin and only the parts corresponding
to positive Doppler shifts are shown here. Well-annealed
pure a-Fe (99.99% purity) and Al (99.9999% purity) were
used as reference specimens for the CDB measurements.

3. Theoretical calculations

Theoretical calculations of the positron lifetimes were
performed within the so-called standard scheme employing
the atomic superimposition (ATSUP) method [11,32,33].
The electron–positron correlations were treated according
to Boroński and Nieminen [34].

The ATSUP-based scheme described in Kuriplach et al.
[35] was utilized for calculations of high momentum parts
(HMP) of the momentum distribution of annihilation pho-
tons. The electron–positron correlations were treated
within the generalized gradient approximation (GGA)
scheme introduced by Barbiellini et al. [36], which gives
more accurate magnitudes of the contribution of positrons
annihilated by core electrons. The calculated spectra were
convoluted with a Gaussian function having a width of
4.0 � 10�3 mec (FWHM), which corresponds to the exper-
imental energy resolution of our CDB spectrometer. In
HMP calculations [Ne] orbitals were considered as core
states for Al and [Ar] + 3d6 ones for Fe. The contribution
of Fe 3d electrons was weighted by a factor of 0.5 to
account for the semi-core character of d orbitals. It was
found that this approach gives the best agreement of the
HMP of momentum distribution calculated for Fe with
the experimental results [37]. The lattice parameter used
in calculations was a = 2.896 Å [38]. Calculations for
vacancies were performed using a supercell approach, con-
sidering 1024 atom-based supercells. Monovacancies were
created by removing single atoms from the supercell. The
disordered A2 and partially disordered B2 structures were
modeled by random filling of the atomic positions in both
sub-lattices and in the B sub-lattice, respectively, keeping
the Fe3Al composition in the supercell.
4. Results and discussion

4.1. LT spectroscopy

The as-quenched Fe3Al alloy exhibits a two component
LT spectrum consisting of: (i) a short-lived component
with lifetime s1 = 27 ± 9 ps and relative intensity I1 =
10 ± 1%, which arises from free positrons not trapped at
defects, and (ii) a longer component with lifetime
s2 = 182 ± 1 ps and relative intensity I2 = 90 ± 1%, which
represents the contribution of positrons trapped in
quenched-in vacancies. One can see in Table 1 that the life-
time s2 determined in the as-quenched sample falls in the
interval 170–188 ps, which covers lifetimes reported in liter-
ature for positrons trapped in vacancies in Fe–Al alloys
with composition close to Fe3Al.

Lifetimes s1 and s2 are plotted in Fig. 2A as a function
of the annealing temperature, while Fig. 2B shows the tem-
perature dependence of the relative intensity I2 of the com-
ponent corresponding to positrons trapped in vacancies.
The lifetime s2 remains approximately constant during
annealing, indicating that the type of positron trap remains
unchanged. The intensity I2 strongly decreases after
annealing above 400 �C and reaches a minimum at
�480 �C. This proves substantial recovery of quenched-in
vacancies. Further annealing above 500 �C leads to a pro-
nounced increase in I2. This indicates that the concentra-
tion of vacancies in the sample increases again.

4.2. Concentration of vacancies

The concentration of vacancies was determined using
the two state simple trapping model (STM) [11,39]. Firstly
it is necessary to check whether STM assumptions, namely
the existence of a single type of uniformly distributed pos-
itron trap and no detrapping, are fulfilled in the samples
studied. The quantity sf calculated from expression

sf ¼
I1

s1

þ I2

s2

� ��1

ð1Þ

is plotted in Fig. 2A. Within STM [11,39] sf equals the bulk
positron lifetime sB, i.e. the lifetime of free positrons in a
perfect Fe3Al crystal. From inspection of Fig. 2A it is clear



Fig. 3. Temperature dependence of the concentration of vacancies cV

determined from the LT results using Eq. (2). The vertical dashed lines
show the positions of phase boundaries between the D03, B2 and A2
phases. The dashed curve is the equilibrium concentration of vacancies
calculated using Eq. (3) with HV,f = 0.84 eV and SV,f = 0.6 k.

Fig. 2. The results of LT investigations plotted as a function of the
annealing temperature. (A) Lifetimes s1, s2 of the exponential components
resolved in the LT spectra and the quantity sf calculated from Eq. (1).
(B) Intensity I2 of the component originating from positrons trapped in
vacancies. The vertical dashed lines show the positions of phase
boundaries between the D03, B2 and A2 phases.
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that sf remains approximately constant over the whole tem-
perature range and exhibits only statistical fluctuations
around the mean value of 118 ± 5 ps, which is comparable
with the bulk positron lifetime sB = 112 ps measured in a
well-annealed Fe3Al [15,19]. This proves that STM
assumptions are fulfilled here and STM can be applied to
determine the vacancy concentration.

The concentration of vacancies in the sample can be cal-
culated from the expression

cV ¼
1

mV

I2

1

s1

� 1

s2

� �
ð2Þ

where the symbol mv denotes the specific positron trapping
rate in vacancies. Here we used mv = 4 � 1014 s–1, deter-
mined for vacancies in an Fe3Al alloy in Schaefer et al.
[15]. The concentration of vacancies calculated from Eq.
(2) is plotted in Fig. 3 as a function of the annealing tem-
perature. The vertical lines in Fig. 3 show the positions
of phase boundaries between various phases in the equilib-
rium phase diagram [8,9]. The Fe3Al sample was initially
annealed at 1000 �C, i.e. in the region corresponding to
the disordered A2 phase. Due to the high cooling rate the
disordered A2 structure is retained in the as-quenched sam-
ple. Hence, it is expected that the as-quenched sample con-
tains mostly A2 phase. This assumption was confirmed by
the XRD pattern determined for the as-quenched sample,
which is plotted in Fig. 4, and contains only reflections cor-
responding to the disordered A2 phase. The lattice param-
eter a = 2.918 ± 0.004 Å obtained from fitting of the XRD
pattern is in reasonable agreement with that determined in
the disordered A2 phase of Fe3Al in Taylor and Jines [40].

Hence, although the existence of small domains of par-
tially ordered B2 phase cannot be excluded [41], we can
conclude that the as-quenched sample contains predomi-
nantly the disordered A2 phase. One can see in Fig. 3 that
the concentration of vacancies in the as-quenched sample is
cV � 7 � 10�5 and remains almost unchanged during sub-
sequent annealing up to �350 �C. Above this temperature
cV strongly decreases and a minimum vacancy concentra-
tion is reached at �480 �C. This behavior indicates that
vacancies in Fe3Al become mobile above 350 �C and disap-
pear by diffusion into sinks. Ordering of the disordered as-
quenched structure into D03 phase takes place simulta-
neously with the recovery of vacancies. This is confirmed
by the XRD results shown in Fig. 4. From an inspection
of the XRD pattern measured in the sample annealed at
480 �C one can conclude the following:

i. Superstructure reflections (1 1 1) and (2 0 0) corre-
sponding to the D03 phase appeared in the XRD pat-
tern annealed at 480 �C.

ii. There is a significant narrowing of the XRD reflec-
tions in comparison with the as-quenched sample.
This indicates that variations in the inter-atomic
spacing caused by atomic disorder diminished in the
sample annealed at 480 �C.



Fig. 4. XRD diffraction pattern measured on the as-quenched alloy and
the sample annealed up to 480 �C. Indices for detected reflections
corresponding to the disordered A2 phase and the ordered D03 phase
are shown in the figure. Weak reflections from Cu Kb X-rays visible in the
spectrum are also labeled with the subscript b. Calculated positions of
reflections for both phases are indicated by vertical lines at the bottom.
Solid lines show reflections common for the A2 and D03 phases. Positions
of superstructure reflections which can be seen only in the ordered D03

phase are indicated by dotted vertical lines.

Fig. 5. Arrhenius plot constructed from the vacancy concentrations
determined by LT spectroscopy in the sample subjected to isochronal
annealing at temperatures T P 500 �C. Solid line shows linear regression
of the data in the temperature range 500–700 �C.
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iii. The lattice parameter in the sample annealed at
480 �C was lower compared with the as-quenched
alloy, which is shown by a shift of the XRD reflec-
tions to larger diffraction angles (see Fig. 4). A
decrease in the lattice parameter is caused by atomic
ordering into the D03 structure [42].

Hence, all these findings prove atomic ordering and for-
mation of the D03 structure in the sample annealed at
480 �C. The D03 phase lattice parameter a0 = 2a =
5.799 ± 0.002 Å was obtained from fitting the XRD pat-
tern. Note that because of a more complex structure the
lattice parameter a0 corresponding to the D03 basic cubic
cell is twice that of the B2 and A2 structures (see Fig. 1).

4.3. Vacancy formation enthalpy

The equilibrium concentration of vacancies at tempera-
ture T is governed by the expression

cV ¼ exp
SV;f

k

� �
exp �H V;f

kT

� �
ð3Þ

where k is the Boltzman constant and the symbols HV,f

and SV,f denote the enthalpy and entropy of vacancy for-
mation, respectively. At temperatures above 500 �C
the concentration of thermal vacancies becomes high
enough (cV P 10�5) to be detected by PAS. Thermal
vacancies created during each annealing step at tempera-
ture T remain frozen in the sample due to rapid cooling
and cause a substantial increase in cV above 500 �C, which
can be seen in Fig. 3. Note that at T > 700 �C the vacancy
concentration exceeds that even in the as-quenched sample.
This is due to the faster cooling rate, since isochronally
annealed samples are quenched in an oil bath, i.e. they
are in direct contact with the cooling liquid. This leads to
a faster cooling rate compared with the initial sample,
which was quenched in an ampoule filled with argon.

Atom disordering in the B sub-lattice takes place in the
sample annealed above 545 �C when the phase boundary
between the ordered D03 and the partially ordered B2
phase is crossed. In the temperature interval 545–800 �C
the sample exhibits B2 structure [8,9]. Therefore, thermal
vacancies detected by PAS are formed mainly in the B2
structure.

Hence, the temperature dependence of vacancy concen-
tration plotted in Fig. 3 can be used to determine the
enthalpy HV,f and entropy SV,f of vacancy formation in
the B2 phase. Fig. 5 shows an Arrhenius plot (lncV versus
1/kT) constructed using vacancy concentrations detected
at temperatures T > 500 �C, where thermal vacancies
become detectable by PAS. One can see in Fig. 5 that the
Arrhenius plot can be reasonably approximated by a
straight line up to T � 700 �C. At higher temperatures
the loss of vacancies during cooling becomes significant
and the concentration of quenched-in vacancies is smaller
than predicted by Eq. (3). This is reflected in a significantly
lowered slope in the Arrhenius plot. Due to this the deter-
mination of HV,f and SV,f from the Arrhenius plot was per-
formed by linear regression only in the temperature range
500–700 �C (see the solid line in Fig. 5). The enthalpy of
vacancy formation obtained from the Arrhenius plot
Hv,f = 0.84 ± 0.05 eV falls in the range 0.73–1.18 eV
reported in the literature for vacancies in the B2 phase.
The entropy of vacancy formation obtained from the
Arrhenius plot is Sv,f = 0.6 ± 0.4k.

To put the enthalpy of formation derived here in the
context of results published in the literature, Fig. 6 shows
HV,f values for vacancies in the B2 phase in Fe–Al alloys



Fig. 6. The vacancy formation enthalpy HV,f for vacancies in the B2 phase reported for Fe–Al alloys by various authors. The data are plotted as a function
of Al content. The dashed line is the weighted average calculated from of all data taking into account the uncertainty of each quantity. Abbreviations in
the legend denote the experimental technique employed for determination of HV,f. LT, positron lifetime spectroscopy; DB, Doppler broadening of
annihilation radiation; DIDI, differential dilatomery; HV, hardness measurement; RST, resistometry.

Fig. 7. Selected CDB ratio curves (related to pure Fe) for the as-quenched
Fe3Al and the samples annealed at 480, 600 and 800 �C. The ratio curve
for pure Al is plotted as well. Solid lines show best fits using Eq. (5).
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with various compositions published in the literature
[15,18,25,27,43–47]. One can see in Fig. 5 that HV,f is basi-
cally independent of the Al content. The weighted average
calculated from the literature data taking into account the
uncertainty of each quantity is Hv,f = 0.917 ± 0.008 eV,
which is in reasonable agreement with the enthalpy of
formation obtained in this work.

There is a lack of information about the entropy of
vacancy formation in the B2 phase. However, it should
be mentioned that our value is significantly lower than
Sv,f � 5k determined in Lynn et al. [13] for vacancies in
the D03 phase.

4.4. CDB spectroscopy

The CDB results are plotted in Fig. 7 as ratio curves
related to the pure Fe reference specimen. The ratio curve
for a pure Al reference specimen is also plotted in the fig-
ure. The main feature of the pure Al CDB curve is a broad
minimum in the momentum range p � (10–20) � 10�3m0c.
This is caused mainly by the absence of 3d electrons in Al.
The shape of the CDB curve for the as-quenched Fe3Al
sample exhibits the same features as the curve for pure
Al. This indicates that a significant fraction of positrons
in the as-quenched Fe3Al sample is annihilated by Al elec-
trons. Since core electrons are only slightly affected by crys-
tal bonding and retain their atomic character, the HMP of
the momentum distribution in the Fe3Al alloy can be
expressed as the linear combination

n ¼ nAlnAl þ ð1� nAlÞnFe ð4Þ

where nAl and nFe are the momentum distribution of posi-
trons annihilated by Al and Fe electrons, respectively, and
nAl is the fraction of positrons annihilated by Al electrons.
Hence, the CDB ratio curve q = n/nFe in an Fe3Al alloy is

q ¼ nAlqAl þ ð1� nAlÞ ð5Þ
Here qAl = nAl/nFe is the CDB ratio curve for pure Al. The
solid curves in Fig. 7 show the CDB ratio curve qAl for
pure Al rescaled using Eq. (5). Obviously, the CDB ratio
curve measured on the as-quenched sample is well approx-
imated by Eq. (5). The best agreement with the experimen-
tal points was obtained for the fraction of positrons
annihilated by Al electrons nAl = 0.65 ± 0.02.

The CDB ratio curves measured on the samples sub-
jected to isochronal annealing are plotted in Fig. 7 as well.
For the sake of clarity only selected CDB curves measured
on the sample annealed up to 480, 600 and 800 �C are plot-
ted in Fig. 7. All CDB ratio curves measured on isochro-
naly annealed samples are shown as a two-dimensional
plot in Fig. 8. No significant changes in CDB curves were
observed up to �350 �C. At higher temperatures the contri-
bution of positrons annihilated by Al electrons decreases
and the CDB ratio curves become closer to a straight hor-
izontal line, i.e. unity, representing the curve for pure Fe.



Fig. 8. Two-dimensional plot of CDB ratio curves (related to Fe) for
Fe3Al samples annealed at various temperatures.
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The smallest contribution of positrons annihilated by Al
electrons was found in the sample annealed at 480 �C (see
also Fig. 7). Further annealing to higher temperatures
causes an increase in the fraction of positrons annihilated
by Al electrons.

It should be mentioned that all CDB ratio curves mea-
sured on isochronaly annealed samples are satisfactorily
approximated by Eq. (5). The fraction of positrons annihi-
lated by Al electrons obtained by fitting to Eq. (5) is plotted
in Fig. 9 as a function of the annealing temperature. One
can see in Fig. 9 that nAl remains almost unchanged up
to to �350 �C where it strongly decreases and reaches its
minimum at �480 �C. Annealing to higher temperatures
causes a significant increase in nAl.
Fig. 9. Temperature dependence of the fraction of positrons annihilated by Al
circles and the fraction FV of positrons trapped in vacancies calculated from th
shows the probability nAl,B that a free positron is annihilated by an Al electron.
a vacancy is annihilated by an Al electron.
Positrons in Fe3Al alloys annihilate either from the free
state or from the trapped state in a vacancy. The probabil-
ity of being annihilated by Al electrons differs in these two
states. Hence, Eq. (4) can be rewritten using the contribu-
tions of positrons annihilated from the free state and from
the trapped state in vacancies

n ¼ ð1� F VÞ½nAl;BnAl þ ð1� nAl;BÞnFe� þ F V½nAl;VnAl

þ ð1� nAl;VÞnFe� ð6Þ

where nAl,B and nAl,V denote the probability that a positron
in the free state and in the trapped state in a vacancy,
respectively, will be annihilated by an Al electron. The sym-
bol FV denotes the fraction of positrons annihilated from
the trapped state in vacancies. The CDB ratio curve q
can be then be written as

q ¼ ½ð1� F VÞnAl;B þ F VnAl;V�qAl þ ½ð1� F VÞ
� ð1� nAl;BÞ þ F Vð1� nAl;VÞ� ð7Þ

The fraction FV can be calculated from the LT data
using STM [11]

F V ¼ I2 1� s1

s2

� �
ð8Þ

The dependence of FV on the annealing temperature is
plotted in Fig. 9. Obviously the behaviors of FV and nAl

are very similar. Thus, the recovery of vacancies starting
at 350 �C is accomplished by a decrease in the fraction of
positrons annihilated by Al electrons. Similarly, the
increase in the concentration of vacancies which occurs
above 500 �C is accompanied by an increase in the fraction
of positrons annihilated by Al electrons.

From comparison of Eqs. (5) and (7) one obtains
expression
electrons nAl obtained by fitting CDB curves using Eq. (5), plotted as filled
e LT data using Eq. (8), plotted as open symbols. The vertical dashed line
The vertical solid line shows the probability nAl,V that a positron trapped in



Fig. 10. The fraction of positrons annihilated by Al electrons obtained from fitting CDB curves using Eq. (5) plotted versus the fraction FV of positrons
trapped in vacancies calculated from the LT data using Eq. (8). The solid line is the linear regression curve used to determine the probabilities nAl,B and
nAl,V (see Eq. (9)).

Fig. 11. Calculated lifetime of positrons trapped in VFe plotted versus the
calculated probability nAl,V that a trapped positron will be annihilated by
an Al electron. Labels in the figure show the number of vacancy nearest
neighbors occupied by Al atoms. Bars around each point represent the
magnitude of scattering of the calculated parameters due to random filling
of vacancy higher order neighbors by Fe and Al atoms.
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nAl ¼ ðnAl;V � nAl;BÞF V þ nAl;B ð9Þ

Hence, there is a linear relation between the fraction
nAl of positrons annihilated by Al electrons and the frac-
tion FV of positrons trapped in vacancies. Indeed, one can
see in Fig. 10 that the dependence of nAl on FV can be
reasonably approximated by a straight line. Linear regres-
sion of the data in Fig. 10 yields nAl,B = 0.17 ± 0.01 and
nAl,V = 0.79 ± 0.01. From ab initio theoretical calcula-
tions of positrons in a perfect Fe3Al crystal with B2
structure we obtained the probability that a free positron
is annihilated by an Al electron nAl,B = 0.15, which is in
very reasonable agreement with the value obtained from
fitting the experimental data. A similar value was
obtained for the D03 and A2 phases. Note that scattering
of the calculated nAl,B values caused by random filling of
the sites in the B sub-lattice by Fe and Al atoms (always
keeping the total composition equal to Fe3Al) was found
to be negligible. The value of nAl,V derived from the
experimental data indicates that for positrons trapped in
vacancies the probability of being annihilated by Al elec-
trons is rather high. This indicates that quenched-in
vacancies are predominantly surrounded by Al atoms.
This is not surprising, since Al atoms, having a larger
“size” in the lattice, should be attracted to the vicinity
of a vacancy.

4.5. Theoretical calculations

Numerous theoretical investigations [48–51] performed
for the B2 phase came to the general conclusion that the
enthalpy of vacancy formation in the B sub-lattice is signif-
icantly higher than in the A sub-lattice. Thus, thermal
vacancies in the B2 phase should be Fe vacancies (VFe)
located in the A sub-lattice. In the B2 phase VFe in the A
sub-lattice is surrounded by eight nearest neighbors located
in the B sub-lattice and six next nearest neighbors in the A
sub-lattice (see Fig. 1). While the next nearest neighbors in
the A sub-lattice are always Fe, the nearest neighbor sites
in the B sub-lattice may be occupied by Fe or Al atoms.
Fig. 11 shows the calculated lifetime sV of positrons
trapped in a VFe plotted against the calculated probability
nAl,V that a trapped positron will be annihilated by an Al
electron. The labels in the figure show the number NNAl

of nearest neighbor sites occupied by Al atoms
(0 6 NNAl 6 8), i.e. the remaining 8-NNAl nearest neighbor
sites are occupied by Fe atoms. Note that other than near-
est neighbor sites in the B sub-lattice were randomly filled
with Fe and Al atoms, keeping the total composition in the
supercell equal to Fe3Al. Fluctuations in the type of atoms
in higher order neighbors of VFe cause scattering of the cal-
culated positron parameters, indicated by bars around the
points in Fig. 11. The lifetime of positrons trapped in VFe

clearly increases with increasing number of the nearest sites
occupied by Al atoms. A comparison of the theoretical cal-
culations with the experimental results makes clear that the
experimental lifetime of positrons trapped in quenched-in
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vacancies s2 � 182 ps is comparable with the lifetime calcu-
lated for VFe surrounded only by Fe atoms in the nearest
neighbor sites (NNAl = 0). On the other hand, the probabil-
ity that a trapped positron is annihilated by an Al electron
determined from the CDB data nAl,V � 0.79 corresponds
roughly to a VFe surrounded exclusively by Al nearest
neighbors (NNAl = 8). However, the latter defect is charac-
terized by a positron lifetime of 195 ps, which is signifi-
cantly longer than s2. This discrepancy is probably due to
the limited precision of the ATSUP approach, which does
not take into account: (i) charge transfer in the crystal and
(ii) lattice relaxations around the vacancy. Calculations
performed by Ishida et al. [52] showed a strong charge
transfer from Al to Fe. This effect may enhance the local
electron density in VFe. Inward relaxation of the nearest
neighbor Al atoms towards a VFe reduces the free volume
in the vacancy. The effect of ion relaxation on the lifetime
of positrons trapped in a VFe surrounded by eight Al near-
est neighbors is depicted in Fig. 12, which shows the depen-
dence of positron lifetime on the magnitude of inward
relaxation of the nearest neighbor Al atoms. One can see
in the figure that a relaxation of �3% results in the calcu-
lated lifetime for positrons trapped in a VFe surrounded by
eight Al nearest neighbors being comparable with the
experimental value s2 � 182 ps. Hence, both factors (i)
and (ii) cause a shortening of the positron lifetime and
may reduce the lifetime of positrons trapped in a VFe sur-
rounded by eight Al nearest neighbors to the value mea-
sured in the experiments. Obviously, extended theoretical
calculations of positron parameters using a self-consistent
Fig. 12. The effect of the lattice relaxation around a VFe surrounded by
eight nearest neighbor Al atoms: dependence of the calculated positron
parameters on the magnitude of inward relaxation of nearest neighbors.
(A) The probability that a positron trapped in a VFe is annihilated by an
Al electron. (B) Lifetime of positrons trapped in a VFe.
electron density and a relaxed geometry of defects are
highly desirable in order to verify the picture suggested
here.

Fig. 13A shows calculated HMP for the momentum dis-
tribution of annihilation radiation (related to pure Fe) for a
perfect Fe3Al crystal and a VFe with no, four and eight Al
atoms in the nearest neighbor sites. Since our calculations
were performed only for core electrons, it is meaningful
to compare the calculated curves with the experimental
ones only in the HMP range (p > 10 � 10�3m0c) when the
contribution of core electrons dominates. Clearly, the
curves for vacancies are located well below that for a
perfect crystal. This is due to positron localization in
vacancies, which reduces the overlap with core electrons.
A VFe surrounded only by Fe atoms in the nearest neigh-
bor sites (NNAl = 0) exhibits rather flat HMP of
the momentum distribution curve. A broad minimum in
the momentum range p � (10–20) � 10�3m0c observed in
Fig. 13. (A) The calculated HMP of the momentum distribution of
annihilation radiation for free positrons in perfect Fe3Al crystals and for
positrons trapped in a VFe with no, four and eight nearest neighbor sites
occupied by Al. (B) Comparison of the HMP of the momentum
distribution calculated using Eq. (10) (plotted as solid lines) with
experimental CDB curves measured on the as-quenched alloy and the
sample annealed at 480 �C.
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the experimental CDB curves (see Fig. 7) is well repro-
duced in the calculated curves for a VFe with Al nearest
neighbors. This minimum becomes more pronounced with
increasing number of Al atoms occupying the nearest
neighbor sites (see Fig. 13A). The momentum distribution
in the sample annealed at temperature T is a linear combi-
nation of the contribution of positrons annihilating in the
free state and the contribution of positrons trapped in
vacancies. Hence, the CDB ratio curve is

q ¼ ½1� F VðT Þ�qB þ F VðT ÞqVFe
ð10Þ

where qB and qVFe
denote the calculated HMP of the

momentum distribution for a perfect Fe3Al crystal and a
VFe surrounded by eight Al nearest neighbors (NNAl = 8),
respectively, and FV(T) is the fraction of positrons trapped
in vacancies at a given temperature calculated using Eq.
(8). One can see in Fig. 13A that the HMP of the momen-
tum distribution calculated using Eq. (10) are in very rea-
sonable agreement with the experimental CDB curves. A
similar agreement with the experimental results was
achieved at other annealing temperatures. It should be
emphasized that there is no adjustment parameter in Eq.
(10). Good agreement between the theoretical calculations
and the experimental results supports our interpretation of
the experimental data.
5. Conclusions

Vacancies in Fe3Al alloys were investigated using LT
spectroscopy combined with CDB measurements. The
sample quenched from 1000 �C predominantly exhibits
the disordered A2 structure. The concentration of vacan-
cies in this sample is 7 � 10�5. It was found that recovery
of quenched-in vacancies starts at �350 �C and is accom-
panied by atomic ordering to the D03 phase. The lowest
concentration of vacancies was found in the sample
annealed at 480 �C. In the sample annealed above 500 �C
the equilibrium concentration of thermal vacancies
becomes high enough to be detected and the sample under-
goes phase transition into the partially ordered B2 phase.
The enthalpy of formation Hv,f = 0.84 ± 0.05 eV of vacan-
cies in the B2 phase was determined from the LT results.
The CDB investigations revealed that vacancies in the B2
phase are predominantly surrounded by Al atoms. The
fraction of positrons annihilated by Al electrons was
proved to be directly related to the fraction of positrons
trapped in vacancies. From a comparison of the experi-
mental data with the available theoretical calculations it
is suggested that thermal vacancies in the B2 phase are
Fe vacancies located in the A-sublattice surrounded by
eight nearest neighbor Al atoms in the B-sublattice. Hence,
our results indicate an attractive interaction between Al
atoms and Fe vacancies. Theoretical calculations showed
that the lifetime of positrons trapped in vacancies increases
with increasing number of nearest neighbor sites occupied
by Al atoms. Good agreement of the calculated HMP of
momentum distribution with the experimental CDB curves
was achieved.
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et al. Phys Stat Solid C 2009;6:2367.
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