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Abstrakt: Zliatiny Fe-Al sa vyznačujú relatívne vysokou koncentráciou vakan-
cií, ktoré majú zásadný vplyv na mechanické vlastnosti týchto zliatin. Pomo-
cou pozitrónovej anihilačnej spektroskopie bola metódami merania doby života
pozitrónu a difúznej dĺžky implantovaných monoenergetických pozitrónov určená
koncentrácia vakancií v zliatinách Fe-Al. Pozorovaná korelácia medzi tvrdosťou
a koncentráciou vakancií bola charakterizovaná určením vytvrdzovacieho koefi-
cientu vakancií v Fe-Al zliatinách. Žíhaním pripravených vzoriek zliatin Fe-Al s
rôznym zložením bol porovnaný teplotný vývin koncentrácie vakancií s vývinom
tvrdosti zliatin. Metódou koincidenčného merania Dopplerovského rozšírenia ani-
hilačného píku bolo charakterizované chemické okolie vakancií v zliatinách Fe-Al.
Zvýšený obsah Al v okolí vakancie bol prisúdený príťažlivej interakcii medzi ató-
mami Al a vakanciou. Pomocou kvantovo mechanických ab initio výpočtov boli
vysvetlené namerané charakteristiky pozitrónovej anihilácie v materiále Fe-Al.
Relaxácia iónov v okolí vakancií má výrazný vplyv na dobu života pozitrónov
zachytených vo vakanciách. Zahrnutie relaxácie iónov do výpočtov doby života
pozitrónu výrazne zlepšilo súhlas vypočítaných dôb života s experimentom.
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Abstract: Fe-Al alloys exhibit relatively high vacancy concentrations, which sig-
nificantly influence the mechanical properties of these alloys. Positron annihila-
tion spectroscopy was employed for investigations of vacancies in this work and
the vacancy concentrations in Fe-Al alloys were determined by positron lifetime
spectroscopy and measurements of positron diffusion length of implanted mono-
genergetic positrons. The correlation of hardness with the vacancy concentration
was characterized by determination of the vacancy hardening coefficient in Fe-
Al alloys. The thermal evolutions of hardness and the vacancy concentration
were compared during the annealing of the Fe-Al alloys with various composi-
tions. Coincidence Doppler broadening of annihilation peak was employed for
determination of the chemical composition of quenched-in vacancies in Fe-Al al-
loys. Increased concentration of Al atoms in surrounding vacancies in Fe-Al alloys
was related to the attractive interaction between the Al atoms and the vacancy.
Quantum mechanical ab initio calculations were performed in order to explain
the measured positron annihilation characteristics in Fe-Al alloys. Ionic relax-
ations of the atoms surrounding vacancies were found to have significant effect
on the lifetime of positrons trapped at vacancies. Inclusion of ionic relaxations
into the calculations of positron lifetimes significantly improved the agreement of
the calculated lifetimes with experiment.
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1. Experimental methods

1.1 Positron annihilation spectroscopy
Positron annihilation spectroscopy allows studying a variety of phenomena and
material properties on the atomic scale. Being the antiparticle of electrons,
positrons are used to probe material defects at low concentrations and with high
sensitivity. With the advantage of being a non-destructive materials research
method, positron annihilation has been developed as a well established tool for
investigations of metals, semiconductors, polymers and porous materials [1].

When a positron meets an electron, both particles annihilate into electro-
magnetic radiation which is emitted as two or three photons depending on the
relative spin orientation of positron and electron. In the two-photon case both
photons are emitted in opposite directions with an energy of about 511 keV. In
positron annihilation spectroscopy we detect the annihilation photons and derive
informations about defects in crystalline materials.

Different material defects, like dislocations, grain boundaries, single vacancies
or vacancy clusters, voids, precipitates etc. alter the energy spectrum of the
emitted photons and the lifetime of positrons in characteristic ways due to varying
momentum distributions of the annihilating electrons and their concentration.
The lack of positively charged atom cores at defects reduces the local repulsive
potential for positrons which leads to trapping at neutral or negatively charged
defects. This specific process allows studying even very low defect concentrations
and defect sizes on the atomic scale.

1.1.1 Positron lifetime spectroscopy
The measurement of positron lifetime in solid matter is a non-destructive

method applied for investigations of defects and free volumes. This method takes
advantage of the property of the positron source nucleus 22Na which decays ac-
cording to decay scheme it the Figure 1. After β+-decay, the daughter 22Ne
subsequently deexcites by emission of a photon with the energy of 1274 keV -
so-called start signal.

Figure 1: The decay scheme of the radiation source 22Na. The half-life of the 22Na
radioisotope is T1/2 =2.6 year, the lifetime of the excited state of 22Ne nucleus is
3.7 ps.

Positron implanted in the studied sample thermalizes, i.e. looses its kinetic
energy down to kBT = 39 meV at the room temperature T . The symbol kB
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denotes the Boltzmann constant. The energy losses are at high energies caused
by ionization, subsequently at lower energies by excitation of the inner-shell elec-
trons, then by excitation of the valence or conducting electrons and at the last
stage at epithermal energies by the phonon scattering. The mean kinetic en-
ergy of positrons emitted by 22Na radioisotope is 270 keV. These positrons are
thermalized in metals typically within a few picoseconds and the mean positron
penetration depth falls in the range 10-100 µm [1]. Thermalized positron lives
in the thermal equilibrium for a certain time until it annihilates with an electron
and mostly the two γ-rays are emitted with the energy close to 511 keV. The
time interval between the detection of the start signal and the detection of the
annihilation γ-ray defines the positron lifetime. Hence, measurement of the time
difference between the detection of the start signal and the annihilation γ-ray
allows the determination of the positron lifetime in the solid matter.

Positron in thermal equilibrium in a solid is scattered on phonons and in the
classical approach it makes an isotropic random movement. The room tempera-
ture positron diffusion coefficient D+ in defect-free solids falls into the range from
0.1 to 2 cm2s−1 at the room temperature. The mean positron diffusion length
L+,B is the mean distance from the place of the end of thermalization process to
the place where the positron in a defect-free solid gets by diffusion motion during
its lifetime τB. The relationship of the above mentioned quantities is

L+,B =
√
D+τB. (1.1)

In metals L+,B is 100-200 nm and positron acts as a probe which explores the
volume containing about 107 atoms [1].

The annihilation rate λB of a delocalized positron in metals is proportional
to the overlap of the positron and the electron density [1]

λB = πr2
ec
∫
ρ+(r)ρ−(r)γ(r)d3r, (1.2)

where re = e2/(4πε0mc
2) is the classical Thompson radius of the electron, ρ+(r)

and ρ−(r) is the positron and the electron density, respectively.
A delocalized positron attracts electrons and causes an enhancement of the

electron density at the positron site. The electron-positron correlation, which is
taken into account in equation (1.2) by the enhancement factor γ(r), increases
the positron annihilation rate λB. The bulk positron lifetime τB, which is the
inverse of the annihilation rate

τB = 1
λB

, (1.3)

is therefore shortened due to the electron-positron correlation.
In a perfect defect-free material the probability n(t) that a positron is alive

at a time t (measured from the moment of the implantation to the material) is
given by the expression

n(t) = e−λBt. (1.4)

Hence, with a sufficient statistics of annihilation events the measurement of
positron lifetime results in an exponential dependence of the number of anni-
hilations on time. The positron lifetime τB = 1/λB is the mean value of this
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distribution. The real positron lifetime spectrum S is the convolution of the ideal
spectrum

Sid(t) = −dn(t)
dt = λBe−λBt (1.5)

with the resolution function R of the spectrometer and constant background B
caused by the random coincidences

S(t) = Sid(t) ∗R(t) +B. (1.6)

If a solid contains defects associated with free volume, then the repulsive
interaction among positron and positive ions in the lattice is reduced in the defect
site. As a consequence, a localized positron state in the defect with the lower
energy eigenvalue than in the delocalized positron state may be formed. The
energy difference of a positron trapped at the defect and a delocalized positron
defines the binding energy EB of the positron to the defect. Since the local
electron density in an open-volume defect is lowered, the overlap of positron
wavefunctions with electrons becomes smaller. The lifetime of a positron trapped
in an open-volume defect, e.g. vacancy, is therefore longer than the lifetime of a
delocalized positron. The lifetime of trapped positron increases with increasing
open space of defect, e.g. the lifetime of positrons trapped at vacancy clusters is
longer than the lifetime of positrons trapped in monovacancies.

The two-state simple trapping model (STM) is used for a qualitative descrip-
tion of positron trapping at one type of defects [1]. Thermalized positron can
annihilate only from free or trapped state. The probability that a positron is
alive and in the free state in the time t is denoted nB(t) and the probability that
positron is alive and trapped at the defect at time t is nD(t). A trapped positron
annihilates with the annihilation rate λD which reflects the local electron density
in defect and therefore is a characteristic quantity for certain type of defect. In
metals with high concentration of vacancies the positron trapping is transition
limited process. The time necessary for the diffusion of positron to defects is
negligible and the trapping rate is limited by the cross section of the quantum-
mechanical transition from the delocalized state to the bound state in the defect.
The probability of capture of a free positron in defect is given by the trapping
rate of defect KD.

STM can be used for description of the kinetics of positron trapping when the
following assumptions are fulfilled
1. only thermalized positron can be trapped,
2. detrapping from defect to the delocalized state is negligible,
3. spatial distribution of defects in the sample is uniform.

Under these assumptions we obtain the following form of the kinetic equations:

dnB(t)
dt = −(λB +KD)nB(t) (1.7)

dnD(t)
dt = −λDnD(t) +KDnB(t). (1.8)

Solving this system of equations (1.7) and (1.8) with the initial conditions nB(0) =
1 and nD(0) = 0 we obtain
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nB(t) = e−(λB+KD)t (1.9)

nD(t) = KD

λB − λD +KD

(e−λDt − e−(λB+KD)t). (1.10)

The ideal positron lifetime spectrum is two-component

Sid(t) = −d(nB + nD)
dt = λ1I1e−λ1t + λ2I2e−λ2t. (1.11)

From equations (1.9) - (1.11) one can derive the positron lifetimes, annihilation
rates and relative intensities

τ1 = 1
λ1

= 1
λB+KD

, I1 = 1− I2 (1.12)

τ2 = 1
λ2

= 1
λD
, I2 = KD

λ1 − λD
. (1.13)

The shorter component with the lifetime τ1 comes from the annihilations of
free positrons while the longer component with the lifetime τ2 represents the
contribution of positrons trapped at defects.

The trapping rate to defects is proportional to the defect concentration cD

KD = νDcD, (1.14)

where νD is the specific positron trapping rate to the defect. From the relations
(1.12) - (1.13) the positron trapping rate can be derived as

KD = I2

I1

( 1
τB
− 1
τ2

)
. (1.15)

Therefore, the defect concentration can be calculated from equations (1.14) -
(1.15) as

cD = I2

I1νD

( 1
τB
− 1
τ2

)
. (1.16)

In the case of more than the single type of defects in the sample, additional
components appear in the positron lifetime spectrum. Each defect component
exhibits different lifetime characteristic for each type of defects. The annihila-
tions coming from the sample arise from the different types of defects or from
free positrons. With the increasing concentration of defects in the sample, the
intensity and also the lifetime of the short-lived free positron component decreas-
es. In practice it is impossible to resolve the free positron component in the
positron lifetime spectrum when its intensity falls below ∼5%. This is called
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saturated positron trapping. For the vacancies in the Fe-Al alloys the maximum
concentration which causes the saturated trapping of the positrons in defects is

cV max,LT ≈ 2× 10−4at.−1. (1.17)

Within STM the quantity τf calculated from the relation

τf =
(
I1

τ1
+ I2

τ2

)−1
(1.18)

equals the lifetime of positrons in defect-free material τB. Hence, equation (1.18)
can be used to check if STM assumptions are fulfilled.

The positron trapping rate at a defect determines the fraction FD of positrons
annihilated in the trapped state as

FD = KD

λB +KD

. (1.19)

Positron lifetime spectra were measured by a high resolution digital spectrom-
eter described in [2, 3] equipped with two Hamamatsu H3378 photomultipliers
coupled with BaF2 scintillators. Detector pulses are sampled in real time by two
ultra-fast 8-bit digitizers Acqiris DC211 with a sampling frequency of 4 GHz. The
digitized pulses are acquired in a PC and worked out off-line by a software using
the algorithm for integral constant fraction timing [4]. The time resolution of the
digital LT spectrometer was 145 ps (FWHM, 22Na). At least 107 annihilation
events were accumulated in each LT spectrum.

Positron lifetime spectra were fitted by the code written in FORTRAN using
fitting library MINUIT [5]. The maximum likelihood method is used to estimate
the parameters in equation 1.6. Various number of components are possible to
fit to measured data. The quality of the fit is quantified by the standard χ2 test,
in ideal case χ2 per number of degrees of freedom equals 1.

The 22Na positron source with an activity of 1.5 MBq was deposited in the
form of Na2CO3 aqueous solution on 2 µm thick Mylar foil. In PAS measure-
ment the positron source was always sandwiched between two identical specimens.
Hence, there is necessarily a contribution of positrons annihilated in the source.
In our case the source contribution consists of two components: (i) a shorter
component with the lifetime of 368 ps and the intensity of ∼ 8 % representing
a contribution of positrons annihilated in the Na2CO3 source spot, and (ii) a
long-lived component with the lifetime ∼ 1.5 ns and the intensity of ∼ 1 % which
comes from ortho-positronium formed in the covering mylar foil. The lifetime of
the shorter source component was fixed in fitting at the value of 368 ps deter-
mined by measurement on a reference well-annealed Fe sample. The intensity of
this component depends on the Z value of the measured sample. Therefore, it was
fitted as a free parameter. Nevertheless, in all measured samples the intensity of
the shorter source component was found to be in a reasonable agreement with the
value determined on reference well-annealed Fe sample and corrected to different
Z using the formula described in [6]. The lifetime and intensity of the long-lived
source component were fitted as free parameters because this component is well
separated from the other components in positron lifetime spectra and correlation
of its lifetime and intensity with other parameters is low.
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From three to five components were fitted in the spectra including the two
source components. Intensities of physically interesting components coming from
the positrons annihilating in the sample were subsequently renormalized to 100%.

1.1.2 Coincidence Doppler broadening of annihilation peak
The coincidence measurement of the Doppler broadening of the annihilation peak
(CDB) is a convenient method for investigations of the chemical environment
of defects. Every chemical element has a unique shape of the CDB spectrum.
Since thermalized positron has negligible momentum compared to electrons, the
momentum of annihilating electron-positron pair is given by the momentum of
electron. Hence, by measuring the Doppler shift in energy of the annihilation
γ-rays we obtain knowledge about momentum distribution of electrons which
annihilated positrons. In the center-of-mass frame the total momentum of the
annihilating electron-positron pair is zero. The conservation of momentum and
energy requires for both annihilation photons to be strictly anticolinear with the
energy which equals the rest mass of positron 511 keV. In the laboratory frame
the annihilation photons deviate from the anticolinearity because of a nonzero
momentum of the annihilating pair as illustrated in Figure 2. The longitudinal

Figure 2: Vector diagram of the momentum conservation law in the annihilation
process.

and the transversal component of the momentum p are denoted as pL and pT ,
respectively. The motion of the annihliation pair in the laboratory frame causes
a Doppler shift in the energy of the annihilation photons measured in the labo-
ratory frame. The shift in frequencies is expressed as ∆ν/ν ≈ vL/c, where the
longitudinal velocity is vL = pL/2m. The relative Doppler shift in the energy is
∆E/E = ∆ν/ν, therefore,

∆E = vL
c
E = c

pL
2 . (1.20)

Hence, the Doppler shift in the energy depends on the longitudinal component
of the momentum of the annihilating pair. Since the momentum of thermalized
positron is negligible compared to that of electron, the Doppler shift is determined
by the longitudinal component of momentum of the electron which annihilated
the positron.

Measurement of energy of both annihilation photons in coincidence suppresses
the accidental events from the background by the recording only events of the
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simultaneous detection of both annihilation γ-rays. The difference in energies of
the two annihilation photons is

E1 − E2 = 2∆E = cpL, (1.21)

i.e. it is directly proportional to the component of electron momentum to the
direction of emitted annihilation photon.

Figure 3(a) shows two dimensional CDB spectrum, i.e. sum of energies of
annihilation photons plotted versus difference of these energies, measured on
Fe73Al27 alloy quenched from 1000 ◦C. The vertical cut of the CDB spectrum

Figure 3: a) Two dimensional CDB spectrum of Fe73Al27 alloy quenched from
1000 ◦C, b) Horizontal and vertical cuts from the two dimensional CDB spectra
representing the Doppler broadening peak profile and the resolution function of
CDB spectrometer, respectively.
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for values which fulfill E1 − E2 = 0 is used to obtain the resolution function of
the spectrometer. The horizontal cut at E1 +E2 = 2×511 keV gives the Doppler
broadened annihilation profile, i.e. one-dimensional momentum distribution of
electrons which annihilated positrons convoluted with the resolution function.
Both horizontal and vertical cuts from Figure 3(a) are plotted in Figure 3(b).

Positron annihilations with high momentum inner shell electrons leads to high
Doppler shifts. Since the inner shell electrons are practically not affected by
crystal bonding, the shape of high momentum range of Doppler broadened anni-
hilation peak enables to identify chemical environment of positron annihilation
sites. High momentum range of Doppler broadened annihilation peak measured
on quenched Fe-Al alloys by CDB consists generally of four contributions:

(i) delocalized positrons annihilated by Fe electrons,
(ii) delocalized positrons annihilated by Al electrons,
(iii) positrons trapped in vacancies and annihilated by Fe electrons,
(iv) positrons trapped in vacancies and annihilated by Al electrons.
The shape of momentum distribution of the annihilating electron-positron pair

is different for these four possibilities. To determine the shape of the Doppler
broadened profile for these four contributions, CDB measurements were per-
formed on reference pure Fe and Al samples.

Firstly, the reference Doppler broadened profiles were measured on a well-
annealed α-Fe (99.99%) and a well-annealed Al (99.999%) samples to obtain the
momentum profiles nFe|B and nAl|B for the case of annihilation of delocalized
positron with Fe and Al electrons, respectively. The momentum distributions
nFe|B and nAl|B are plotted in Figure 4(a). Since the CDB profiles are symmetrical
with respect to the origin, only the parts corresponding to the positive Doppler
shifts are shown here.

Secondly, the Doppler broadened profiles nAl|def and nFe|def were measured at
deformed Al and α-Fe samples by CDB. These samples contain vacancy-like open
volume defects (jogs at dislocations and vacancies anchored in the elastic field of
dislocations) [7]. Therefore, Doppler broadened profile measured on cold rolled
samples resembles that for positrons trapped in vacancies. In the vicinity of a
vacancy the missing atom causes local decrease of core electrons, therefore, the low
momentum contribution to annihilations is increased while the high momentum
core annihilations are decreased.

The reference momentum profiles nFe|v, nAl|v were obtained by the following
procedure:

(i) momentum profiles nAl|def and nFe|def were measured on cold rolled Al and
Fe samples by CDB

(ii) the cold rolled Al and Fe samples were measured also by positron lifetime
spectroscopy and the fraction F ′v of positrons annihilated at vacancy-like defect
was determined using STM

(iii) the momentum profile measured on cold rolled samples can be described
as nx|def = (1 − F ′v)nx|B + F ′vnx|v, where x stands for Fe or Al and nx|B is the
momentum distribution of delocalized positrons which was determined on well-
annealed reference Fe and Al sample.

Hence, momentum distribution corresponding exclusively to positrons trapped
at vacancy-like defects can be calculated using the equation

nx|v = (nx|def − (1− F ′v)nx|B)/F ′v.
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(a) Reference Doppler broadened CDB profiles.

(b) Reference CDB ratio curves related to nF e|B , (i.e. well-
annealed Fe).

Figure 4: CDB profiles of reference samples.

Momentum distributions nFe|v, nAl|v obtained by this procedure are plotted
in Figure 4(a), while Figure 4(b) shows CDB ratio curves for these contributions
related to the momentum distribution nFe|B of free positrons in pure Fe. The
ratio curves visually emphasize the important features in shape of measured CDB
profiles. The measured reference ratio curves were smoothed by polynomial fits.

The Doppler broadened profile measured on Fe-Al alloy can be then described
by equation

n = FvξFe|vnFe|v + FvξAl|vnAl|v + FBξFe|BnFe|B + FBξAl|BnAl|B. (1.22)

The fraction of positrons annihilated from the free state by Al electrons is denoted
by ξAl|B. These quantities for various Fe-Al alloys were obtained by theoretical
calculations performed for delocalized positron [8]. The fraction of positrons
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trapped at vacancy and annihilated by Al electrons is denoted by ξAl|v. Analogi-
cally the symbols ξFe|B and ξFe|v denote the fractions of positrons annihilated by
Fe electrons from the free state and from the trapped state in vacancies. Since
there are only two kinds of atoms (Fe and Al) the fractions of annihilations at
defects fulfill the condition ξFe|v + ξAl|v = 1 and similarly the corresponding frac-
tions for delocalized positrons fulfil the condition ξFe|B + ξAl|B = 1. Let’s denote
the fraction of annihilations of a positron in the free state and in the localized
state in a vacancy by FB and Fv, respectively. The sum of these fractions is uni-
ty, FB + Fv = 1. From the measuring of the positron lifetime spectrum one can
derive the quantity Fv. Therefore, the only unknown quantity in equation (1.22)
is the ξAl|v which is important for the determination of the chemical environment
of a vacancy in Fe-Al alloys.

The CDB spectrometer employed for measurement of Fe-Al alloys 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 the energy
of 511 keV. At least 108 events were gathered in each two-dimensional spectrum,
which was subsequently reduced into the one-dimensional Doppler profile and
the instrumental resolution cuts. The relative changes of Doppler profiles were
followed as ratio curves of the Doppler profile normalized counts to those of the
well-annealed α-Fe reference profile. The CDB profiles are symmetrical with
respect to the origin and only the parts corresponding to positive Doppler shifts
are shown.

1.1.3 Variable energy positron annihilation spectroscopy
The variable energy positron annihilation spectroscopy (VEPAS) is a method
probing the microstructure of a sample by a beam of slow monoenergetic positrons.
Monoenergetic slow positrons are magnetically guided from the moderated positron
source to an accelerator which enables to accelerate positrons to the energies in the
range from 30 eV to 36 keV. The positron penetration depth z increases with the
positron energy. Hence, VEPAS enables to probe the sample at various depths
from the surface. The positron implantation profile P (z, E) of monoenergetic
positrons having the energy E is given by

P (z, E) = m
z(m−1)

zm0
exp

[
−
(
z

z0

)m]
, (1.23)

where
z0 = AEr

ρΓ
(
1 + 1

m

) (1.24)

and m, r and A are empirical parameters, ρ is the mass density of the sample and
Γ is the gamma function. Vehanen et al. [9] determined the empirical parameters
as A = 4.0µg cm−2keV−r, m = 2 and r = 1.6. The penetration profile is called
Makhov profile [10] and the mean penetration depth is represented as

z = AEr

ρ
. (1.25)

Figure 5 shows the positron implantation profiles for Fe3Al for various energies
of monoenergetic positrons. The mean penetration depth at the certain energy
is also indicated as a vertical dashed line of the corresponding color.
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Figure 5: Positron implantation profiles for Fe3Al for various energies of monoen-
ergetic positrons calculated using equation 1.23. The mean penetration depth is
also shown for each energy as a vertical dashed line of the corresponding color.

Monoenergetic positrons for VEPAS measurements were produced by mag-
netically guided energy variable positron beam "SPONSOR" [11] described in
Figure 6. This setup consists from 22Na radioactive source with the activity in
order of tens GBq. Since the mean kinetic energy of emitted positrons is 270
keV, the mean penetration depth is in the range of tens µm. In order to decrease
the penetration depth, the positrons are slowed down inside of the thin tungsten
foil and a small fraction (∼ 1 %�) escape to vacuum with virtually zero kinetic
energy. Positrons are guided by magnetic field to the linear accelerator and are
accelerated to implantation energy ranging from 30 eV to 35 keV. The beam spot
diameter was ∼ 4 mm for all energies.

A high purity Germanium detector with the efficiency of ≈ 30 % and the
average energy resolution 1.09 keV (FWHM at the energy 511 keV) was used
to measure the Doppler broadening of the annihilation peak. The S parameter
determined from the annihilation peak is defined as the ratio of the area under
the certain region of the peak divided by the net peak area [12]. The energy
of incident positrons is varied and the changes in the S parameter are observed
during VEPAS experiment. Positron trapping at defects leads to enhanced anni-
hilations by low momentum electrons. Therefore, the S parameter increases with
the increasing concentration of defects.

In general, the positron diffusion length L+ can be obtained by fitting the
S parameter dependence on the positron energy E, so-called S(E) curve. Let
us imagine a model which contains of one material with a plane surface. After
thermalization, the implanted positron moves in a sample by random diffusion
motion. If positrons thermalize in the depth smaller than the positron diffusion
length, some of the positrons diffuse towards the surface and annihilates there.
The positrons with higher energy, which penetrate to the sample deeper than the
positron diffusion length L+, exhibit a bulk annihilation S parameter because the
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Figure 6: As a source of slow positron beam for VEPAS measurements serves
the setup consisting of: 1 - positron source, 2 - Helmholtz coils, 3 - solenoids, 4 -
accelerator, 5 - iris aperture, 6 - beam movement coils, 7 - valve, 8 - Ge-detector,
9 - sample chamber.

diffusion to the surface is negligible for these positrons. The S(E) curve therefore
represents gradual transition from the surface S parameter at very low energy of
incident positrons to the bulk S parameter value at high energies. Let us now
introduce defects into this material. The effective positron diffusion length L+,eff
in such layer of material is obviously decreased by the number of defects, which
cross the path of the diffusing positron and which act as trapping centers for the
positron

L+,eff =
√

D+

KD + λB
. (1.26)

Therefore, the trapping rate of a vacancyKD, which stands for the probability
of the capture of a free positron in the vacancy defect, is determined by [13]:

KD = 1
τB

(
L2

+,B

L2
+
− 1

)
, (1.27)

where τB is the free positron lifetime in a defect-free alloys calculated theoretically
in [14] and L+,B is the mean positron diffusion length in a defect-free alloy. This
quantity was calculated from the relation 1.1 using D+ estimated as a weighted
average of positron diffusion coefficients for pure Fe and Al, i.e.

D+ = (1− cAl)D+,F e + cAlD+,Al. (1.28)

The positron diffusion coefficient for aluminium D+,Al = (1.7 ± 0.2) cm2s−1 was
determined in [15], for iron the value D+,F e = (1.87± 0.05) cm2s−1 was obtained
using equation (1.1) for the measured positron diffusion length L+,F e = (142 ±
2) nm of a well-annealed α-Fe (99.99%) specimen. LT characterization of this
sample resulted in a single component spectrum with the lifetime of (107 ± 1)
ps testifying that virtually all positrons annihilate in the free state and the α-Fe
sample can be considered as a defect-free material.
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Bulk positron diffusion lengths L+,B for Fe-Al alloys estimated by equation 1.1
fall into the interval 141-145 nm.

The trapping rate of the vacancy Kv is directly proportional to the concen-
tration of vacancies cv calculated from the equation

cv = Kv

νv
(1.29)

where νv = 4 × 1014at.s−1 is the specific positron trapping rate for the vacancy
in Fe3Al [16]. Therefore, the vacancy concentration determined by VEPAS can
be calculated from the formula

cv = 1
νvτB

(
L2

+,B

L2
+
− 1

)
. (1.30)

1.2 Vickers hardness
The first step in measuring of Vickers microhardness consists of pressing the
diamond indenter with precise load to the sample surface. The second step is
the measuring of the size of the mark left on the sample with surface polished to
the optical mirror. The microhardness was measured by STRUERS Duramin-2
micro-tester. The load of 100 g was applied for 10 s. The tip of the intender is of
defined pyramidal shape with the tip angle of 136◦. The rhombus-like mark on
the surface is measured by a light microscope equipped with measuring line scale
in the objective. The diagonal sizes of the indent is measured and the Vickers
microhardness HV is calculated from the equation

HV = F

A
= 2F sin(136◦/2)

d2 (1.31)

where F is the force applied by the load, A is the area of the indentation and d
is the length of the diagonals.

1.3 X-ray diffraction
X-ray diffraction (XRD) patterns were recorded by XPERT-PRO diffractometer
assembled in Bragg-Brentano geometry using Co anode. During measurement
each sample was rotated along an axis perpendicular to its surface in order to ran-
domize the orientation of grains with respect to the incident X-ray beam. Fitting
of X-ray profiles was realised using a model function constituted from pseudo-
Voigt functions corresponding to the characteristic wavelengths of Co Kα1 and
Kα2 emission lines. For the determination of lattice parameters the extrapolation
function of cos θ cot θ was used, so called Cohen-Wagner plot. The extrapola-
tion corrects the error from an excentric position of the sample with respect to
the center of the goniometer circle. The lattice parameter ae corrected for the
excentric position of the sample was obtained from the linear regression of the
Cohen-Wagner plot as

ahkl = ae + s cos θ cot θ (1.32)
where s is a constant which contains instrumental factors.
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2. Theoretical calculations

2.1 Two-component density functional theory
Quantum-mechanical calculations of positron parameters were performed in this
work. The first principle calculations can be made in principle by the two ap-
proaches: Hartree-Fock method (HF) and Density functional theory (DFT). HF
calculations are with the increasing number of atoms enormously demanding on
the computation time and the computers performance. The DFT calculation
are much more affordable and were successfully employed even in complicated
systems. In DFT theory the functional of the energy depending only on the elec-
tron density is constructed. In the two-component model the energy functional
depends on the positron density, too. The minimum of the functional is found
iteratively by a self-consistent variational method. The program for solution of
the following equations was written in the FORTRAN programming language.
It enables to calculate the annihilation characteristics of positron in the material,
which allows the comparing with the physical measurements. By theoretical mod-
elling of the type of the defects, the size, geometry and the chemical environment
of defects and comparison of calculated positron parameters with experiment it
is possible to find out what is happening in the material. Theoretical calcula-
tions are essential for proper interpretation of experimental results obtained by
positron annihilation spectroscopy.

2.2 Kohm-Sham equations
The Kohm-Sham equations are principal equations of DFT [17, 18]. The total
energy of the quantum-mechanical system of interacting electrons and positrons E
is expressed as a functional of the electron and the positron densities n+(r), n−(r).

E[n+, n−] = T0[n+] + T0[n−] +
∫
Vext(r)(n−(r)− n+(r))d3(r)

−
∫ ∫ n+(r)n−(r)

|(r)− (r′)| d
3(r′)d3(r)

+ 1
2

∫ ∫ n+(r)n+(r′)
|(r)− (r′)| d

3(r′)d3(r) + 1
2

∫ ∫ n−(r)n−(r′)
|(r)− (r′)| d

3(r′)d3(r)

+ Ee−p
c [n+, n−] + Exc[n+] + Exc[n−] (2.1)

First three terms express the kinetic energy of the non-interacting positron and
electron gas and the external potential Vext. The double integral terms account
for the Coulombic interaction between electrons and positrons. The term Ee−p

c

represents the positron-electron correlation energy and the terms Exc describe
the exchange correlation energy.

For the minimization of the functional (2.1) variation principle is used. The
Kohm-Sham equations for the system are obtained by the variation of the func-
tional.
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δE[n+, n−]
δn−

= δT0[n−]
δn−

+ Vext(r) +
∫ n−(r′)− n+(r′)

|(r)− (r′)| d3(r′)

+ δEe−p
c [n+, n−]
δn−

+ δExc[n−]
δn−

= µ−. (2.2)

δE[n+, n−]
δn+

= δT0[n+]
δn+

− Vext(r) +
∫ n+(r′)− n−(r′)

|(r)− (r′)| d3(r′)

+ δEe−p
c [n+, n−]
δn+

+ δExc[n+]
δn+

= µ+. (2.3)

The chemical potentials µ−, µ+ on the right hand side of the equations (2.2) - (2.3)
have the function of the Lagrange multiplicators which guarantee the constant
number of particles.

For the non-interacting electrons and positrons in the potential Veff (r) these
equations take form

δE[n+, n−]
δn−

= δT0[n−]
δn−

+ Veff (r) = µ−, (2.4)

δE[n+, n−]
δn+

= δT0[n+]
δn+

− Veff (r) = µ+. (2.5)

The comparison of the equations for the non-interacting particles (2.4)-(2.5)
with equations (2.2)-(2.3) one can rewrite Veff (r) in the equations (2.4)-(2.5) and
self-consistently solve the one-particle Schrödinger equations

−1
2∆ψ−i (r) + {Vext(r) +

∫ n−(r′)− n+(r′)
|(r)− (r′)| d3(r′)

+ δEe−p
c [n+, n−]
δn−

+ δExc[n−]
δn−

}ψ−i (r) = εiψ
−
i (r) (2.6)

−1
2∆ψ+

i (r)− {Vext(r) +
∫ n−(r′)− n+(r′)

|(r)− (r′)| d3(r′)

− δEe−p
c [n+, n−]
δn+

− δExc[n−]
δn+

}ψ+
i (r) = εiψ

+
i (r) (2.7)

where the positron and electron densities are

n−(r) =
∑

εi(<εF )

∣∣∣ψ−i (r)
∣∣∣2 , n+(r) =

N+∑
i

∣∣∣ψ+
i (r)

∣∣∣2 (2.8)

where ψ+
i (r) and ψ−i (r) are the wavefunctions of the positron and electron which

solve the Kohn-Sham equations, εF is the Fermi energy of electrons and N+ is the
number of positrons in the solid. For the computing performance these equations
are too demanding so the physical approximations have to be made to make the
calculations tractable in a reasonable time.
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2.3 Approximations in the calculations
Since the conventional laboratory source activity is roughly 1 MBq, there is

only one positron entering the material in one microsecond on average. The
observed lifetimes of the positron in the solid matter do not exceed a few ns.
The probability that more than one positron is in the sample at the same time
is therefore negligible. Hence, one can use the limit of low positron density with
the self-interacting correction (SIC); the positron exchange-correlation term and
the Hartree positron Coulombic term cancel in (2.7)

δExc[n+]
δn+

+
∫ n+(r′)
|(r)− (r′)|d

3(r′) = 0. (2.9)

The potential for the positron then contains only the following terms

Veff (r) = −Vext(r) + δEe−p
c [n+, n−]
δn+

−
∫ n−(r′)
|(r)− (r′)|d

3(r′). (2.10)

The term Vext(r) is the external potential, the second term is the positron-
electron correlation potential and the third term is the Coulombic potential
caused by the electrons. The potential Veff is used in one-particle Schrödinger
equation (2.6) for calculation of positron wave-function and energy eigenvalues.
To solve equations (2.6)-(2.7) it is necessary to estimate the exchange-correlation
term. Two approaches were chosen and compared in this work.

Firstly, the electron-positron correlation term was treated within the local
density approximation (LDA), i.e. assuming that electron-positron correlation
depends on the electron density at the positron site only. In the code the LDA
approach is implemented using the parametrization of the zero positron density
limit of the exchange-correlation potential in equation (2.10) and the enhance-
ment factor γ(r) in equation (1.2) proposed by Boroński and Nieminen [19] and
therefore calculations using LDA are denoted by BN in this work. The LDA ap-
proach was proved to give accurate positron lifetimes especially in metals when
superimposed atomic electron density is used in equations (2.6)-(2.7) [18]. A
drawback of the LDA approach is that it overestimates positron annihilation
rates with core electrons.

Secondly, the electron-positron correlation was calculated using a gradient
correction scheme (GC), which takes into account the gradient of the electron
density at the positron site [20, 21]. This scheme is called generalized gradient
approximation (GGA). The GGA approach yields more accurate positron anni-
hilation rates with core electrons but it is more sensitive to details of electron
density than LDA. Therefore, GGA calculations were always performed using
a self-consistent electron density calculated by solving electron structure of the
material without the presence of positron.

Hence, the electron density and the Coulomb potential were obtained by two
ways:

(i) for LDA calculations the electron density and the Coulomb potential were
constructed by atomic superposition (ATSUP). In the ATSUP approach the
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charge density of the material and the Coulombic potential are approximated
as

n(r) =
∑
i

nat(|r−Ri|), VC(r) =
∑
i

Vat(|r−Ri|). (2.11)

where Ri runs over the occupied atomic sites, nat and Vat are the atomic electron
density and the Coulomb potential, respectively.

(ii) for GGA calculation the self-consistent valence electron density was calcu-
lated by the Vienna ab initio simulation package (VASP) [22,23]. VASP utilizes
projector augmented wave method [24] with generated PAW pseudopotentials [25]
in order to effectively minimise energy of a given system with respect to atomic
positions. The generalized gradient approximation (GGA) in the form of Perdew-
Wang type PW91 functional [26] was used for the electron exchange correlation.
The all electron density was obtained by adding frozen core electron densities to
the self-consistent valence electron density produced by VASP, see Appendix A
for detailed settings of calculations.

2.4 Solving Schrödinger equation for positron
The Schrödinger equation of the positron is solved numerically in a 3D grid in real
space. The seek for the positron wavefunction is realized by the minimization of
the functional iteratively by the conjugate gradient method [17]. The important
input and output data will be discussed in this section. The INPUT file is shown
in the Appendix B for better illustration of the calculations parameters. The re-
sults are the eigenvalues of the positron energy ε+

i and the wavefunctions ψ+
i (r).

Through difference between the ground state energy of a delocalized positron and
the ground state energy of a trapped positron at defect one can determine the
binding energy of the positron to the defect and the positron ground state wave-
function ψ+(r) clarifies the characteristics of the annihilation, e.g. the fraction
of the annihilations with the electrons of different types of atoms. The position
annihilation rate is determined by equations (1.2) with the calculated electron
and positron densities.

Iron and aluminum atoms were positioned into their sites in the supercell
containing 1024 atoms. The supercell was periodically repeated in calculations.
The atom coordinates are inserted as a parameter into the POSITION field in
the INPUT file.

The boundary condition is set in the input file of the program. The setting
111 means that the value of the wavefunction is periodically repeated on the
borders of the supercell. This setting must be used in the calculations for the
non-defected material. For the vanishing boundary condition the value of the
parameter BOUNDARY is set to 000, which means that positron wavefunction
is zero at the borders of the supercell. This setting is used in the calculations of
the annihilation of the positron trapped at defects.

2.5 Atomic relaxations of defect structure
Positron annihilation characteristics are very sensitive to size of the open volume
of defects. Therefore, one has to consider atomic relaxations in the vicinity of a
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defect. The VASP code [22, 23] was employed in order to obtain realistic defect
configurations by ab initio quantum-mechanical molecular dynamics.

The size of the supercell used for VASP calculations was 128 atoms, which
means 4×4×4 unit cells of A2, B2 and α-Fe structures or 2×2×2 unit cells of D03
structure. As a reference the calculations were performed also for pure Al using
3×3×3 FCC unit cells consisting of 108 atoms in such supercell. The number of
k points was set to 4×4×4.

Ionic relaxation was done by damped molecular dynamics settings [27] and
minimizing parameter was the calculated force acting on the atoms. In each
step of the relaxation the electronic structure was calculated and resulting forces
acting on the atom determined its position in the next step.

Positron lifetime and high momentum parts (HMP) of the momentum dis-
tribution of annihilation photons (MDAP) were calculated for relaxed atomic
positions.
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3. Investigation of vacancies in
Fe-Al alloys

3.1 Fe-Al alloys
Intermetallic phase alloys play an important role in materials research due to
unique properties of these alloys for high-tech applications in various industry
areas [28]. Particularly iron aluminides studied in this work exhibit good me-
chanical properties also at elevated temperatures, relatively low density and out-
standing oxidation, sulfidation and corrosion resistance in an aggressive chemical
environment at very affordable prices due to economically advantageous alloying
elements [28,29].

The equilibrium phase diagram of the Fe-Al alloys was firstly proposed by
Kubaschewski [30] and subsequently extended to the present form shown in the
Figure 7.

Figure 7: Equilibrium phase diagram of Fe-Al binary system [30].

The structure of the iron-aluminium alloys with Al concentration in the inter-
val from 0 to 50 at. % can be described by a body centered cubic (BCC) lattice
which consists of two simple cubic (SC) sublattices denoted A and B. The A-
sublattice is displaced with respect to the B-sublattice by the vector [a/2, a/2, a/2]
where a is the lattice parameter of the BCC lattice. Three phases may form in
the studied samples.

The A2 phase is derived from the α−iron and represents disordered solid so-
lution of Al in Fe, where both sublattices are randomly occupied by the Fe and
Al atoms. The B2 structure consisting of the A-sublattice occupied exclusive-
ly by Fe atoms and the B-sublattice occupied by Al atoms is the equilibrium
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Figure 8: Atomic arrangements and possible superlattice displacement vectors
for the ordered FeAl B2 structure and Fe3Al D03 [31]. White circles represent Fe
atoms and black circles Al atoms.

phase for the stoichiometric Fe50Al50 composition, see Figure 8. In case of non-
stochiometric composition the B2 phase is obtained by random occupation of
the B-sublattice by both Al and Fe atoms. Alloys with compositions near the
Fe75Al25 may form stable ordered phase D03, which is characterized by the Fe
atoms in the A-sublattice while the B-sublattice consists of alternating Fe and Al
atoms, see Figure 8.

In general, mechanical properties of metals vary with the testing temperature,
thermal treatment and history of a sample. Except particular cases of dynamic
strain ageing [32], the yield strengths σ of disordered alloys generally decrease
with increasing temperature T (i.e. dσ/dT < 0) [33]. However, Fe-Al alloys in
B2 phase exhibit anomalous strengthening (dσ/dT > 0) in the temperature region
close to 0.45Tm [34]. Hardening caused by quenched-in non-equilibrium vacancies
was proposed by Chang et al. [35] stating that vacancy-like point defects act as
obstacles for dislocation movement.

The vacancy concentration in B2 Fe-Al alloys with the Al content close to 50 %
can reach up to several atomic percent [36,37] . It has been shown that relatively
high concentration of vacancies formed in Fe-Al alloys at high temperatures can
be easily quenched down to room temperature [36,37]. This is caused by relatively
high effective migration enthalpy of vacancies in Fe-Al alloys [38].

As well as the vacancy concentration, the hardness of Fe-Al alloys vary with
thermal treatment and quenching rate, see e.g. review of Jordan et al. [39].
Therefore, in order to study this correlation, precise concentration of vacancies
was determined in the prepared samples of Fe-Al alloys. Positron annihilation
spectroscopies provide unique methods capable of determination of the vacan-
cy concentration, namely the positron lifetime spectroscopy (LT), employing the
simple trapping model, and the variable energy positron annihilation spectroscopy
(VEPAS), using positron diffusion length obtained from back-diffusion of implant-
ed positrons.
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3.1.1 Preparation of Fe-Al samples
Fe-Al alloys with Al concentration cAl falling in the range from 18 to 49 at.%
were prepared by arc melting from high purity Fe (99.99%) and Al (99.99%) in
Ti-gettered Ar atmosphere. As-cast alloys exhibited coarse grains with the mean
diameter of a few mm. Specimens were cut from ingots to the size of about 10 ×
10 × 1 mm3, sealed in evacuated quartz ampoules and annealed at 1000 ◦C for
one hour. The annealing treatment was finished by quenching the ampoule into
water of room temperature. Subsequent annealing steps performed in this work
were finished by quenching samples to silicon oil of room temperature.

3.2 LT study of vacancies in Fe-Al alloys
Figure 9(a) shows results of LT investigations of the Fe-Al alloys quenched from
1000 ◦C plotted as a function of the Al concentration cAl. The LT spectra of al-
loys with cAl < 26 at.% were decomposed into two exponential components. The
lifetimes of these components are plotted in Figure 9(a). The short-lived com-
ponent with the lifetime τ1 represents a contribution of free positrons, while the
longer component with the lifetime τ2 comes from positrons trapped at quenched-
in vacancies. The relative intensity I2 of the contribution of positrons trapped at
quenched-in vacancies is plotted in Figure 9(b) as a function of the Al content.
The intensity of positrons trapped at vacancies strongly increases with increasing
Al content. In alloys with cAl ≥ 26 at.% the intensity of trapped positrons I2
reaches 100%, i.e. the concentration of vacancies becomes so high that virtually
all positrons annihilate from the trapped state (saturated trapping). Therefore,
the LT spectra of Fe-Al alloys with cAl ≥26 at.% are well described by a single
component originating from positrons trapped at vacancies. This is in reasonable
agreement with the results published by de Diego et al. [40] who observed sat-
urated positron trapping in Fe-Al alloys with cAl ≥ 25 at.% in water-quenched
samples and cAl ≥ 30 at.% in air-quenched samples.

The quantity τf was calculated using equation (1.18) for all samples where the
free-positron component could be resolved in the LT spectrum. For all studied
samples the quantity τf agrees well with positron bulk lifetime value of τB ≈ 112
ps [41,42] measured in a well-annealed Fe3Al. This indicates that STM assump-
tions are fulfilled in this case and STM can be employed for determination of
the vacancy concentration. The positron trapping rate at a vacancy Kv was
calculated using equation (1.15). Subsequently, the concentration of vacancies
was calculated using equation (1.14) assuming the specific positron trapping rate
νv = 4×1014 s−1 determined for vacancies in Fe3Al [41]. The fraction of positrons
annihilating at vacancies Fv was calculated using equation (1.19). The quantities
Kv, cv, Fv obtained by application of STM are listed in Table I. The determi-
nation of vacancy concentrations by positron lifetime measurements was possible
for samples Fe82Al18 - Fe75Al25. Alloys with higher Al content exhibit vacancy
concentration above the limit cv,max,LT given by equation (1.17) due to saturated
positron trapping in vacancies.

Table II shows the calculated vacancy concentration for the quenched Fe-Al
alloys annealed at 520 ◦C for 1 h. The vacancy concentration cv in the annealed
samples is lower than in the quenched samples due to recovery of vacancies, i.e.
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thermally activated migration of vacancies to sinks at grain boundaries and on
the surface of the sample. The driving force for recovery of vacancies is the ten-
dency to reach the equilibrium vacancy concentration which is at the annealing
temperature of 520 ◦C substantially lower than concentration of the quenched-in
vacancies. Time required to establish the equilibrium state of vacancy concen-
tration during the annealing of Fe-Al alloys was found to be of the order of 5
minutes [43].

The positron lifetime spectrum of the annealed Fe82Al18 alloy exhibited only

Figure 9: (a) Positron lifetimes τ1 (open circles) and τ2 (filled circles) of exponen-
tial components resolved in LT spectra of quenched alloys plotted as a function of
Al concentration cAl. The quantity τf calculated using equation (1.18) is plotted
in the figure by open triangles. (b) Defect component intensity I2 plotted as a
function of Al content of quenched Fe-Al alloys.
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Table I: Results of positron lifetime measurement on Fe-Al alloys quenched from
1000 ◦C. cAl is the Al content in the alloy, τf is the quantity calculated using
equation (1.18), Kv is the positron trapping rate to vacancies, Fv denotes the
fraction of positrons annihilated from trapped state in vacancies, cv is the vacancy
concentration.

cAl τf [ps] Kv[10−3ps−1] Fv[%] cv[10−6at−1]
Quenched from 1000 ◦C

18 107(11) 3.7(2) 28(3) 9.2(6)
20 107(2) 7.5(2) 44(2) 18.7(5)
23 102(9) 25(6) 72(3) 6(2)
24 113(2) 16(5) 65(2) 41(12)
25 114(2) 28(3) 76(2) 70(2)

one component with a lifetime of (112±1) ps originated from the free positron
annihilations, therefore, the positron trapping rate to vacancies is negligible com-
pared to the annihilation rate of free positrons which means that the vacancy
concentration cv is below the detectable limit of ∼ 10−6 at.−1.

Table II: Results of positron lifetime measurements of the Fe-Al alloys quenched
from 1000 ◦C and subsequently subjected to annealing at 520 ◦C for 1 h finished
again by quenching to room temperature.

cAl τf [ps] Kv[10−3ps−1] Fv[%] cv[10−6at−1]
Annealed at 520◦C

18 112(1) 0 0 <1
20 110(7) 2.0(6) 18(4) 5.1(7)
23 107(7) 4.9(2) 34(1) 12.2(5)
24 108(3) 5.4(9) 37(2) 14(2)
25 114(1) 14.5(2) 62(2) 14.7(5)
26 111(9) 4.3(2) 32(2) 10.7(5)
27 112(5) 4.1(1) 31(2) 10.2(3)

3.3 Investigation of vacancies in Fe-Al alloys by
VEPAS

VEPAS enables precise determination of the concentration of open volume de-
fects even in samples containing very high density of defects, where LT is not
applicable due to saturated positron trapping [44]. Since in quenched Fe-Al al-
loys with cAl > 25 at.% the concentration of vacancies cv is so high that it
exceeds the saturated trapping limit (cv,max,LT ≈ 2× 10−4 at.−1), it is impossible
to resolve the free component of the positron lifetime spectra. Therefore, the
vacancy concentration in alloys with cAl > 25 at.% cannot be determined by the
LT measurement. However, the VEPAS back-diffusion measurement enables to
determine the concentration of vacancies also in the alloys with cAl > 25 at.%.

In VEPAS experiment the monoenergetic positrons with energy ranging from
30 eV to 35 keV were implanted to the sample. Once a positron is implanted
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Figure 10: VEPAS results: S(E) curves of various Fe-Al alloys quenched from
1000 ◦C.

Figure 11: VEPAS results: S(E) curves for various Fe-Al alloys quenched from
1000 ◦C and subsequently annealed at 520 ◦C for 1 h.
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it is scattered until it thermalizes. The mean penetration depth into a material
is given by equation (1.25) and is defined by the positron implantation energy.
Thermalized positrons diffuse inside the sample until the annihilation with elec-
trons occurs. Some positrons diffuse back to the surface and become trapped
at the surface prior to their annihilation. Such positrons are then annihilated
in the surface state. The annihilation parameters such as the S parameter for
the surface state differ from the bulk values. Hence, for very low implantation
energies almost all positrons are annihilated at the surface and the S parameter
exhibits the surface value. With increasing implantation energy the fraction of
positrons diffusing back to the surface decreases and the S parameter gradually
changes from the surface value to the bulk value corresponding to the situation
when virtually all positrons are annihilated in bulk. Therefore, positron diffusion
length L+ can be determined by fitting the S(E) curves. The dependence of
the S parameter on the positron energy measured in the alloys quenched from
1000 ◦C and the alloys subsequently annealed at 520 ◦C are plotted in Figures 10
and 11, respectively. All S parameters presented in the figures were normalized
to the bulk S parameters for a well annealed Fe reference sample. Smooth lines
represent the model curves calculated by VEPFIT software [45] assuming two
layered model consisting of

(i) a thin oxide surface layer and
(ii) a bulk Fe-Al layer.

The thickness of the oxide layer obtained from fitting falls into the range of 5-40
nm. This surface layer exhibits a high density of defects which is testified by a
positron diffusion length of ∼ 6 nm.

Figure 12: The bulk S parameter SB obtained by fitting of the S(E) curves in
Figures 10 and 11 .

The S parameters and the positron diffusion lengths L+ for Fe-Al bulk ob-
tained from fitting of the S(E) curves are plotted in Figures 12 and 13 for both
the quenched and the annealed alloys. The S parameter is generally used as a
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Figure 13: Positron diffusion length L+ obtained by fitting of S(E) curves for
Fe-Al alloys quenched from 1000 ◦C and annealed at 520 ◦C for 1 h.

measure of presence of open volume defects in VEPAS experiments. The S pa-
rameter increases due to the increased annihilation with low-momentum valence
electrons caused by the lack of the core electron annihilations in the open volume
defect. Indeed, the bulk S parameter for each alloy in Figure 12 is decreased
by annealing of quenched samples. Assuming that Fe-Al alloys contain only a
single type of positron traps, which was confirmed by LT spectroscopy [14], the
defect concentration is found to decrease after the annealing at 520 ◦C for 1 h.

Figure 14: The vacancy concentration calculated from VEPAS results by equa-
tion 1.30.
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Furthermore, the positron diffusion length shown in Figure 13 increases by the
annealing of the quenched samples. This also suggests that after the annealing
of the quenched samples the thermalized positron meets less defects during the
diffusion process i.e. diffuses further before the trapping and the annihilation
occur.

The vacancy concentration calculated from VEPAS results using equation 1.30
is plotted in Figure 14 for the alloys quenched from 1000 ◦C and the alloys
subsequently annealed at 520 ◦C. One can see in the figure that the concentration
of the quenched-in vacancies substantially increases with increasing Al content.
The annealing at 520 ◦C leads to a significant drop of cv indicating recovery of
vacancies.

3.4 Vacancy concentration in Fe-Al alloys
The concentrations of vacancies in Fe-Al alloys determined by PAS methods are
plotted in Figure 15. One can see in the figure that both LT and VEPAS in-
vestigations revealed a substantial increase in the vacancy concentration with
increasing Al content. This indicates that creation of a vacancy becomes easier
with increasing Al content in accordance with the results obtained by Würschum
et al. [46]. The concentration of vacancies at 1000 ◦C determined in literature
are plotted in Figure 15 as well. It includes the vacancy concentration calcu-
lated from results of LT investigations in Refs. [46, 47]. In alloys with high Al
content (cAl > 40 at.%) the concentration of vacancies becomes so high that it
can be detected using differential dilatometry combined with XRD [36,48,49] or
through microhardness measurements combined with theoretical modelling [35].
Results of these investigations are also shown in Figure 15 for comparison with
PAS results. One can see in the figure that there is a very reasonable agreement
among the vacancy concentrations determined using various techniques despite
the uncertainties implied by necessary approximations and simplifications used
in estimating of vacancy concentration by various techniques. The concentra-
tion of vacancies increases with increasing Al content roughly by four orders of
magnitude from ∼ 10−5 for the Fe82Al18 alloy up to ∼ 10−1 for the Fe50Al50 alloy.

In cases of short positron diffusion lengths (< 10 nm) the uncertainty of
this quantity determined by fitting of the S(E) curves measured on our setup
falls into the range 1–2 nm. Obviously the positron diffusion length can be
reliably determined only if its magnitude is higher than its uncertainty. Hence,
the positron diffusion length can be reliably determined by fitting of the S(E)
curve if L+ > 2 nm. From equation (1.30) if follows that L+ ≈ 2 nm would
correspond to an extremely high concentration of vacancies of ∼ 0.2. Obviously,
such a high concentration of vacancies cannot be reached in any real material.
Thus, we can conclude that contrary to LT spectroscopy VEPAS is applicable
for the determination of the vacancy concentration in almost any practical case
and there seems to be no real upper limit for a vacancy concentration which can
be determined by this technique. On the other hand, VEPAS cannot distinguish
between various kinds of defects and the uncertainty of cv obtained by VEPAS
is usually larger compared to LT measurements. For these reasons VEPAS is
suitable mainly for an estimation of the vacancy concentrations in materials with
a very high density of defects where LT spectroscopy is not applicable due to
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Figure 15: The concentration of quenched-in vacancies cv in Fe–Al alloys
quenched from 1000 ◦C. Open circles: cv determined by LT spectroscopy in this
work; black full circles: cv determined by VEPAS spectroscopy in this work; filled
blue triangles: cv obtained by extrapolation of cv determined in the temperature
range 500–800 ◦C by LT spectroscopy in Ref. [47]; half filled green diamonds: cv
calculated using the vacancy formation enthalpy and the pre-exponential factor
determined in the temperature range 390–470 ◦C by in situ LT spectroscopy in
Ref. [46]; half-filled red squares: cv determined from the hardness measurements
and theoretical modelling by Chang et al. [35]; half filled pink circles: cv de-
termined from the XRD studies by extrapolation of cv measured in temperature
range 500–950 ◦C by Joardar et al. [48]; blue stars: cv determined from the dilato-
metric measurements combined with XRD [36]; hourglass squares, cv determined
from dilatometric measurements combined with XRD [49].

saturated positron trapping. To check whether LT spectroscopy and VEPAS gave
mutually consistent results, the vacancy concentration in a quenched Fe75Al25
alloy was determined by both techniques. The concentrations of quenched-in
vacancies cv = (7.0± 0.5)× 10−5 and (5± 1)× 10−5 were obtained from LT and
VEPAS measurements, respectively. These values are in reasonable agreement
taking into account the experimental uncertainties, see Appendices C, D and E.

3.5 Vacancy induced hardening
Figure 16 shows HV of Fe-Al alloys in the as-quenched state from 1000 ◦C and
after subsequent annealing at 520 ◦C. The hardness exhibits a local maximum
for the composition cAl = 25 at.% followed by a further increase for higher Al
contents (cAl>30 at.%). This increase is most pronounced in the alloys quenched
from 1000 ◦C. Hardness of Fe-Al alloys is a superposition of two contributions

HV = HVv(cv) +HVc(cAl), (3.1)
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Figure 16: Hardness of Fe-Al alloys with various Al content (cAl) quenched from
1000 ◦C and after subsequent annealing at 520 ◦C for 1h.

where HVv expresses the hardness increment caused by vacancies while HVc is
the part of hardness influenced by the composition of the alloy. From comparison
of the alloys quenched from 1000 ◦C and the alloys subsequently annealed at
520 ◦C one can deduce the following findings. In alloys with cAl > 25 at.%, the
annealing at 520 ◦C leads to a significant drop of HV. On the other hand, in
alloys with cAl < 25 at.%, the annealing at 520 ◦C did not cause any detectable
decrease of hardness. This indicates that the vacancy hardening contribution HVv

is negligible in the alloys with cAl < 25 at.% and the compositional contribution,
which is not affected by annealing, dominates. On the other hand, in alloys
with cAl > 25 at.% both the vacancy and the compositional contribution are
important. Quenched-in vacancies act as point obstacles for slip of dislocations
during plastic deformation. In order to overcome the elastic field formed around
a vacancy in a periodic lattice, it is necessary to increase the tension forcing the
dislocations to move. From theoretical models of interaction of dislocations with
point imperfections in the lattice by Fleischer [50] the square root dependence
of the strengthening induced by point defects σs on the defect concentration c is
suggested as

σS ∼ c
1
2 . (3.2)

Therefore, the hardness caused by vacancies can be expressed as HVv =
6γµ√cv [35], where µ ≈ 100 GPa is the shear modulus of FeAl [51] and γ is
a coefficient less than unity expressing the strength of the interaction of vacan-
cies with a dislocation. In order to eliminate the composition part HVc one has to
calculate the difference of HV between the as-quenched and the annealed sample
∆ HV ∼ √cv,q−

√
cv,a, where cv,q and cv,a denote the concentration of vacancies in

the as-quenched and the annealed state, respectively. Figure 17 shows that ∆ HV
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is indeed proportional to ∆√cv taking into account the experimental uncertain-
ties. From the slope of this dependence we obtained γ = 0.020 ± 0.005, which is
in order of magnitude comparable with that obtained by Chang et al. [35].

Figure 17: Difference of microhardness ∆ HV between the as-quenched and the
annealed alloy plotted as a function of the difference of the square root of vacancy
concentration √cv.
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4. Thermal development of
vacancies in Fe-Al alloys

4.1 Isochronal annealing of Fe-Al alloys
The thermal development of quenched-in vacancies was studied in selected al-
loys: Fe75Al25, Fe73Al27, Fe65Al35, Fe60Al40 and Fe55Al45. The alloys were initially
quenched from 1000 ◦C. Isochronal annealing of alloys is schematically depicted
in Figure 18. The sample is step-by-step annealed at gradually increasing tem-
peratures TA for the certain period of time and quenched to room temperature
into silicon oil bath and measured also at room temperature denoted as TM . The
alloys were subjected to isochronal annealing with annealing steps 40 ◦C / 40
min starting at 200 ◦C, i.e. the effective heating rate was 1 ◦C per minute. From
inspection of the equilibrium phase diagram in Figure 7 one can realize that the
Fe65Al35, Fe60Al40 and Fe55Al45 alloys are quenched and subsequently annealed
within the B2 ordered phase region, while the Fe75Al25 and Fe73Al27 alloys are
quenched from the A2 disordered phase region and during annealing in the tem-
perature range ∼200-600 ◦C it passed through the region of the ordered D03 and
the partially ordered B2 phase.

Figure 18: A schematic depiction of the isochronal annealing at the temperatures
TA for the same time periods.

4.1.1 Microhardness of isochronally annealed Fe-Al alloys
Figure 19 shows the development of microhardness of the quenched alloys during
the isochronal annealing. In case of Fe75Al25, i.e. the alloy with the lowest Al
content among the alloys studied, the hardness remains basically constant during
the annealing. For all the other alloys the hardness starts to decrease around
400 ◦C and reaches minimum at ∼600 ◦C. Annealing to higher temperatures
leads again to a rise of hardness.
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Figure 19: The development of hardness for quenched Fe-Al alloys isochronally
annealed with annealing steps 40 ◦C / 40 min.

4.1.2 Positron lifetime spectroscopy of isochronally an-
nealed Fe-Al alloys

PAS investigations were performed on the Fe75Al25, Fe73Al27, Fe65Al35, Fe60Al40
and Fe55Al45 alloys isochronally annealed in the same way as the alloys for the
microhardness testing described in the previous section. Positron lifetime spectra
of isochronally annealed Fe75Al25 alloy consist of two components with lifetimes
τ1 and τ2 and relative intensities I1 and I2 (I1 + I2 = 100%). The temperature
dependence of the positron lifetimes τ1, τ2 and the relative intensity I2 are plot-
ted in Figures 20 and 21, respectively. The shorter component with the lifetime
τ1 represents a contribution of free positrons, while the longer component with
the lifetime τ2 comes from positrons trapped at vacancies. Isochronally annealed
Fe60Al40 and Fe55Al45 alloys exhibit single component positron lifetime spectra.
Hence the concentration of vacancies in these alloys is so high that saturated
positron trapping occurs and virtually all positrons are trapped in vacancies (i.e.
I2 is 100%). Temperature dependence of the lifetime τ2 of positrons trapped in
vacancies in Fe60Al40 and Fe55Al45 alloys is plotted in Figure 20 as well. The
positron lifetime spectra of as-quenched Fe73Al27 and Fe65Al35 alloys exhibit sat-
urated trapping as well. However, the free positron component appeared in the
spectra during the isochronal annealing at temperatures 320 ◦C and 420 ◦C, re-
spectively.

One can see in Figure 21 that the intensity of positrons trapped in vacancies in
Fe75Al25, Fe73Al27 and Fe65Al35 alloys exhibit a steep decrease at the temperatures
above 400 ◦C. This testifies that the concentration of vacancies in these alloys
decreases, i.e. more positrons are annihilated from the free state. The minimum
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Figure 20: Positron lifetimes of isochronally annealed Fe-Al alloys subjected to
isochronal annealing. The LT spectra of Fe-Al alloys exhibited a short-lived
component with lifetime τ1 which comes from free positrons and a component
with lifetime τ2 which represents a contribution of positrons trapped at vacancies.
In case of saturated positron trapping in vacancies the free positron component
τ1 cannot be resolved in the spectra any more. Connecting lines are shown just
to guide the eyes.

Figure 21: The development of the intensity I2 of positrons trapped at vacancies
for quenched Fe-Al alloys subjected to isochronal annealing. Connecting lines are
shown just to guide the eyes.
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of I2 values is reached at 480 ◦C. Annealing at higher temperatures causes again
a rise of I2 indicating an increase in the concentration of defects. The lifetime of
positrons trapped in vacancies remains constant except for statistical scattering.
This testifies that the nature of defects remains unchanged and annealing causes
only variations in the concentration of vacancies. The vacancy concentrations
in Fe75Al25, Fe73Al27 and Fe65Al35 alloys were determined using STM equations
(1.12) - (1.15). The temperature dependence of the concentrations of vacancies
in Fe75Al25, Fe73Al27 and Fe65Al35 alloys is plotted in Figure 22.

Figure 22: The temperature dependence of the concentration of vacancies cv
determined from the LT results using equation. 1.16. The vertical dashed lines
show the positions of the phase boundaries between the D03, B2 and A2 phases.
The dashed curve shows the limit of saturated trapping. The solid line curves
represent the equilibrium concentration of vacancies calculated using equation 4.1
discussed in section 4.2.

From the inspection of Figure 22 one can realize that the concentration of
quenched-in vacancies in Fe75Al25 does not change up to ∼400 ◦C. The annealing
above 400 ◦C leads to a strong decrease in vacancy concentration. This indicates
recovery of vacancies by diffusion into sinks at grain boundaries and on the sur-
face. The minimum concentration of vacancies is achieved at 480 ◦C. The initial
concentration of vacancies in quenched Fe73Al27 and Fe65Al35 is higher than the
saturation trapping limit (cv,max,LT ≈ 2 × 10−4 at.−1) and drops to the range of
cv measurable by LT during the isochronal annealing at temperatures ∼ 320 ◦C
and 420 ◦C, respectively. The minimum of the vacancy concentration is achieved
in both alloys at 480 ◦C, i.e. at the same temperature where the minimum of
cv was observed also in the Fe75Al25 alloy. Subsequent annealing at higher tem-
peratures leads to an increase in vacancy concentration. This effect is caused by
thermal vacancies. Above 480 ◦C the equilibrium concentration of quenched-in
vacancies becomes high enough (> 10−6at−1) to be detected by positron lifetime
spectroscopy. Hence, after each annealing step at temperatures above 480 ◦C the
vacancy concentration in the samples is enhanced due to quenched-in thermal
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vacancies. One can notice that the vacancy concentrations in Fe75Al25 at temper-
atures above 720 ◦C are higher than the cv in the initial sample quenched from
1000 ◦C. The possible reason could be that the initial annealing was performed in
evacuated ampoule (p = 10−3 mbar) and therefore the quenching rate was slower
than in the case of isochronally annealed samples which were directly immersed
in the silicon oil bath of room temperature.

4.2 Vacancy formation enthalpy
The LT spectroscopy was employed most frequently for the investigation of va-
cancies in Fe–Al alloys [16, 40–42,46,47,52–59].

High temperature in situ LT investigations of Fe–Al alloys enabled to deter-
mine the vacancy formation enthalpy Hv,f . Würschum et al. [46] found that Hv,f

decreases with increasing Al content. However, due to the necessity to adapt
the LT spectrometer for measurements at high temperatures the achieved time
resolution is usually poorer and also the total statistic in LT spectra is lower than
for room temperature measurements. This allowed only for an analysis using the
mean positron lifetime [16, 41, 46, 58]. Here a high resolution LT measurements
with high statistics were performed for Fe-Al alloys annealed to various temper-
atures. The equilibrium concentration of vacancies at temperature T is governed
by the expression

cv = exp
(
Sv,f
kB

)
exp

(
−Hv,f

kBT

)
(4.1)

where kB is the Boltzmann constant and the symbols Hv,f and Sv,f denote the

Figure 23: Arrhenius plot constructed from the vacancy concentrations deter-
mined by LT spectroscopy in the samples subjected to isochronal annealing at
temperatures T ≥ 500 ◦C. Solid line shows linear regression of the data in the
temperature range 500–700 ◦C.
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enthalpy and entropy of vacancy formation, respectively. Atom disordering in
the B-sublattice takes place in the Fe75Al25 and Fe73Al27 samples 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 alloys
exhibit B2 structure [30, 60]. Therefore, thermal vacancies detected by PAS are
formed mainly in the B2 structure.

Figure 24: 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. The abbreviations
in the legend denote the experimental technique employed for determination of
Hv,f : LT, positron lifetime spectroscopy; DB, Doppler broadening of annihila-
tion radiation; DIDI, differential dilatomery; HV, hardness measurement; RST,
resistometry.

The temperature dependence of the vacancy concentration for the Fe75Al25,
Fe73Al27 and Fe65Al35 alloys in the temperature range where thermal equilibrium
vacancies were detected can be fitted by equation (4.1) in order to determine the
enthalpy Hv,f and entropy Sv,f of vacancy formation in the B2 phase. Figure
23 shows an Arrhenius plot (ln cv versus 1/kBT ) constructed using the vacancy
concentrations detected at temperatures T > 500 ◦C, where thermal vacancies
become detectable by PAS. One can see in Figure 23 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 equation
(1.30). Due to this the determination of Hv,f and Sv,f from the Arrhenius plot
was performed by linear regression only in the temperature range 500–700 ◦C
(see the solid line in Figure 23). The enthalpies of vacancy formation obtained
from the Arrhenius plot Hv,f = (0.84 ± 0.05) eV for Fe75Al25 and Fe73Al27 and
Hv,f = (0.69 ± 0.05) eV for Fe65Al35 fall in the range 0.73–1.18 eV reported in
the literature for vacancies in the B2 phase. The entropy of vacancy formation
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obtained from the Arrhenius plots is Sv,f = (0.6±0.4)kB for Fe75Al25 and Fe73Al27
and Sv,f = (0.5± 0.4)kB for Fe65Al35. To put the enthalpies of formation derived
here in the context of results published in the literature, Figure 24 shows Hv,f

values for vacancies in the B2 phase in Fe–Al alloys with various compositions
reported by various authors [41, 43, 46, 55, 58, 61–64]. One can see in Figure 24
that Hv,f . The weighted average calculated from the literature data taking into
account the uncertainty of each quantity is Hv,f = (0.917 ± 0.008) eV. There is
a lack of information about the entropy of vacancy formation in the B2 phase.
However, it should be mentioned that these values are significantly lower than
Sv,f ≈ 5kB determined in Lynn et al. [65] for vacancies in the D03 phase.

4.3 Isothermal annealing of Fe-Al alloys
The procedure of step-by-step isothermal annealing is schematically depicted in
Figure 25. The sample is hold at the annealing temperature TA for the certain
time and quenched to room temperature denoted TM in Figure 25. The measure-
ment of quenched sample was also performed at room temperature. The alloy
with the composition of Fe73Al27 alloy was selected for the isothermal annealing.

Figure 25: A schematic depiction of the isothermal annealing at the temperature
TA.

The Fe73Al27 alloy was quenched from 1000 ◦C and subsequently isothermally
annealed at TA = 520 ◦C, where ordered D03 structure represents the equilibrium
phase. Figure 26 shows that microhardness decreases during the annealing at
520 ◦C. Figure 27 shows X-ray diffraction pattern after annealing for 100 hours.
The X-ray pattern contains reflections belonging to the D03 phase. In particular,
one can notice the (111), (200) and (311) superstructure reflections. This testifies
that long-term annealing at 520 ◦C led to ordering into the D03 structure. The
lattice parameter was determined from fitting of the X-ray diffraction pattern in
Figure 28. The Cohen-Wagner extrapolation plot (1.32) shown in Figure 28 was
used in order to minimize the instrumental error caused by possible offset of the
goniometer axis and the misalignment of the surface of the sample. The lattice
parameter 5.805(8) Å obtained from fitting agrees well with the value reported
in Ref. [66].

39



Figure 26: Microhardness of quenched Fe73Al27 alloy after isothermal annealing
at 520 ◦C.

Figure 27: The X-ray diffraction pattern of quenched Fe73Al27 alloy after isother-
mal annealing at 520 ◦C for 100 h. The spectrum was recorded using Co anode.
The X-ray diffraction peaks were fitted by two pseudo-Voigt functions correspond-
ing to the cobalt Kα1 and Kα2 characteristic emission lines.

The Fe73Al27 alloy was quenched from 1000 ◦C and subsequently isothermally
annealed at TA = 600 ◦C. The development of hardness is plotted in Figure 29.
During isothermal annealing at 600 ◦C the hardness of Fe73Al27 decreases down
to ∼ 320 HV. The sample annealed at 600 ◦C for 8 h was characterized by X-
ray diffraction. The X-ray diffraction pattern shown in Figure 30 exhibits A2
phase reflections and (111) superstructure reflection from the partially ordered
B2 phase. Hence, long-term annealing at 600 ◦C did lead to ordering into B2
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Figure 28: The Cohen-Wagner plot for the quenched Fe73Al27 alloy after isother-
mal annealing at 520 ◦C for 100 h. The intersection of the linear curve with the
vertical axis represents the corrected lattice parameter a.

structure which represents equilibrium phase at 600 ◦C for this composition, cf.
Figure 7.

The lattice parameter was determined from fitting of the X-ray diffraction
pattern in Figure 30. The Cohen-Wagner extrapolation plot (1.32) shown in
Figure 31 was used in order to minimize instrumental error caused by possible
offset of the goniometer axis and the surface of the sample. The lattice parameter
a = 2.902(9) Å obtained from fitting agrees well with the value reported in
Ref. [66].

Figure 29: Microhardness of quenched Fe73Al27 alloy, which was isothermally
annealed at 600 ◦C.
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Figure 30: The X-ray diffraction pattern of quenched Fe73Al27 alloy after isother-
mal annealing at 600 ◦C for 8 h. The spectrum was recorded using Co anode. The
X-ray diffraction peaks were fitted by three pseudo-Voigt functions corresponding
to the cobalt Kα1 and Kα2 characteristic emission lines.

Figure 31: The Cohen-Wagner plot for the quenched Fe73Al27 alloy after isother-
mal annealing at 600 ◦C for 8 h. The intersection of the linear curve with the y
axis represents the corrected lattice parameter a.
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Thus long term isothermal annealing at 520 and 600 ◦C leads to ordering
into the equilibrium D03 and B2 structure, respectively. The ordering process is
accompanied by gradual softening of the alloy.

43



5. Defect types in Fe-Al alloys

5.1 Characterization of defects by LT
The lifetimes of the defect component τ2 measured in Fe-Al alloys of various
compositions are summarized in Figure 32. Besides the high resolution LT mea-
surements with high statistics, the Figure 32 also collects lifetimes τ2 available
in literature. From inspection of Figure 32 one can conclude that the results of
high temperature in situ LT studies are in very reasonable agreement with room
temperature LT investigations of quenched samples. All data in Figure 32 con-
sistently show an increase of the lifetime of positrons trapped at vacancies with
increasing Al content. In general, increased positron lifetime is a consequence of
decreased electron density at the annihilation site. In case of defects, the defect
component increase is possible either by increased open volume or by varying the
chemical composition near the defect. In Fe-Al alloys the lattice parameter de-
pends on Al content [66] but is always higher than the lattice parameter of a pure
α-iron. However, some of the measured lifetimes τ2 in Figure 32 are even lower
than the lifetime of a vacancy in pure Fe (180 ps) [67]. In order to shed light
on this dependency, the density functional theory (DFT) quantum mechanical
calculations including ionic relaxations were performed.

Figure 32: Positron lifetimes of defect component τ2 for FeAl alloys with various
Al content cAl. The lifetimes available in literature [40–42,52,53,55,56] are plotted
in the figure as well.
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5.2 Calculations of positron annihilation char-
acteristics for vacancies in Fe-Al alloys

Experimental results of material research by positron annihilation spectroscopy
have been attempted to be explained by quantum mechanical calculations from
the beginning of the field [68]. The rise of the computational efficiency enabled
to improve the precision of electronic structure calculations of solids, which in-
evitably use sophisticated approximations of many body systems. This has lead
to thorough review of the calculation methods with respect to the experimental
results for various metals and semiconductors [69, 70]. Alloys and intermetallics
were also studied by positron annihilation in order to explain their properties,
see e.g. [47]. Moreover, defects in alloys and intermetallics are often responsible
for their unique properties when comparing with pure elements. The nature of a
defect, i.e. the size of the open volume and the chemical composition of atoms
around the defects plays an important role for measured properties of solids and
for the formation energy of the defect. Therefore, theoretical modelling of defects
is important for interpretation of experimental positron annihilation data.

In this chapter the comparison of the two approaches to positron-electron
correlation mentioned in Chapter 2 is presented. Firstly, the LDA approach
using the BN enhancement factor [19]. Secondly, the GGA approach with the
adjustable parameter α set to 0.22 [20].

5.3 Ionic relaxations around defects in Fe-Al al-
loys

VASP calculations of ionic relaxations were performed with initial parameters
listed in the Appendix A. The inward relaxation of an atom, i.e. when the
position of the relaxed atom is closer to vacancy than before the relaxation, is
denoted by the minus sign. In order to test the approach used here, the ionic
relaxations around a vacancy were calculated for pure Al and Fe. Relaxed atomic
positions around a vacancy in pure Al (FCC) supercell shown inward relaxation
of the nearest neighbors (NNs) by -1.6% of the initial distance between nearest
atoms and vacancy. Obtained relaxation is in very good agreement with previous
calculations i.e. -1.4% in [71] and -1.9% in [72]. The calculation of relaxations
around a vacancy in Fe (BCC) with Fe lattice parameter a = 2.8665Å provided
the value of -3.3% inward displacement, which is very close to -3.7% obtained by
the method of tight-binding approach [73].

The ionic relaxations in alloys strongly depend on the chemical composition
around the vacancy. Thus calculations of ionic relaxations were performed in the
Fe supercell containing a vacancy surrounded by various numbers of Al atoms
occupying the NN sites. Figure 33 shows the positions of atoms around a va-
cancy in Fe supercell where the positions of NNs of the vacancy are occupied by
increasing number of Al atoms, from one to eight Al atoms in NN sites around
the vacancy. The relaxations of atoms surrounding the vacancy are visualised
by the arrows in the direction of relaxations pointing from the initial positions
plotted as spheres in the figures. The numbers in the figures give the inward and
outward relaxations in percent. Fe and Al atoms are plotted in red and green
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Figure 33: Ionic relaxations around a vacancy in Fe surrounded by various num-
bers of Al atoms as NNs. The direction of relaxations from initial positions
plotted as spheres is visualized by arrows. Fe atoms are in red color, Al atoms
are in green color. Size of the arrows was magnified by a factor of 6. The vacancy
is located at 0.5,0.5,0.5 position of the supercell.
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color, respectively. The initial positions of Al atoms around the vacancy were
chosen considering that Al atoms in Fe-Al alloys tend to repel each other due
to their repulsive interaction [74]. Therefore, the NN positions were filled by Al
atoms keeping them as much apart from each other as possible. The configura-
tion of Al atoms constructed in this way was found to be energetically favourable
when comparing to a random occupancy of NNs by Al atoms.

Quantum mechanical calculations of positron lifetimes for Fe vacancy sur-
rounded by various numbers of Al atoms in NN sites are presented in Figure 34.
The lifetimes calculated for relaxed and non-relaxed configurations are compared.
The positron-electron correlation in theoretical calculations was treated by ap-
proaches: i) LDA approach with BN parametrization and ii) GC scheme. In case
of BN approach, the ATSUP method was employed for construction of the elec-
tron density in supercells. The self-consistent electron density obtained by VASP
was used with GC schemes of positron-electron correlation. These two approach-
es for calculation of positron lifetimes are denoted BN-ATSUP and GC-VASP.

Figure 34: The calculations of positron lifetimes in a vacancy in Fe supercell sur-
rounded by various numbers of Al atoms occupying the NN sites. The positron
lifetimes were calculated using two approaches: (i) BN-ATSUP: Boroński-
Nieminen parametrization of LDA approach for electron-positron correlation
and electron density constructed by ATSUP; (ii) GC-VASP: Gradient correc-
tion scheme for electron-positron correlation used with self-consistent electron
density obtained by VASP.

One can see in Fig. 34 that the lifetime of the positron trapped at vacancy
calculated by BN-ATSUP approach increases with increasing number of NN Al
atoms when the ionic relaxations are not applied. The lifetimes obtained by GC-
VASP approach without considering ionic relaxations reveal low sensitivity to
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chemical environment of vacancy and slightly increases with increasing number
of Al NNs.

The positron lifetimes calculated for relaxed geometries by both approaches
exhibit similar behavior. For vacancies surrounded by up to 4 Al NNs the positron
lifetimes for relaxed configurations are remarkably smaller that the lifetimes for
the non-relaxed defects. This is caused by the attractive interaction between
Al atoms and vacancy leading to inward relaxations of Al NNs which reduces
the open volume in vacancy. The highest inward relaxation was found for a
vacancy surrounded by 4 Al NNs. For the number of Al NNs higher than 4 the
repulsive Al-Al interaction prevails and relaxation of some Al NNs changed to
outward. This leads to a significant increase of positron lifetime. Hence, the
calculations revealed an attractive interaction existing between a Fe-vacancy and
NN Al atoms. An inward relaxation of Al NNs leads to a reduction of the free
volume of a Fe vacancy surrounded by up to 4 Al NNs. However, Al NNs repel
each other and when the number of Al NNs exceeds 4 the repulsive interaction
prevails and makes the open volume of vacancy larger.

In order to address the fact that in Fe-Al alloys the lattice parameter depends
on Al content [66], the calculations of ionic relaxations were performed also in
the supercells with the lattice parameter of the Fe-Al alloys with corresponding

Figure 35: The calculations of positron lifetimes in a vacancy in the super-
cells with the lattice parameter of the Fe-Al alloys [66]. The lattice sites in
the supercell were filled with Fe atoms, a vacancy and Al atoms occupying the
vacancy NN sites. The positron lifetimes were calculated using two approach-
es: (i) BN-ATSUP: Boroński-Nieminen parametrization of LDA approach for
electron-positron correlation and electron density constructed by ATSUP; (ii)
GC-VASP: Gradient correction scheme for electron-positron correlation used with
self-consistent electron density obtained by VASP.
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Al content [66]. The supercell was filled with Fe atoms and containing a vacan-
cy surrounded by various numbers of Al atoms occupying the NN sites. The
corresponding lattice parameter was determined by the composition of first and
second NNs of the vacancy. Figure 35 shows the positron lifetimes calculated for
the relaxed and non-relaxed geometries using the same approaches as discussed
for Figure 34. Since the lattice parameter of Fe-Al alloys is always higher than the
lattice parameter of a pure α-iron, the calculated positron lifetimes are generally
shifted to higher values than the lifetimes calculated in the Fe supercell with the
vacancy surrounded by the number of Al atoms, cf. Figure 34.

The calculations of relaxed positions of atoms around a vacancy were per-
formed for the ordered Fe-Al phases, namely D03 and B2. Theoretical investiga-
tions [75–78] performed for the B2 phase came to a general conclusion that the
enthalpy of vacancy formation in the Al sublattice is significantly higher than in
the Fe sublattice. Thus, thermal vacancies in the B2 phase should be Fe vacan-
cies (VFe) located in the Fe sublattice. Ionic relaxations of atoms around a Fe
vacancy in B2 structure of FeAl alloy are depicted in Figure 36(a). Fe and Al
atoms are plotted in red and green color, respectively. The supercell for VASP
calculations was constructed from 4×4×4 BCC units with the lattice parameter
a = 2.9 Å [66]. While all NN atoms are Al and stay almost intact (-0.4% in-
wards), displacement of the second NN Fe atoms is outwards (3%) in the 〈1,0,0〉
direction and the third NN Fe atoms relaxed inwards (-1.3%). The adjacent Fe
atoms in {1,0,0} planes tend to form a sphere around the vacancy. This relaxed
configuration slightly increased the positron lifetime compared to the non-relaxed
Fe vacancy in B2 structure, see Table III.

(a) Relaxed vacancy in B2 phase. (b) Relaxed vacancy in D03 phase.

Figure 36: Ionic relaxations of atoms surrounding a Fe-vacancy in a) D03 phase
(Fe3Al composition) and b) B2 (FeAl). Calculated relaxations are visualised by
arrows in the direction of relaxations from the initial positions plotted as spheres:
Fe atoms are in red color, Al atoms are in green color. Size of the arrows was
magnified by a factor of 6. Fe-vacancy is located in the 0.5,0.5,0.5 position.

Ionic relaxations of atoms surrounding the Fe vacancy on A-sublattice in DO3
structure of Fe3Al alloy with the lattice parameter a = 5.794 Å [66] is depicted
in Figure 36(b). While the Fe NN atoms on the B-sublattice were almost not
displaced (-0.15% inward), the Al NN atoms were moved dramatically towards
the vacancy (-11.4% inward). The distance of Al NNs from the vacancy was
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shortened from the initial distance of 2.51 Å down to 2.22 Å. Since such large
relaxations are not common in metals [79], Al atoms are compressed in Fe-Al
lattice as opposed to natural FCC Al lattice with a = 4.05 Å, where the NN
distance is 2.86 Å.

The lifetimes of positrons trapped at vacancies in B2 and D03 ordered phases
are listed in Table III. One can notice that shortening of the lifetime caused by
the large inward relaxation is very significant in the case of D03 structure.

Table III: Positron lifetime calculated by BN-ATSUP and GC-VASP approaches
for ordered phases in Fe-Al alloys (DO3 and B2). Positron lifetimes in picoseconds
for relaxed and non-relaxed configuration of vacancy are compared.

GC-VASP BN-ATSUP
Phase relaxed non-relaxed relaxed non-relaxed
B2 190.097 188.967 196.483 194.220
DO3 162.966 187.491 165.288 187.348

5.4 CDB
Coincidence Doppler broadening of the annihilation photo-peak is an important
tool for characterization of defects. This method enables us to measure the mo-
mentum of annihilating electrons at the sites where positron has been annihilated.

Figure 37: The CDB ratio curves (related to well-annealed pure Fe) for Fe-Al
alloys quenched from 1000 ◦C. Solid lines show fits by equation (1.22). The
fractions ξAl|v which resulted in the best fit with experimental data are listed in
the legend. The ratio curve for well-annealed reference pure Al sample is plotted
in the figure as well.
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Figure 37 shows CDB ratio curves (related to well-annealed pure Fe) measured
on Fe-Al alloys of various compositions quenched from 1000 ◦C. The CDB ratio
curve for well-annealed pure Al sample is plotted in the figure as well. The
main feature of the pure Al CDB curve is a minimum at the momentum p ≈ 12
×10−3m0c followed by a broad maximum at p ≈ 28 ×10−3m0c. The minimum at
p ≈ 12 ×10−3m0c is caused mainly by the absence of 3d electrons in Al. The same
features as in the CDB ratio curve for pure Al are visible also in CDB curves of
Fe-Al alloys. This indicates that a significant fraction positrons is annihilated by
electrons belonging to Al. It is evident from Figure 4(b) with plotted reference
curves of Fe and Al that positrons are annihilated by Al or Fe electrons either
from the free state or from the trapped state at defects. Therefore, rigid analysis
of the CDB curves was performed using equation (1.22).

Values Fv measured by positron lifetime spectroscopy for studied alloys are
listed in Tables I and II. The only unknown quantity in equation (1.22) is the
fraction ξAl|v, which is important for the determination of the chemical environ-
ment of vacancies in Fe-Al alloys. The fraction ξAl|v was obtained by fitting the
equation (1.22) to the experimental CDB curves.

Solid lines in Figure 37 show fits of CDB profiles by equation (1.22). One can
see in the figure that the model function (1.22) describes well the experimental
points. The fractions ξAl|v which gave the best fits are shown in Figure 37 in the
legend.

Figure 38: The CDB ratio curves (related to a well-annealed Fe) for Fe-Al alloys
quenched from 1000 ◦C and subsequently annealed at 520 ◦C for 1h. Solid lines
show fits of CDB curves by equation (1.22). The fractions ξAl|v which resulted in
the best fits of experimental points are shown in the legend. The ratio curve for
a well-annealed reference pure Al sample is plotted in the figure as well.

Figure 38 shows CDB ratio curves (related to a well-annealed Fe) for various
Fe-Al alloys quenched from 1000 ◦C and subsequently annealed at 520 ◦C for 1 h.
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Figure 39: The fraction of positrons trapped at vacancies and annihilated by
Al electrons determined by fitting of the CDB curves in Figures 37 and 38 for
the Fe-Al alloys quenched from 1000◦C and the quenched samples subsequently
annealed at 520 ◦C for 1 h.

One can see in the figure that similarly to the samples quenched from 1000 ◦C,
the shapes of the CDB ratio curves resemble the shape of the CDB curve for pure
Al. Obviously, the contribution of positrons annihilated by Al electrons increases
with increasing Al content in the alloy. This is similar trend as in the samples
quenched from 1000 ◦C, compare with Figure 37. However, the comparison with
samples quenched from 1000 ◦C shows that in samples annealed at 520 ◦C the
fraction of positrons annihilated by Al electrons generally decreased. This is due
to lowered concentration of vacancies in the samples annealed at 520 ◦C which
was testified by positron lifetime measurements. One can see in Figure 38 that the
CDB ratio curves measured on annealed samples are well described by equation
(1.22). The fraction of positrons trapped in vacancies and annihilated by Al
electrons ξAl|v obtained from fitting of CDB curves are plotted in Figure 39 as
a function of the Al content. Clearly this dependence is very similar for alloys
annealed at 520 ◦C and the alloys quenched from 1000 ◦C.

5.5 High momentum parts of the annihilation
peak

Theoretical calculations of HMPs of the momentum distribution of annihilat-
ing pairs were performed in order to model the CDB spectra [80]. Therefore,
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identification of defects in a material is possible by comparison of the experi-
mental data with calculated shape of annihilation peak for certain configuration
of defect. The momentum distributions of annihilating electron-positron pairs
(MDAP) were calculated in supercells containing relaxed defect configurations
obtained by VASP calculations. The calculated spectra were convoluted with a
Gaussian function with the width of 3.9×10−3 mec (FWHM) in order to mimic
finite energy resolution of the CDB spectrometer. [Ne] orbitals were considered

Figure 40: (a) Calculated Doppler broadened annihilation peaks for a positron
annihilated in defect-free Fe, vacancy in Fe, defect-free Al and vacancy in Al. (b)
Ratio curves of the theoretical profiles related to the profile of defect-free Fe.
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as core states for Al and [Ar] + 3d4 ones for Fe. Valence/conduction electrons
were included in calculations in the same way as core ones, i.e. using atomic or-
bitals. By the adaptations of the integration routines (for r-radial integrals) [80],
the 1D momentum distribution of annihilation photons profiles in the low mo-
mentum region can be roughly estimated. The gradient correction scheme (GC)
with the parameter α = 0.22 was used for the positron-electron correlation in the
calculations.

Figure 40(a) shows the calculated profiles of Doppler broadened annihilation
peaks for defect-free Fe, a vacancy in Fe, defect-free Al and a vacancy in Al.
Figure 40(b) show ratio curves of these theoretical profiles related to the profile
of defect-free Fe. For comparison, the ratio curves of measured CDB profiles of
reference samples from Figure 4 were plotted together with the theoretical profiles
in Figure 41. One can see that the calculated momentum distributions are able
to reproduce the shape of the experimental curves, namely a broad peak at p ≈
28 ×10−3m0c (although less pronounced than in the experiment) and in case of
Al the minimum at p ≈ 12 ×10−3m0c. But the agreement of the calculated
and experimental curves is not perfect due to limited accuracy of the theoretical
calculations.

Figure 41: Comparison of measured CDB profiles of annihilation peak in reference
samples with calculated theoretical HMP curves: experimental ratio curves are
related to well-annealed Fe, theoretical ratio curves are related to defect-free Fe
profile.

Figure 42 shows the calculated HMP ratio curves for positron trapped at Fe-
vacancy surrounded by various numbers of Al nearest neighbors, see the supercells
visualised in Figure 33. The HMP calculated for a positron trapped in Fe vacancy
in the B2 structure supercell is plotted in the figure as well. With increasing
number of Al atoms surrounding the vacancy the HMP curves shift from the
Fe-vacancy reference ratio curve towards the ratio curve for pure Al.
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Figure 42: Calculated CDB ratio curves for Fe vacancy surrounded by various
number of Al nearest neighbors. The calculated ratio curves for a perfect Al
crystal (bulk Al), Al-vacancy in pure Al crystal (Al vacancy) and Fe-vacancy in
the B2 phase (FeAl B2) are plotted in the figure as well. All ratio curves were
related to a defect-free pure Fe.

Figure 43: The calculated fractions of positrons trapped at Fe-vacancy and anni-
hilated by Al electrons plotted as a function of the number Al NNs surrounding
the vacancy. The results for relaxed and non-relaxed configurations are compared.
The fractions of trapped positrons annihilated by Al electrons determined exper-
imentally by combination of CDB and LT spectroscopy on Fe-Al alloys samples
with various Al content cAl quenched from 1000 ◦C are plotted in the figure as
well.
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The fractions ξAl|v in quenched Fe-Al alloys were determined from fits of the
ratio curves in Figures 37 and 38 by equation (1.22) and are plotted in Figure
43 as a function of Al content in the alloy. The fraction ξAl|v obtained from
experiment can be compared with ξAl|v obtained from theoretical calculations
for vacancies surrounded by various number of Al atoms which are plotted in
Figure 43. One can see in the figure that with increasing Al content the number
of Al NNs of the vacancy increases. The calculated fractions ξAl|v were slightly
enhanced by including the ionic relaxations around the vacancy to calculations
and therefore one should consider including the ionic relaxations when comparing
the calculated CDB profiles with experiment.

Figure 44 shows the CDB ratio curve measured in the quenched Fe65Al35
alloy which exhibits B2 structure, see Figure 7. Reference CDB ratio curves for
vacancy-like defects in pure Fe and Al sample are plotted in the figure as well.
Since saturated trapping occurs in the quenched Fe65Al35 alloy, Fv = 100 %.
Fitting of the CDB ratio curve using equation 1.22 (cyan line in the figure) gives
the fraction of trapped positrons annihilating with Al electrons ξAl|v = 55%. The
ratio curve constructed from the calculated HMP reference profiles from Figure

Figure 44: The CDB ratio curve (related to well annealed Fe) for Fe65Al35 alloy
quenched from 1000 ◦C. The CDB reference curves for positrons trapped at Fe and
Al vacancies are plotted in the figure as well. The fit of the experimental curve
for the Fe65Al35 alloy by equation (1.22) is plotted by a cyan line. The fraction
of trapped positrons annihilated by Al electrons ξAl|v = 55% was obtained from
fitting. The curve constructed from the calculated HMP curves in Figure 40(b)
using ξAl|v = 55% is plotted by a dark green line. The ratio curve calculated for a
positron trapped at Fe-vacancy in the ordered B2 structure is plotted by a green
dashed line. The HMP ratio curve obtained for a Fe-vacancy surrounded by 7 Al
NNs is plotted by a dark blue line.
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40(b) using Fv = 100 % and ξAl|v = 55% (dark green line in the figure) gives
good agreement with the measured data. The calculated HMP curve for positron
trapped at the Fe-vacancy in B2 structure is plotted in the figure as well (green
dashed line). One can see that the HMP curve calculated for B2 structure is
shifted from measured ratio curve towards the Al reference ratio curve, i.e. the
fraction of annihilations with Al electrons is higher in a perfect B2 structure than
in the sample. Therefore, the average number of Al NNs surrounding Fe-vacancy
is lower than 8 corresponding to the ordered B2 structure. The HMP ratio curve
obtained for a Fe-vacancy surrounded by 7 Al NNs is plotted in Figure 44 as well
by a dark blue line and exhibits a good agreement with the experimental points.
Therefore, the local environment of vacancies in this sample is constituted on
average by 7 Al NN atoms. This is higher number of Al NNs than the average
number of 5.6 of Al NNs obtained when assuming that the A-sublattice in this
sample is filled by Fe atoms only and the B-sublattice is randomly occupied by
Al and Fe atoms.

Figure 45 shows the CDB ratio curve for the sample with the highest Al con-
tent studied in this work, Fe55Al45. The sample was quenched from 1000 ◦C and
exhibits B2 structure. In the quenched sample the saturated positron trapping
at quenched-in vacancies occurs. The ratio curve constructed from the calculated

Figure 45: The CDB ratio curve (related to well annealed Fe) for Fe55Al45 alloy
quenched from 1000 ◦C. The CDB reference curve for positrons trapped at Al
vacancies is plotted in the figure as well. The fit of the experimental curve for
the Fe55Al45 alloy by equation (1.22) is plotted by a cyan line. The fraction of
trapped positrons annihilated by Al electrons ξAl|v = 65% was obtained from
fitting. The curve constructed from the calculated HMP curves in Figure 40(b)
using ξAl|v = 65% is plotted by a dark green line. The ratio curve calculated for a
positron trapped at Fe-vacancy in the ordered B2 structure is plotted by a green
dashed line.
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HMP reference profiles in Figure 40(b) using Fv = 100 % and ξAl|v = 65% gives
good agreement in the high momentum region. The HMP curve for a positron
trapped at Fe-vacancy in ordered B2 structure is plotted in the figure as well.
The agreement with the HMP ratio curve constructed from the reference profiles
proves that on average 8 Al NN atoms surround the vacancy. This is in agreement
with the findings of aforementioned theoretical calculations [75–78], which stated
that the Fe vacancy is the most probable defect in B2 phase in Fe-Al alloys.

Figure 46 shows the CDB ratio curve for the quenched Fe73Al27 sample an-
nealed subsequently at 520 ◦C for 1 hour.The fitting of the CDB ratio curve by
equation 1.22 gives the fraction of trapped positrons annihilated by Al electrons
ξAl|v = 38%. The ratio curve constructed from the calculated HMP reference
profiles in Figure 40(b) using the values Fv = 31%, ξAl|B = 18%, ξAl|v = 38%
obtained from fitting is plotted in the figure as well. In order to simulate the
CDB for a Fe-Al alloy with ordered D03 structure, the HMP ratio curve was con-
structed in the following manner. Firstly, the profile of the annihilation peak for
a positron annihilating in a perfect D03 lattice nD03|B was calculated. Secondly,
the profile of the annihilation peak for a positron annihilating in a Fe vacancy

Figure 46: The CDB ratio curve (related to well annealed Fe) for quenched
Fe73Al27 alloy annealed at 520 ◦C. The CDB reference curve for positrons anni-
hilated in well-annealed Al is plotted in the figure as well. The fit of the exper-
imental curve for the annealed Fe73Al27 alloy by equation (1.22) is plotted by a
cyan line. The fraction of trapped positrons annihilated by Al electrons ξAl|v =
38% was obtained from fitting. The curve constructed from the calculated HMP
curves in Figure 40(b) using ξAl|v = 38% is plotted by a dark green line. The ratio
curve constructed from HMP curves calculated for a positron annihilating in the
perfect D03 phase and a positron annihilating in the Fe vacancy on A-sublattice
in D03 phase is plotted by a red dashed line.
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in the A-sublattice of the D03 structure nD03|v was obtained. The final profile
was made by superposition of nD03|B and nD03|v profiles weighted by FB and Fv
obtained from LT spectroscopy. In such way the vacancy concentration deter-
mined in the alloy by LT spectroscopy is taken into account and the calculated
ratio curve can be directly compared with the experiment. Good agreement of
the modelled curve with the measured CDB profile is remarkable, see figure 46.
Hence, one can conclude that the chemical environment of vacancies in Fe73Al27
alloy annealed at 520 ◦C corresponds to the Fe vacancy in the A-sublattice (FeA)
of the D03 structure.

Figure 47 shows the CDB ratio curve for the Fe80Al20 sample quenched from
1000 ◦C. Fitting of CDB ratio curve using equation 1.22 gives the fraction of
positrons trapped at Fe-vacancies and annihilated by Al electrons ξAl|v = 28%.
The ratio curve constructed from the calculated HMP reference profiles in Figure
40(b) using the values Fv = 44%, ξAl|B = 13%, ξAl|v = 28% obtained from fitting
is plotted in the figure as well. The sample exhibits disordered A2 structure, see
the phase diagram in Figure 7. In order to model momentum distribution for
Fe-vacancy in such alloy, the CDB profile was constructed from the calculated
HMP curves in the following manner. Firstly, the profile nA2|B was constructed

Figure 47: The CDB ratio curve (related to well annealed Fe) for Fe80Al20 alloy
quenched from 1000 ◦C. The CDB reference curve for positrons annihilated in
well-annealed Al is plotted in the figure as well. The fit of the experimental curve
for the quenched Fe80Al20 alloy by equation (1.22) is plotted by a cyan line. The
fraction of trapped positrons annihilated by Al electrons ξAl|v = 28% was obtained
from fitting. The curve constructed from the calculated HMP curves in Figure
40(b) using ξAl|v = 28% is plotted by a dark green line. The curve constructed by
formula (5.2) from the HMP ratio curve calculated for a Fe-vacancy surrounded
by 4 Al NNs is plotted by a red dashed line.
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from reference profiles nFe|B and nAl|B weighted by ξFe|B = 87% and ξAl|B = 13%,
respectively. These fractions were obtained from calculations for supercells with
the A and B-sublattice filled randomly by Fe and Al atoms keeping the Al content
cAl = 20 % corresponding to the alloy composition. Therefore,

nA2|B = ξFe|BnFe|B + ξAl|BnAl|B. (5.1)

Secondly, the CDB momentum distribution for a positron trapped in Fe vacancy
surrounded by x Al NN atoms nxAl NN was calculated, see Figure 42. Finally,
these profiles calculated for free and trapped positrons were superposed to the
final profile with respect to the fractions of positrons FB and Fv annihilated from
the free or trapped state, respectively

nA2 = FBnA2|B + FvnxAl NN. (5.2)

This approach takes into account the vacancy concentration determined by
LT spectroscopy. The comparison of the curves calculated by (5.2) with the
experiment revealed that best agreement is achieved for the number of NN Al
atoms x = 4, see green solid line in Figure 47. Hence quenched-in vacancies in
Fe80Al20 alloy are surrounded on average by 4 Al NNs. This is significantly higher

Figure 48: The CDB ratio curve (related to well annealed Fe) for the Fe65Al35
alloy quenched from 1000 ◦C. The CDB reference curves for positrons annihilated
in well-annealed Al is plotted in the figure as well. The fit of the experimental
curve for the quenched Fe73Al27 alloy by equation (1.22) is plotted by a cyan line.
The fraction of trapped positrons annihilated by Al electrons ξAl|v = 36% was
obtained from fitting. The curve constructed from the calculated HMP curves
in Figure 40(b) using ξAl|v = 36% is plotted by a dark green line. The HMP
ratio curve obtained for a Fe-vacancy surrounded by 5 Al NNs is plotted by a red
dashed line.
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value than 1.6 which is the average number of Al NNs in Fe80Al20 alloy assuming
A2 structure with the random distribution of Fe and Al atoms in both the A and
B-sublattices.

Similar results were obtained for Fe73Al27 alloy quenched from 1000 ◦C, see
Figure 48. The same analysis as described for the previous alloy revealed that the
quenched-in vacancies in Fe73Al27 alloy are surrounded on average by 5 Al NNs.
This is again significantly higher number than 2.2 which is the average number
of Al NNs in Fe73Al27 alloy with disordered A2 structure.

Hence, analysis of CDB ratio curves confirmed enhanced concentration of Al
atoms around vacancies. This is caused by attractive interaction between Al
atoms and vacancies.
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6. Discussion
The positron annihilation spectroscopy results proved that vacancies have a de-
cisive impact on the properties of Fe-Al alloys. A strong correlation of hardness
with vacancy concentration is evident in Figure 17. The mechanism of solid so-
lution strengthening by vacancies was found to have square root dependence of
hardness on vacancy concentration. The vacancy hardening coefficient in Fe-Al
alloys was measured and it testifies that excess quenched-in vacancies have strik-
ing effect on solid solution strengthening. As commented in a recent study, the
vacancy concentration of 1% is capable of the hardness increase by 400 HV [81].
In this context the solid solution hardening in Fe-Al alloys was tested by adding
a third element to B2 alloys and ternary Fe49Al50X (X = Cu, Co, Mn, Cr and V)
alloys were slightly harder than the binary alloys with an increase in the Vickers
hardness of less than 50 HV after a 1% addition of the third element [82]. More-
over, all these alloys were significantly hardened by quenching from 950 ◦C to
the same level as the binary alloy. Therefore, vacancy hardening is a significant
effect even in Fe-Al alloys with addition of other elements.

Hence, during processing steps of production one has to keep in mind that
thermal treatment history of these alloys influences further results, see published
articles in Appendices F, G and H.

The vacancy hardening phenomenon in FeAl based alloys was reported as a
unique effect among B2 alloys [33]. Previous reports, which explained the yield
stress anomaly of B2 phase in Fe-Al alloys by split dislocations [83] or localized
climb of partial dislocations [84], lacked the observation evidence since vacancy
hardening hinders the effects which are less pronounced.

Other deformation models suggested for Fe-Al alloys such as anti-phase bound-
aries strengthening [85] would have to assume unrealistically small domains of 0.5
nm size [86] in order to explain the significant hardening.

Although Kogachi et al. [87] stated that in Fe-Al alloys with cAl ≤ 40% the
large concentration of vacancies cannot be expected, the heat treatment depen-
dence on hardness suggested otherwise [88]. In order to clarify the discrepancy
the Fe-Al alloys with cAl ≤ 40% were prepared and the correlation of the mea-
sured vacancy concentration with hardness was studied in this work for these
alloys.

In summary, various works comparing experimental evidence with theoretical
vacancy concentrations in heat treated samples struggled either with inaccuracy
of the vacancy concentration approximated by models [35] or with preparation,
thermal history and impurities of Fe-Al alloys. On the contrary, in this work the
vacancy concentration is measured experimentally in well defined samples of high
purity with the state of the art methods of positron annihilation spectroscopy.

The vacancy hardening coefficient γ = 0.020 ± 0.005 was determined consid-
ering the intrinsic hardness of Fe-Al alloys with various Al content by equation
(3.1). It represents a correction to the vacancy hardening coefficient firstly intro-
duced by Chang et al. [35] and is closer to the value 0.03 attributed to thermal
vacancies in Ref. [89]. However, it should noted that authors in Ref. [89] treated
the shear modulus as anisotropic modulus of Fe60Al40 matrix taking the µ = 75
GPa value [90], which would lead to practically equal result in our case. In order
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to investigate the significant strengthening by high concentration of vacancies in
Fe-Al alloys, the character of the point defects was addressed by positron anni-
hilation spectroscopy in this work.

Isothermal annealing of Fe-Al alloys was performed in order to directly link
the vacancy concentration to the changes in microhardness. Especially in Fe65Al35
alloy, the microhardness in Figure 19 exhibits minimum at the same temperature
range where the vacancy concentration exhibits minimum, see Figure 22 with cv
determined from LT measurements.

Besides the defect concentrations, positron annihilation spectroscopy provides
also information about the character, size and local chemical environment of
defects. Particularly in alloys, alloying elements or impurities are often bound to
open volume defects or decorate dislocations. Positron lifetimes were previously
calculated for various defects in ordered B2 and D03 structures [40, 53] and also
for divacancies accompanied with antisite defects. However, measured LT values
of defect components are smaller than the calculated lifetimes for alloys with
cAl ≤ 25%, see Figure 32 and Refs. [40, 41, 53, 55]. The ab initio theoretical
calculations performed in this work revealed that ionic relaxations neglected in
the previous works play important role and decrease the lifetime of positrons
trapped at vacancies surrounded by Al atoms, see Figure 34. Therefore, this study
shows that the ionic relaxations need to be addressed when calculating positron
lifetime in Fe-Al alloys for the purpose of comparison of calculated lifetimes with
the experiment.

The number of Al atoms surrounding a Fe-vacancy were altered in order to
simulate the disordered A2 structure and antisite defects localized near vacancy in
perfect D03 and B2 structures. The ionic relaxations of atoms around the vacancy
were found to be as large as several percent of initial distance from the vacancy,
see Figure 36. The positron lifetimes calculated in these configurations vary
significantly with the number of Al NNs in Figure 34. While the positron lifetime
slightly decreases by adding up to four atoms to the vicinity of the vacancy,
abrupt rise of LT is found for the number of Al NNs higher than four.

The coincidence Doppler broadening of the annihilation peak was employed
for the determination of the chemical environment of vacancies in Fe-Al alloys.
The Fe vacancies prevail in the Fe-Al alloys with B2 ordered structure. The
Fe vacancy in the A-sublattice is dominating defect in Fe3Al based alloys with
ordered D03 structure. The chemical environment of vacancies in Fe-Al alloys
with disordered A2 structure was found to be enriched by Al when comparing
with the random distribution of Fe and Al atoms. This is in agreement with
theoretical calculations suggesting a attractive interaction between Al atoms and
vacancies in Fe-Al alloys [74].
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7. Conclusions
The presented work was focused on studying the vacancy hardening phenomenon
in the Fe-rich Fe-Al alloys by positron annihilation spectroscopy. A high resolu-
tion spectrometer was employed for positron lifetime spectroscopy and the lifetime
spectra for Fe-Al alloys with various compositions and heat treatments were ana-
lyzed by a model of positron trapping at defects. The lifetime of positrons trapped
at defects was attributed to vacancies. The vacancy concentration was determined
for quenched and annealed samples where both the free positrons annihilations
and annihilations of positrons trapped at vacancies occur. The concentration of
quenched-in thermal vacancies in the samples quenched from 1000 ◦C decreases
after the annealing at 520 ◦C for 1 h. The method of variable energy positron
annihilation spectroscopy was used in cases where saturated positron trapping
at vacancies occurs, i.e. the vacancy concentration is too high to be determined
by positron lifetime spectroscopy. The fitting of positron diffusion length was
successfully applied for determination of high concentrations of vacancies in bulk
samples. The decrease of vacancy concentration by annealing was found to be
correlated with the decrease in microhardness. The square root dependence of
hardening on the vacancy concentration was observed. The vacancy hardening
was quantified by measurement of the vacancy hardening coefficient for the solid
solution strengthening by vacancies.

The hardness evolution of the quenched Fe-Al alloys corresponds to the evolu-
tion of the concentration of thermal vacancies during isochronal annealing. The
vacancy formation enthalpy was determined for the Fe-Al alloys from the vacancy
concentration measured by LT at various annealing temperatures.

In order to explain the significant vacancy strengthening, the character, size
and chemical environment of quenched-in vacancies was studied in this work.
The coincidence Doppler broadening of the annihilation peak was employed for
determination of the chemical environment of the vacancies by the quantification
of the Al content around the vacancies. The Fe-vacancy in the A-sublattice was
identified as the most probable defect both in Fe-Al alloys with B2 and D03
structure. In the Fe-Al alloys with disordered A2 structure Fe-vacancies are
preferentially surrounded by Al NNs.

The ab initio quantum mechanical calculations were used for calculation of
positron annihilation characteristics for their comparison with the experiment.
The relaxed atomic positions around Fe-vacancy surrounded by various numbers
of Al NNs were calculated. The dependence of the lifetime of positrons trapped
at vacancies on the Al composition of the Fe-Al alloys was explained by varying
number of Al atoms surrounding vacancies and by significant changes of the open
volume of vacancies in Fe-Al alloys due to ionic relaxations.
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Appendix

Appendix A - VASP input parameters
SYSTEM = Fe Vac, 127 atoms, 2Al NN

Startparameter for this Run:
NWRITE = 2 write-flag
ISTART = 1 job : 0-new 1-cont 2-samecut
ISPIN = 2
PREC = N normal

Electronic Relaxation 1
INIWAV = 1
ICHARG = 0 charge: 1-file 2-atom 10-const
EDIFF = 1E-04 stopping-criterion for ELM
NELM = 50; NELMIN=4; NELMDL=-5 # of ELM steps
AMIX = 0.1; BMIX = 1.00

Ionic Relaxation
EDIFFG = -0.01 stopping-criterion for IOM
NSW = 20 number of steps for IOM
IBRION = 3 ionic relax: -1-nothing 0-MD 1-quasi-New 2-CG
NBLOCK = 1; KBLOCK = 10 inner block; outer block
ISIF = 2 stress and relaxation
ISYM = 2
IWAVPR = 0 prediction: 0-non 1-charg 2-wave 3-comb
LCORR = T Harris-correction to forces
POTIM = 0.30 time-step for ion-motion
SMASS = 0.50
PSTRESS= 0.0 pullay stress

DOS related values:
ISMEAR = 1; SIGMA = 0.1

Electronic Relaxation 2
IALGO = 38 algorithm
LDIAG = T sub-space diagonalisation
LREAL = A real-space projection
LWAVE = T write wave functions
LVTOT = T write potential
NBANDS = 700
RWIGS = 1.24 1.24
LSCALU = F
NSIM = 4
NPAR = 2; LPLANE = T; KPAR = 4
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Appendix B - Input parameters file for solving
Schrödinger equation for positron

ATSUP_3.36
HEADER

Fa-Al, test version 3.36
SWITCHES modes_of_calculation
! VASPP
! ATSUP

ATSUP HMC
! ATSUP HMC2
ENHANCE enh_switch dieps_or_alpha

BN 9999999999.d0
! SL 9999999999.d0
! SK 9999999999.d0
! GC 0.22
POSITRON #levels mass

1 1.0
3DMESH nr1 nr2 nr3 #division

48 48 48 1
! 100 100 100 0
! 50 50 50 1
! 24 24 24
MESHLIMIT mesh_reduction_(+-x,+-y,+-z), averaging_(x,y,z), energy

0 0 0 0 0 0 0 0 0 0.0
BOUNDARY BC_type_in_all_directions, init., average

1 1 1 0 1
! -1 -1 -1 1 1
! 0 0 0 1 1
ATOM atomic_numbers_of_all_species SAPs

26 13 0.000 0.000
LATTICE lattice_constant cutoff sapcut units potnew? #min #max

5.804 6.35 1.0 aa 0 0 0
VECTORS lattice_translation_vectors (in three lines)

4.0 0.0 0.0
0.0 4.0 0.0
0.0 0.0 4.0

POSITION types_and_coordinates_of_all_atoms
# switch filename box/size mesh div

VAP CONTCAR 1 0.00 0

ITERATION #iterations precision preconditioning KSnew? init_s init_f
2000 1.d-10 0.01 1 Ip 0.5

OUTPUT output_switches
ma dp de

! no
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HMC HMC_basic_parameters: prmax npr wfminr cutoff2,3 units
100.0 200 1.d-20 5.0 15.0 au

SAVERAGE HMC_averaging_parameters: pdir(3) nth nph
0. 0. 0. 6 12

ORBITAL orbital_info_for_hmc:
! 1 8 1 8 1 4 1 4

1 10 1 10 1 6 1 6
WPARAM range_for_W-parameter_calculation: p1 p2

15. 25.
RFUNCTION resolution_function_parameters: FWHM

3.91389
HMCOPT range orbitals interpolation intpol2

2 0 64 0
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Abstract. Hardness of Fe-Al alloys shows a non-trivial dependence on chemical composition
and thermal treatment of samples and cannot be fully explained by consideration of intermetallic
phases formed according to the equilibrium phase diagram of Fe-Al system. Hardening in Fe-
Al alloys caused by quenched-in non-equilibrium vacancies was studied in this work. Non-
equilibrium vacancies introduced into the alloys by quenching from 1000 ◦C were detected by
means of positron annihilation spectroscopy. The concentration of quenched-in vacancies was
found to strongly increase with increasing Al content from ≈ 10−5 at.−1 in the alloy with cAl

= 18 at. % up to ≈ 10−1 at.−1 in the alloy with cAl = 45 at. %. Comparison of the vacancy
concentration and the Vickers microhardness revealed that hardening is proportional to square
root of concentration of quenched-in vacancies.

1. Introduction
Iron aluminides are well-known for their excellent mechanical properties, high temperature
corrosion resistance and their low density when comparing to industrial steels. The Fe-rich part
of the equilibrium phase diagram of Fe-Al system [1] exhibits intermetallic phase regions of B2,
D03 phases and disordered A2 phase region. The mechanical properties of Fe-Al alloys change
with Al composition and also after various heat treatments. Hardening caused by quenched-in
non-equilibrium vacancies was proposed by Chang et al. [2] stating that a vacancy-like point
defect acts as an obstacle for dislocation movement.

Positron annihilation spectroscopy provides unique methods capable of determination of
vacancy concentration, namely positron lifetime spectroscopy (LT), employing simple trapping
model, and variable energy slow positron annihilation spectroscopy (VEPAS), using positron
di�usion length obtained from backdi�usion of implanted positrons. Recently, it has been
demonstrated that VEPAS enables precise determination of vacancy concentration even in
samples containing very high density of defects, where LT is not applicable due to saturated
positron trapping [3]. In this work we employed VEPAS for determination of the concentration
of quenched-in vacancies in Fe-Al alloys with various composition and examined the e�ect of
vacancies on hardness.
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2. Experimental
Fe-Al alloys with Al concentration cAl falling in the range from 18 to 45 at.% were prepared
by arc melting from high purity Fe (99.99%) and Al (99.99%) in Ti-gettered Ar atmosphere.
Specimens were sealed in evacuated quartz ampoules and quench to the room temperature water
after the one hour annealing at 1000 ◦C. The samples were investigated in the as-quenched state
and after subsequent annealing at 520 ◦C for 1h.

A well annealed pure α-Fe (99.99%) specimen was used as a reference sample. LT
characterization of this sample resulted in a single component spectrum with lifetime of (107
± 1) ps testifying that virtually all positrons annihilate in the free state and the sample can be
considered as a defect-free material. Detailed description of LT setup is described elsewhere [3].

VEPAS measurements were performed using magnetically guided energy variable positron
beam "SPONSOR" [4] with slow positrons of energy from 30 eV to 35 keV. Energy spectra of
annihilation γ rays were measured by HPGe detector having an e�ciency of ≈ 30 % and an energy
resolution of (1.06 ± 0.01) keV (FWHM at 511 keV). The Doppler broadening of annihilation
pro�le was evaluated using the line-shape S-parameter. All S-parameters shown in this work
were normalized to the bulk S-parameter S0 = 0.50784(5) measured in the well-annealed α-Fe
reference sample at the positron energy of 35 keV. The dependence of the S-parameter on the
positron energy E (so-called S(E) curve) for each alloy was analysed using the VEFPIT code [5].

The Vickers microhardness (HV) was measured by STRUERS Duramin-2 micro-tester. The
load of 100 g was applied for 10 s.

3. Results and discussion
LT characterization of quenched alloys [3] revealed a strong contribution of positrons trapped
at quenched-in vacancies. The concentration of vacancies increases with increasing Al content.
In alloys with cAl > 25 at.% the concentration of vacancies cV is so high that it exceeds the
saturated trapping limit (cV,max,LT ≈ 2 × 10−4 at.−1). Therefore, vacancy concentration in
alloys with cAl > 25 at.% cannot be determined from LT measurements. However, VEPAS
backdi�usion measurements enable to determine the concentration of vacancies also in the alloys
with cAl > 25 at.%. The the dependence of the S-parameter on the positron energy measured
in the quenched alloys and the alloys subsequently annealed at 520 ◦C are plotted in Fig. 1(a)
and 1(b), respectively. Smooth lines in Fig. 1 represent model curves calculated by VEPFIT
software [5] assuming two layered model consisting of (i) a thin oxide surface layer and (ii) a
bulk Fe-Al layer. The thickness of the oxide layer obtained from �tting falls into the range of 5-40
nm. This surface layer exhibits high density of defects which is testi�ed by a positron di�usion
length of ∼ 6 nm.

Figure 1. VEPAS results: S(E) curves of various Fe-Al alloys in (a) the as-quenched state and
(b) after annealing at 520 ◦C for 1 h.
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The S-parameter and the positron di�usion length L+ for Fe-Al bulk obtained from �tting of
S(E) curves are plotted in Fig. 2 for both quenched and annealed alloys. Assuming that Fe-Al
alloys contain only a single type of positron traps, which was con�rmed by LT spectroscopy [3],
the vacancy concentration can be calculated from the formula [6]:

cV =
1

νV τB

(
L2
+,B

L2
+

− 1

)
, (1)

where νV = (4 × 1014) s−1 is the speci�c positron trapping rate for Fe-vacancy [7], τB is the
free positron lifetime in a defect-free alloys calculated theoretically in [3] and L+,B is the mean
positron di�usion length in a defect-free alloy. This quantity can be calculated from equation

L+,B =
√
D+τB, (2)

where D+ is the room temperature positron di�usion coe�cient estimated as a weighted average
of positron di�usion coe�cients for pure Fe and Al, i.e. D+ = (1 − cAl)D+,F e + cAlDAl . The
positron di�usion coe�cient for aluminium D+,Al = (1.7 ± 0.2) cm2s−1 was determined in [8],
for iron the value D+,F e = (1.87 ± 0.05) cm2s−1 was determined using Eq. (2) from measured
positron di�usion length L+,F e = (142 ± 2) nm of well-annealed α-Fe. Bulk positron di�usion
lengths L+,B for Fe-Al alloys estimated by Eq. 2 fall into the interval of 141-145 nm.

Figure 2. Positron parameters obtained from
�tting of S(E) curves for Fe-Al alloys: positron
di�usion length L+ and S-parameter.

Figure 3. The vacancy concentration
calculated from VEPAS results by Eq. 1.

The vacancy concentration calculated using Eq. 1 is plotted in Fig. 3 for the alloys quenched
from 1000 ◦C and the alloys subsequently annealed at 520 ◦C. One can see in the �gure that the
concentration of quenched-in vacancies substantially increases with increasing Al content. The
annealing at 520 ◦C leads to a signi�cant drop of cV indicating annihilation of vacancies.

Fig. 4 shows HV of Fe-Al alloys in the as-quenched state and after subsequent annealing at 520
◦C. In alloys with cAl > 27 at.%, the annealing at 520 ◦C leads to a signi�cant drop of HV due
to annihilation of vacancies. On the other hand, in alloys with cAl < 27 at.%, the concentration
of vacancies is too small to cause a detectable increase of hardness. Hence, hardness of Fe-Al
alloys is a superposition of two contributions HV = HVV (cV ) + HVc(cAl), where HVV expresses
hardening caused by vacancies while HVc is the part of hardness in�uenced by composition.
The former contribution is negligible in alloys with cAl < 27 at.%, while in alloys with cAl> 27
at.% both contributions are important. Since quenched-in vacancies are point obstacles pinning
dislocations, HVV = 6γµ

√
cV [2], where µ ∼ 100 GPa is the shear modulus of FeAl [9] and

γ is a coe�cient less than unity expressing the strength of the interaction of vacancies with a

16th International Conference on Positron Annihilation (ICPA-16) IOP Publishing
Journal of Physics: Conference Series 443 (2013) 012025 doi:10.1088/1742-6596/443/1/012025

3



Figure 4. Microhardness of Fe-Al alloys with
the Al content ranging from 18 to 45 at. %.

Figure 5. Di�erence of microhardness
∆ HV between as-quenched and annealed alloy
plotted as a function of the di�erence of

√
cV .

dislocation. In order to eliminate the composition part HVc we calculate the di�erence of HV
between the as-quenched and the annealed sample ∆ HV ∼ √cV,q −√cV,a, where cV,q and cV,a
denote the concentration of vacancies in the as-quenched and the annealed state, respectively.
Fig. 5 shows that ∆ HV is indeed proportional to ∆

√
cV taking into account experimental

uncertainties. From the slope of this dependence we obtained γ = 0.020 ± 0.005, which is in
order of magnitude comparable with that obtained by Chang et al. [2] .

4. Conclusions
The in�uence of quenched-in vacancies on hardness of Fe-Al alloys was investigated in the present
work. It was found that the concentration of quenched-in vacancies increases with increasing Al
content. Subsequent annealing at 520 ◦C causes a remarkable decrease of vacancy concentration.
In alloys with Al content higher than 27 at.% the concentration of vacancies becomes so high
that causes a signi�cant hardening. The hardness increment in these alloys was found to be
proportional to the square root of the vacancy concentration.
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a b s t r a c t

Physical and mechanical properties of Fe–Al alloys are strongly influenced by atomic ordering and point

defects. In the present work positron lifetime (LT) measurements combined with slow positron

implantation spectroscopy (SPIS) were employed for an investigation of quenched-in vacancies in

Fe–Al alloys with the Al content ranging from 18 to 49 at.%. The interpretation of positron annihilation

data was performed using ab-initio theoretical calculations of positron parameters. Quenched-in defects

were identified as Fe-vacancies. It was found that the lifetime of positrons trapped at quenched-in

defects increases with increasing Al content due to an increasing number of Al atoms surrounding the

Fe vacancies. The concentration of quenched-in vacancies strongly increases with increasing Al content

from � 10�5 in Fe82Al18 (i.e. the alloy with the lowest Al content studied) up to � 10�1 in Fe51Al49 (i.e.

the alloy with the highest Al content studied in this work).

& 2012 Elsevier B.V. All rights reserved.

1. Introduction

Good mechanical strength and excellent oxidation resistance at
elevated temperatures make Fe–Al intermetallic alloys very attrac-
tive 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].

During cooling from high temperatures Fe–Al alloys with an Al
content in the range 30–50 at.% undergo ordering from the
disordered A2 phase to the partially ordered B2 structure [4,5].
Fe–Al alloys with lower Al content 22.7–30 at.% undergo also a
phase transition from the disordered A2 phase to the partially
ordered B2 phase, but ordering continues with decreasing tem-
perature and the B2 structure is transformed into the ordered D03

phase [4,5].
The structure of all Fe–Al phases is based on two interpene-

trating cubic sub-lattices as shown in Fig. 1 and denoted A and B.
In the disordered A2 phase both 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, while the B
sub-lattice is randomly filled by Fe and Al. Obviously the fraction
of Al atoms in the B sub-lattice increases with increasing
Al content in the alloy. Finally in the stoichiometric Fe50Al50

alloy the B sub-lattice is occupied by Al atoms only (while the

A sub-lattice is filled exclusively by Fe atoms). This structure is
called ordered B2 phase. The complex D03 phase is based on Fe3Al
stoichiometry: the A sub-lattice is occupied by Fe atoms only and
the B sub-lattice is filled by alternating Fe and Al atoms (see
Fig. 1). Obviously a perfect D03 ordering can be realized only in
the stoichiometric Fe75Al25 alloy. However in Fe–Al alloys the D03

phase exists in a relatively wide range around the Fe75Al25

composition and deviations from the stoichiometry are compen-
sated by vacancies or antisite atoms, i.e. Fe or Al atoms located at
’’wrong’’ sub-lattice sites.

It was shown that a high concentration of vacancies formed in
Fe–Al alloys at high temperatures can be relatively easy quenched
down to room temperature [6–8]. In alloys with an Al content
close to the stoichiometric Fe50Al50 composition the concentra-
tion of quenched-in vacancies may be as high as several atomic
percent [6–8]. Theoretical investigations [9–11] performed for the
B2 phase came to the general conclusion that the enthalpy of
vacancy formation in the B sub-lattice is significantly higher than
in the A sub-lattice. Thus, thermal vacancies in the B2 phase
should be Fe-vacancies located in the A sub-lattice. This theore-
tical prediction was confirmed by coincidence Doppler broad-
ening spectroscopy [12–14].

It was convincingly demonstrated that the hardness of Fe–Al
alloys can be increased by quenched-in vacancies [7,15]. Thus, the
investigation of vacancies is very important for understanding the
physical properties of Fe–Al alloys.

Positron annihilation spectroscopy (PAS) is a non-destructive
technique with a high sensitivity to open volume defects
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e.g. vacancies, di-vacancies, vacancy clusters, etc. [16,17]. PAS
involves several experimental techniques; among them positron
lifetime (LT) spectroscopy [17] and slow positron implantation
spectroscopy (SPIS) [18] are suitable for a determination of the
vacancy concentration in Fe–Al alloys. Moreover, a proper inter-
pretation of PAS results can be performed with the aid of ab-initio

theoretical calculations [19] which enable to link experimental
data directly with theoretical models. Due to these reasons
PAS represents a unique tool for the investigation of vacancies
in Fe–Al alloys.

LT spectroscopy was employed most frequently for the investi-
gation of vacancies in Fe–Al alloys [12,14,20–23,24–30,32]. High
temperature in situ LT investigations of Fe–Al alloys enable to
determine the vacancy formation enthalpy Hv

f . Würschum et al.
[21] found that Hv

f decreases with increasing Al content. However
due to the necessity to adapt the LT spectrometer for measurements
at high temperatures the achieved time resolution is usually poorer
and also the total statistic in LT spectrum is lower than at room
temperature measurements. This allowed only for an analysis using
the mean positron lifetime [20,21,27,32]. Room temperature LT
investigations of quenched-in vacancies in Fe–Al alloys were per-
formed by many authors [12,14,22,23,25,26,28–30]. An increase in
the lifetime of positrons trapped in quenched-in vacancies with
increasing Al content was found in the majority of these works. This
was interpreted by an attractive interaction of vacancies and an
increasing fraction of so called triple defects, i.e. two Fe-vacancies
aligned in [1 0 0] direction and associated with an Fe antisite atom
[22,30]. However so far a characterization of vacancies has been
performed mostly in Fe–Al alloys with an Al content close to the
Fe50Al50 stoichiometric composition, since these alloys exhibit the
highest concentrations of vacancies. Less is known about vacancies
in Fe–Al alloys with compositions close to the Fe3Al stoichiometry.

SPIS investigations of Fe–Al alloys are absent in the literature
although this technique is very helpful for an investigation of
vacancies in these alloys because it enables to estimate the
vacancy concentration in cases when it is so high that the free
positron component cannot be resolved in LT spectra (so-called
saturated positron trapping). The ability of SPIS technique to
determine defect concentration in materials with very high
density of defects has been demonstrated by Krause-Rehberg

et al. [31] who successfully employed SPIS for determination of
dislocation density in Ni subjected to severe plastic deformation.

In this work we present PAS investigations of quenched-in
vacancies in Fe–Al alloys with an Al content in a broad range from
18 to 49 at.%. Quenched-in vacancies were investigated by LT
spectroscopy combined with SPIS. This allowed to determine the
vacancy concentration in a wide range from a few ppm up to
several at.%. Experimental results were interpreted using state-of-
art ab-initio theoretical calculations of positron observables.

2. Material and methods

Fe–Al alloys were prepared from high purity Fe (99.99%) and Al
(99.99%) by arc melting in Ti-gettered Ar atmosphere. A serie of
Fe–Al alloys with an Al concentration from 18 to 49 at.% was
prepared. As-cast alloys exhibit coarse grains with a mean
diameter of a few mm. Specimens for PAS investigations were
cut from the as-cast ingots to a size of about 10� 10� 1 mm3,
sealed in evacuated quartz ampoules and annealed at 1000 1C for
1 h. Annealing was finished by quenching of the quartz ampoules
into water of room temperature.

A 22Na2CO3 positron source with an activity of 1.2 MBq
deposited on a 2 mm thick Mylar foil was used for LT studies.
The contribution of positron annihilation in the source and
covering foils was measured in a well-annealed pure a-iron (the
bulk lifetime of 107:070:3 ps) and re-calculated for a particular
alloy according to a method suggested in Ref. [33]. The source
contribution consists of two components with lifetimes of
� 368 ps and � 1:5 ns and intensities of 5–6% and � 1%, respec-
tively. These components represent the contribution of positrons
annihilated in the source itself and in the covering foil.

A high resolution digital spectrometer [34,35] 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 analysis of sampled waveforms is carried
out off-line by software using a new algorithm for integral
constant fraction timing [36]. The time resolution of the digital
LT spectrometer was 145 ps (full width at half maximum
(FWHM), 22Na). At least 107 annihilation events were accumu-
lated in each LT spectrum. Decomposition of LT spectra into
exponential components was performed by a maximum-like-
lihood code described in Ref. [37].

The SPIS measurements were performed using a magnetically
guided variable energy slow positron beam ‘‘SPONSOR’’ [38].
Positron energies were selected so that they covered the region
from 0.03 to 35 keV. The diameter of the beam spot was � 4 mm
for all positron energies. Energy spectra of annihilation g rays
were measured with a HPGe detector having an efficiency of
� 30% and an energy resolution (FWHM) of ð1:0670:01ÞkeV at
511 keV. The Doppler broadening of annihilation profile was
evaluated using the line shape S-parameter [16]. All S-parameters
shown in this work were normalized to the bulk S-parameter
S0 ¼ 0:5085ð5Þ measured in an Fe75Al25 alloy at a positron energy
of 35 keV. The dependence of the S-parameter on the positron
energy for each alloy was analyzed using the VEPFIT code [39].

X-ray diffraction (XRD) studies were performed on X’Pert Pro
diffractometer using Cu-Ka radiation.

3. Theoretical calculations

Theoretical calculations of the positron lifetimes were performed
within the so-called standard scheme employing the atomic

Fig. 1. The structure of the Fe–Al phases. Solid (blue) and dashed (red) 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 blue 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 by Fe atoms only (full blue circles)

and the B sub-lattice consisting of alternating Fe (half filled blue circles) and Al

(open red circles) atoms. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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superposition (ATSUP) method [41,42]. The electron-positron corre-
lations were treated according to Boroński and Nieminen [43].
The lattice parameters used in these calculations were taken from
Ref. [44].

Calculations for vacancies were performed using a supercell
approach, considering 1024 atom-based supercells. Monovacan-
cies 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 total
composition in the supercell equal to the alloy composition. Ten
independent calculations were performed for each concentration
and the arithmetic average of calculated positron lifetimes was
used. The variance of the positron lifetime due to atomic disorder
was estimated from the spread of calculated results.

4. Results and discussion

XRD investigations revealed that quenched alloys with an Al
concentration cAlZ30 at.% exhibit B2 structure, while those with
18rcAlr30 at.% exhibit predominantly the disordered A2 phase.
This testifies that quenching was fast enough to prevent atomic
ordering during cooling.

Fig. 2 shows positron lifetimes of exponential components
resolved in the LT spectra of quenched alloys plotted as a function
of the Al concentration cAl. LT spectra of alloys with cAlo26 at%
were decomposed into two exponential components: the short
lived component with lifetime t1 represents a contribution of free
positrons, while the longer component with lifetime t2 comes
from positrons trapped at quenched-in vacancies. The relative
intensity I2 of the contribution of positrons trapped at quenched-
in vacancies is plotted in Fig. 3 as a function of the Al content. The
intensity of positrons trapped at vacancies strongly increases with
increasing Al content. In alloys with cAlZ26 at.% vacancy con-
centration becomes so high that the free component cannot be
resolved in LT anymore (saturated trapping ) and LT spectra are
well described by a single component (still denoted by index 2)
originating from positrons trapped at vacancies. This is in reason-
able agreement with results published by de Diego et al. [22] who

observed saturated positron trapping in alloys with cAlZ25 at.%
in water-quenched samples and cAlZ30 at.% in air-quenched
samples.

One can see in Fig. 2 that the lifetime of positrons trapped at
vacancies increases with increasing Al content. The lifetime tV of
positrons trapped in vacancies in the A sub-lattice obtained from
ab-initio theoretical calculations is plotted in Fig. 2 by a dash-
dotted line. A good agreement of experimental data with the
calculated lifetime tV can be seen in alloys with Al content
cAlZ25 at.%. Note that in alloys with an Al content approaching
the stoichiometric Fe50Al50 composition the concentration of
Fe-vacancies in the A sub-lattice becomes extremely high and
an attractive interaction of these vacancies leads to the formation
of triple defects consisting of two Fe-vacancies in the A sub-lattice
aligned in the /100S direction associated with an antisite Fe
atom in the B sub-lattice [10,11]. The calculated lifetime tTD of
positrons trapped in triple defects is plotted in Fig. 2 by a dotted
line. Since the experimental lifetimes t2 for alloys with high Al
content cAl440 at.% fall somewhere between the calculated
lifetime for an Fe-vacancy (tV � 191 ps) and that for a triple
defect (tTD � 200 ps) we can conclude that quenched alloys with
high Al content contain most probably a mixture of Fe-vacancies
and triple defects.

In alloys with cAlo25 at.% the experimental lifetime t2 is
lower that the calculated lifetime tV . This is most probably due to
an inward relaxation of atoms surrounding the vacancy which
was not taken into account in theoretical calculations; for a
detailed discussion see Ref. [14]. Theoretical calculations revealed
an attractive interaction existing between an Al atom (in the B
sub-lattice) and a vacancy in the A sub-lattice [45]. This leads to a
significant inward relaxation of Al atom towards a vacancy in
alloys with low Al content where vacancies are surrounded by
one or two Al atoms only. In Fe–Al alloys with higher Al content
the number of Al atoms surrounding a vacancy increases and the
inward relaxation is canceled due to a repulsive Al–Al interaction.

To put our results into context of data existing in the literature
Fig. 4 collects all data of lifetime t2 available so far. From inspection
of Fig. 4 we can conclude that results of high temperature in situ LT
studies are in very reasonable agreement with room temperature LT
investigations of quenched samples. All data in Fig. 4 consistently
show an increase of lifetime of positrons trapped at vacancies with
increasing Al content. Theoretical calculations confirmed that the
lifetime of trapped positrons increases due to an increasing number
of Al atoms surrounding vacancies [46]. Moreover, in alloys with

Fig. 2. Positron lifetimes t1 (open circles) and t2 (filled circles) of exponential

components resolved in LT spectra of quenched alloys plotted as a function of Al

concentration cAl. The quantity tf calculated using Eq. (1) is plotted in the figure by

open triangles. The results of ab-inito theoretical calculations are plotted in the

figure as well: dashed line, bulk lifetime tB of free positrons annihilating in a

perfect (defect-free) alloy; dash-dotted line, lifetime tV of positrons trapped at

vacancies in the A sub-lattice; dotted line, lifetime tTD of positrons trapped at

triple defects.

Fig. 3. Relative intensity I2 of the component with lifetime t2 representing

positrons trapped at vacancies plotted as a function of the Al concentration cAl.
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high Al content (cAl440 at.%) the lifetime of trapped positrons
increases also due to an increasing fraction of triple defects.

If the free positron component was resolved in a LT spectrum
the quantity

tf ¼
I1

t1
þ

I2

t2

� ��1

ð1Þ

can be used to check consistency of the spectrum decomposition
with the two state simple trapping model (STM) [17]. If assump-
tions of the two state STM are fulfilled, i.e. the sample contains a
single type of homogeneously distributed positron traps, no
detrapping occurs and only thermalized positrons are trapped,
then the quantity tf equals the bulk positron lifetime tB, i.e. the
lifetime of free positrons in a perfect (defect-free) material.
The quantity tf calculated from Eq. (1) is plotted in Fig. 2 (open
triangles) together with tB obtained from theoretical calculations
(dashed line) assuming an A2 structure for alloys with cAlo30
at.% and a B2 structure for alloys with cAl430 at.% and using
lattice parameters determined by Taylor and Jones [44]. One can
see in Fig. 2 that the tf points are in good agreement with the
calculated bulk lifetime curve. This testifies that the assumptions
of the two state STM are fulfilled and the concentration of
vacancies can be calculated from the expression:

cV ¼
1

nV

I2

I1

1

tB
�

1

t2

� �
, ð2Þ

where nV is the specific positron trapping rate to vacancies. In this
work we used nV ¼ 4� 1014 s�1 reported for vacancies in Fe3Al in
Ref. [20]. The concentration of vacancies cV calculated from Eq. (2)
is plotted in Fig. 5.

The free positron component cannot be resolved in a LT
spectrum if its relative intensity I1 falls below � 5%. Using
Eq. (2) one can calculate that this happens when the concentra-
tion of vacancies exceeds 2� 10�4. Hence, cV � 2� 10�4 can be
considered as an upper limit of vacancy concentration in Fe–Al
alloys which can be determined by LT spectroscopy. In Fe–Al
samples studied in this work the saturated positron trapping at
vacancies occurs in alloys with cAlZ26 at.%.

Fig. 6 shows the dependence of the S-parameter on the energy
of incident positrons for studied Fe–Al alloys of various composi-
tion. At low energies virtually all positrons annihilate at the
surface. With increasing energy positrons penetrate deeper and

deeper into the bulk and the fraction of positrons diffusing back to
the surface decreases. All Fe–Al samples are covered with a thin
oxide layer. The contribution of positrons annihilated inside the
oxide layer can be clearly seen in Fig. 6 to be within the energy
range 0.5–2.0 keV. At higher energies (E42 keV) positrons pene-
trate into the Fe–Al bulk and with increasing energy the S-parameter
approaches the bulk value corresponding to the situation when all
positrons are annihilated inside the corresponding Fe–Al alloy. Solid
lines in Fig. 6 show fitted model curves calculated by VEPFIT
software [39] assuming two layered model consisting of (i) a thin
oxide surface layer and (ii) a bulk Fe–Al layer. The thickness of the
surface oxide layer in various alloys obtained from fitting falls into

Fig. 4. Dependence of the lifetime t2 of positrons trapped at vacancies on Al

content cAl. Full circles, this work; open circles, Ref. [24] (in situ LT measurement);

open diamonds, Ref. [20] (in situ LT measurement); open triangles (upward), Ref.

[22]; half-filled diamonds, Ref. [25]; half-filled circles, Ref. [12]; hourglass circle,

Ref. [29]; open triangles (downward), Ref. [23].

Fig. 5. Concentration of quenched-in vacancies cV in Fe–Al alloys quenched from

1000 1C. Open circles, cV determined by LT spectroscopy in this work; full circles,

cV determined by SPIS spectroscopy in this work; filled triangles, cV obtained by

extrapolation of cV determined in the temperature range 500–800 1C by LT

spectroscopy in Ref. [30]; half filled diamonds, cV calculated using vacancy

formation enthalpy and pre-exponential factor determined in the temperature

range 390–470 1C by in situ LT spectroscopy in Ref. [21]; half-filled squares, cV

determined from hardness measurements and theoretical modeling by Chang

et al. [7]; half filled circles, cV determined from XRD studies by extrapolation of cV

measured in temperature range 500–950 1C by Joardar et al. [50]; stars, cV

determined from dilatometric measurements combined with XRD [6]; hourglass

squares, cV determined from dilatometric measurements combined with XRD [51].

Fig. 6. SPIS results: dependence of the S-parameter on energy E of incident

positrons for various quenched alloys. Solid lines show model curves calculated by

the VEPFIT software [39].
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the range 15–50 nm. The surface oxide layer contains very high
number of defects which is testified by the extremely short positron
diffusion length of 4–6 nm. The positron diffusion length Lþ
evaluated for every Fe–Al alloy is plotted in Fig. 7. Assuming that
quenched Fe–Al alloys contain only a single type of positron traps
(quenched-in vacancies), which is confirmed by a single component
LT spectrum, the concentration of quenched-in vacancies can be
calculated from the formula [40]:

cV ¼
1

nVtB

L2
þ ,B

L2
þ

�1

 !
, ð3Þ

where Lþ ,B is the mean positron diffusion length in a perfect (defect-
free) alloy. Since Lþ ,B is not known from experiment it was
calculated from the expression:

Lþ ,B ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
Dþ tB

p
, ð4Þ

where Dþ is the room temperature positron diffusion coefficient.
Experimental data for positron diffusion coefficients are scarce. For
aluminum Dþ ,Al ¼ 1:770:2 cm2 s�1 was determined by Soininen
et al. [48]. For iron only a very rough estimation Dþ ,Fe41 cm2 s�1

can be found in literature [18]. However positron diffusion coeffi-
cients can be determined from semiclassical random walk theory
[19,47]:

Dþ ¼
kT

mn
t, ð5Þ

where k is the Boltzmann constant, T is the thermodynamic
temperature, mn � 1:5m0 [18] is the effective positron mass in units
of the rest electron mass m0, and t is the relaxation time for the
scattering process taking place in the material. For metals the
acoustic longitudinal phonon scattering dominates and the relaxa-
tion time is given by the expression [47]:

tph ¼

ffiffiffiffiffiffi
8p
9

r
‘ 4 s

ðmnkTÞ3=2g
, ð6Þ

where ‘ is the reduced Planck constant, s is the velocity of sound in
the material, and g is the positron-acoustic-phonon coupling con-
stant [19]:

g¼ Edffiffiffiffiffiffiffiffi
2Rs

p , ð7Þ

where R is the mass density and Ed is the deformation potential [47].
The positron diffusion coefficients calculated using this approach for
pure Fe and Al are Dþ ,Fe ¼ 3:8 cm2 s�1 and Dþ ,Al ¼ 1:7 cm2 s�1,

respectively, which is in agreement with available experimental
data. Note that for Al we used Ed,Al ¼�6:7 eV determined experi-
mentally in Ref. [48], while for Fe we used Ed,Fe ��2=3EF (where EF

is the Fermi energy) [49].
Determination of positron diffusion coefficients Dþ for various

Fe–Al alloys requires more demanding calculations which are
beyond the scope of this work because the quantities s and Ed are
not known. However since Dþ in FeAl alloys decreases with
increasing Al content mainly due to decreasing density, in the first
approximation it can be estimated by weighted average of
positron diffusion coefficients for Fe and Al:

Dþ ¼ ð1�cAlÞDþ ,FeþcAlDþ ,Al: ð8Þ

The positron diffusion length Lþ ,B calculated from Eq. (4) is
plotted in Fig. 7 as well.

The concentration of vacancies determined using Eq. (3) is
plotted in Fig. 5. One can see in the figure that both LT and SPIS
investigations revealed a substantial increase in vacancy concentra-
tion with increasing Al content. This indicates that the vacancy
formation enthalpy decreases with increasing Al content in con-
cordance with results obtained by Würschum et al. [21]. The
concentration of vacancies at 1000 1C calculated from results of LT
investigations in Refs. [21,30] is plotted in Fig. 5 as well. Moreover,
the vacancy concentration in alloys with high Al content (cAl440
at.%) becomes so high that it can be detected using differential
dilatometry combined with XRD [6,50,51] or through microhardness
measurements combined with theoretical modelling [7]. Results of
these investigations are also shown in Fig. 5 for comparison with
PAS results. One can see in the figure that there is a very reasonable
agreement among vacancy concentrations determined using various
techniques despite uncertainties implied by necessary approxima-
tions and simplifications. The concentration of vacancies increases
with increasing Al content roughly by four orders of magnitude from
� 10�5 in an Fe82Al18 alloy up to � 10�1 in an Fe50Al50 alloy.

In cases of short positron diffusion lengths (o10 nm) the
uncertainty of this quantity determined by fitting of S(E) curves
measured on our setup falls in the range 1–2 nm. Obviously the
positron diffusion length can be reliably determined only if its
magnitude is higher than its uncertainty. Hence, the positron
diffusion length can be reliably determined by fitting of the S(E)
curve if Lþ42 nm. From Eq. (3) if follows that Lþ � 2 nm would
correspond to an extremely high concentration of vacancies of
� 0:2. Obviously such a high concentration of vacancies cannot be
reached in any real material. Thus, we can conclude that contrary
to LT spectroscopy SPIS is applicable for the determination of the
vacancy concentration in almost any practical case and there
seems to be no real upper limit for a vacancy concentration which
can by determined by this technique. On the other hand, SPIS
cannot distinguish between various kinds of defects and the
uncertainty of cV obtained by SPIS is usually larger compared to
LT measurements. For these reasons SPIS is suitable mainly for an
estimation of the vacancy concentrations in materials with a very
high density of defects where LT spectroscopy is not applicable
due to saturated positron trapping.

To check whether LT spectroscopy and SPIS gave mutually
consistent results, the vacancy concentration in a quenched
Fe75Al25 alloy was determined by both techniques. The concen-
trations of quenched-in vacancies cV ¼ ð7:070:5Þ � 10�5 and
ð571Þ � 10�5 were obtained from LT and SPIS measurements,
respectively. These values are in reasonable agreement taking
into account experimental uncertainties.

5. Conclusions

Quenched-in vacancies in Fe–Al alloys with Al concentration
from 18 to 49 at.% were investigated in the present work using LT

Fig. 7. The mean positron diffusion length Lþ in Fe–Al obtained from fitting of S(E)

curves measured by SPIS. The dashed line shows the calculated positron diffusion

length Lþ ,B in a perfect (defect-free) alloy.
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spectroscopy combined with SPIS. It was found that the lifetime
of positrons trapped in quenched-in vacancies increases with
increasing Al concentration. The concentration of quenched-in
vacancies cV was determined using LT and SPIS spectroscopy in
alloys with cV o2� 10�4 and using SPIS in alloys with cV 42�
10�4 where the concentration of vacancies is so high that the free
positron component cannot be resolved in LT spectra. It was
demonstrated that vacancy concentrations estimated by LT and
SPIS technique are mutually consistent. The concentration of
quenched-in vacancies strongly increases with increasing Al
content from 10�5 in an Fe82Al18 (i.e. the alloy with the lowest
Al content studied here) up to 10�1 in an Fe51Al49. SPIS investiga-
tions confirmed an extremely high concentration of vacancies of
several at.% estimated previously using XRD, differential dilato-
metry and microhardness in alloys with a composition approach-
ing the Fe50Al50 stoichiometry.
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[21] R. Würschum, C. Grupp, H.-E. Schaefer, Phys. Rev. Lett. 75 (1995) 97.
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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.

Keywords: Iron aluminides; Lattice defects; Vacancies; Non-destructive testing; Positron annihilation

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

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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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

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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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

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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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. 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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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. 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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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. 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).

J. Čı́žek et al. / Acta Materialia 59 (2011) 4068–4078 4073



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.

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

Fig. 8. Two-dimensional plot of CDB ratio curves (related to Fe) for
Fe3Al samples annealed at various temperatures.

Fig. 9. Temperature dependence of the fraction of positrons annihilated by Al electrons nAl obtained by fitting CDB curves using Eq. (5), plotted as filled
circles and the fraction FV of positrons trapped in vacancies calculated from the LT data using Eq. (8), plotted as open symbols. The vertical dashed line
shows the probability nAl,B that a free positron is annihilated by an Al electron. The vertical solid line shows the probability nAl,V that a positron trapped in
a vacancy is annihilated by an Al electron.
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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

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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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

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. 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.

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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2005;539:372.
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Abstract. In the present work hydrogen interaction with vacancies was investigated in Fe-
Al alloys with various concentration of vacancies. The Fe-Al samples were implanted with low
energy H+ ions (100 keV). This procedure introduced high hydrogen concentration into relatively
narrow sub-surface region in the depth of ∼500 nm. Variable energy positron annihilation
spectroscopy (VEPAS) was employed for investigation of hydrogen interaction with vacancies
in the sub-surface region. This study revealed formation of vacancy hydrogen complexes in the
sub-surface region. Thermal stability of vacancy-hydrogen complexes was investigated as well.

1. Introduction
Iron aluminides are widely considered as prospective materials due to high speci�c mechanical
strength and enhanced corrosion resistance at elevated temperatures. However, work
machinability of these alloys su�ers from poor ductility at room temperature. Since it has
been shown that the ductility of Fe-Al alloys is remarkably improved in the absence of hydrogen
and water vapor [1], environmental hydrogen embrittlement was suggested to take place in Fe-Al
alloys. In addition to this, Fe-Al alloys are well known for a low vacancy formation enthalpy. As
a consequence, the equilibrium concentration of vacancies in Fe-Al alloys is substantially high
compared to pure metals. Thermal vacancies formed at elevated temperatures in Fe-Al alloys can
be relatively easily quenched to room temperature. Hydrogen interaction with vacancies could
play very important role in the embrittlement process. The importance of hydrogen interaction
with vacancies is further ampli�ed by high mobility of hydrogen in Fe-Al lattice.

In this work we employed VEPAS for investigation of defects introduced by H+ implantation
and interaction of implanted hydrogen with vacancies in Fe-Al alloys with various composition.

2. Experimental
Fe-Al alloys of Al concentration cAl 27 and 35 at.% were prepared by arc melting from high purity
Fe (99.99%) and Al (99.99%) in Ti-gettered Ar atmosphere. As-cast alloys exhibited coarse grains
with the mean diameter of a few mm. Specimens were quenched to room temperature after one
hour of annealing at 1000 ◦C. The Fe73Al27 sample was subsequently annealed at 520 ◦C for one
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hour. The samples were implanted by H+ ions with the energy of 100 keV up to a �uence of
3×1018 at./cm2. The implantation was performed at room temperature on a cascade accelerator
using the accelerating voltage of 100 kV.

Variable energy positron annihilation spectroscopy (VEPAS) measurements were performed
using magnetically guided energy variable positron beam "SPONSOR" [2] with positron energy
adjustable in the range from 30 eV to 35 keV. Energy spectra of annihilation γ rays were measured
by HPGe detector having an energy resolution of (1.06 ± 0.01) keV (FWHM at 511 keV). The
Doppler broadening of annihilation pro�le was evaluated using the line-shape S-parameter.

3. Results and discussion
The aim of this study was to investigate the interaction of hydrogen with vacancies in Fe-Al
alloys. For this purpose the Fe-Al alloys with known vacancy concentrations were prepared,
Fe73Al27 sample exhibits low concentration of vacancies cV ≈ 4 × 10−6 while Fe65Al35 contains
high vacancy concentration of cV ≈ 5 × 10−3 [3], consistent with cV ≈ 3 × 10−3 for Fe64Al36 [4].

Figure 1. S(E) curves of (a) Fe73Al27 and (b) Fe65Al35 alloy in the as-prepared state, implanted
with 100 keV H+ ions and subsequently annealed at 400 ◦C, 500 ◦C and 600 ◦C. The hydrogen
implantation pro�le plotted as a gray histogram was calculated by SRIM [5].

The implantation pro�le of H+ ions calculated by SRIM code [5] is plotted in Fig. 1 as gray
histograms. The mean H+ penetration depth is z̄H+ ≈ 520 nm and the width of the implantation
pro�le is characterized by FWHM of ≈ 130 nm.

From the H+ implantation pro�le one can calculate that 75% of implanted hydrogen is stopped
in a sub-surface layer located at a depth from 470 to 600 nm below the surface. Using the total
�uence of H+ implantation one can easily estimate that hydrogen concentration in this layer is
as high as 2.5 H per one host metal atom (Fe, Al). Hence, the hydrogen concentration in the
sub-surface region 470-600 nm is much higher than the concentration of vacancies.

The VEPAS results for Fe73Al27 alloy are plotted in Fig. 1(a). In the virgin Fe73Al27 sample
the S-parameter decreases with increasing positron energy from the surface value to the bulk
value. Fitting of the S(E) dependence resulted in positron di�usion length L+ = (130 ± 7) nm
which is in agreement with low concentration of defects in this sample. One can see in Fig. 1(a)
that Fe73Al27 alloy implanted with H+ exhibits a bump with signi�cantly enhanced S parameter
in the sub-surface region in�uenced by hydrogen implantation. This is obviously due to new
defects created in the sample by H+ implantation. Protons with energy 100 keV implanted into
the sample lose their kinetic energy in collisions with Fe and Al atoms and produce Frenkel pairs
in the host lattice. Some of them recombine, i.e. vacancy is �lled by interstitial atom, but other
ones remain in the sample since the displaced atom was kicked out to su�cient distance from
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the vacancy. The increase of the S parameter in the sub-surface region in Fe73Al27 sample is
due to positron trapping at such vacancies created by H+ implantation. Since it is known that
an attractive interaction exists between hydrogen and vacancies [6], vacancies introduced by H+

implantation are likely associated with hydrogen. However, since the concentration of implanted
hydrogen in the sub-surface region exceeds the concentration of vacancies by several orders of
magnitude the majority of hydrogen atoms are located in the interstitial sites of Fe-Al lattice.

Fig.1(b) shows S(E) curves for the Fe65Al35 alloy. On the contrary to Fe73Al27 alloy, the
Fe65Al35 alloy contains a high concentration of vacancies already in the virgin state, i.e. prior to
H+ implantation. This is demonstrated by a very short positron di�usion length L+ = (10 ± 2)
nm measured in the virgin sample. From inspection of Figs. 1(a), 1(b) one can deduce that the
bulk S parameter in the virgin Fe65Al35 sample is higher than S in the H+ implanted region in
Fe73Al27. It indicates that Fe65Al35 sample in the virgin state contains higher concentration of
vacancies than the sub-surface region in H+ implanted Fe73Al27. Protons implanted into Fe65Al35
creates vacancies in a similar manner as in Fe73Al27 but at the same time hydrogen implanted
into the sub-surface region is trapped at vacancies existing already in the sample. The former
process increases the S parameter while the latter leads to a decrease of S due to the fact that
the electron density in vacancy is enhanced by the presence of hydrogen and therefore reduced
positron localization. One can see in Fig. 1(b) that the latter e�ect prevailed and H+ implanted
Fe73Al27 exhibits lowered S parameter in the sub-surface region in�uenced by implantation.
Similar e�ect of decrease of the S parameter caused by H+ implantation was recently observed
in Fe52Al48 [7] which presumably contains very high concentration of vacancies in orders of 10−2

due to its high Al content [3].
The implanted samples were subjected to annealing for 1 h in vacuum at various temperatures

in order to examine the thermal stability of defects. The S(E) curves for annealed Fe73Al27 and
Fe65Al35 alloys are plotted in Figs. 1(a) and 1(b), respectively.

Annealing at 400 ◦C activates a di�usion of hydrogen. The implanted hydrogen located in
interstitial sites di�uses out of the narrow sub-surface region further into the sample, i.e. the
hydrogen concentration pro�le becomes broader and vacancies located in larger distance from
the maximum of the hydrogen implantation pro�le can be �lled with hydrogen. Driving force
for this process is a gradient of the hydrogen concentration. This process leads to a decrease of
S in a broader sub-surface region which can be seen for Fe73Al27 and Fe65Al35 alloys annealed
at 400 ◦C in Fig. 1(a) and 1(b), respectively. Positrons with kinetic energy of 16 keV exhibit
the mean penetration depth of ∼ 510 nm which is close to the maximum of the implantation
pro�le of hydrogen. The implantation pro�les for positrons and hydrogen are compared in
Fig. 2a. Obviously, the positron implantation pro�le is signi�cantly wider which testi�es that
the S parameter value measured at positron energy of 16 keV contains a superposition of a
contribution from positrons annihilated inside the region with high hydrogen concentration
and also a contribution of positrons annihilated outside this region. The broadening of the
hydrogen concentration pro�le extends the spatial range in which vacancies are �lled with
hydrogen and thereby decreases the S parameter. An additional mechanism which occurs at
higher temperatures is recovery of vacancies which disappear by di�usion into sinks at grain
boundaries and on the surface. This process is clearly visible in Fig. 1(b) as a drop of the bulk S
parameter of both alloys annealed at 500 ◦C. Note that enhanced S parameter at low energies in
the Fe73Al27 alloy annealed 600

◦C is due to the formation of a thin oxide layer during annealing.
It is instructive to compare the temperature dependence of the bulk S parameter S(35 keV)

determined at the positron energy of 35 keV and the S parameter S(16 keV) determined at
energy of 16 keV where the contribution of positrons annihilated in the sub-surface region
with high hydrogen concentration was maximal. The behavior of the S parameters S(35
keV) and S(16 keV) for the Fe73Al27 and Fe65Al35 alloys is plotted in Fig. 3b and 3c,
respectively. The S parameter S(16 keV), which characterizes the sub-surface region in�uenced
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Figure 2. (a) Comparison of the implantation pro�le of H+ ions with the energy of 100 keV and
the implantation pro�le of positrons with energy of 16 keV. S-parameter determined at positron
energy of E = 16 keV and 35 keV for (b) Fe73Al27 and (c) Fe65Al35.

by implanted hydrogen, decreases already during annealing at 400 ◦C due to the spread of
hydrogen concentration pro�le. During further annealing the decrease of S(16 keV) continues
due to the recovery of vacancies. The S parameter S(35 keV) for Fe73Al27 alloy exhibits a similar
but less pronounced decrease since a fraction of positrons implanted into the sample with energy
of 35 keV is still able to di�use back into the sub-surface region containing vacancies created
by H+ implantation. On the other hand, in the Fe65Al35 alloy the S parameter S(35 keV)
is not a�ected by the sub-surface region containing implanted hydrogen because of very short
positron di�usion length due to a high concentration of vacancies. The S parameter S(35 keV)
for the Fe65Al35 alloy remains approximately constant during annealing and decreases only after
annealing at 500 ◦C where vacancies in the bulk are annealed out.

4. Conclusions
Fe-Al alloys implanted by H+ ions with the energy of 100 keV were studied by the VEPAS
technique. It was suggested that H+ implantation creates vacancy-hydrogen complexes in a
sub-surface region. Moreover, trapping of hydrogen at vacancies existing already in sample was
observed. The investigation of the thermal stability of defects in H+ implanted alloys revealed
that hydrogen di�usion is activated by annealing at 400 ◦C leading to a spread of the hydrogen
concentration pro�le. Vacancies are annealed out by further annealing at 500 ◦C.
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Abstract. Nanocrystalline powders of iron aluminum alloy of the Fe82Al18 nominal composition
were prepared under air, hydrogen and nitrogen atmospheres from the Fe and Al elemental powders
by mechanical alloying and also from the conventionally cast Fe82Al18 alloy by the high-energy ball
milling. The intensive plastic deformation during high-energy mechanical treatment has introduced
high concentrations of open volume defects and contributed to a rapid decrease in the crystallite size
down to a nanoscopic range.

The hydrogen atmosphere was found to be the most efficient for the Fe-Al mechanical alloying
since it has resulted into the fully alloyed Fe82Al18 after 30 h of milling. On the other hand, the
nitrogen and air atmosphere have slightly prevented mechanical alloying and after the same milling
time the pure iron particles were still detected in the powder mixtures. This partial suppression of the
mechanical alloying process is explained by a formation of thin iron nitride and/or oxide layers on the
surface of Fe particles preventing mutual inter-diffusion of Fe and Al atoms.

Introduction

Iron aluminides (Fe-Al) are widely considered as perspective materials due to high specific mechan-
ical strength and enhanced corrosion resistance at elevated temperatures. It is well established that
the physical and mechanical properties of Fe-Al alloys are strongly influenced by the atomic ordering
and point defects. 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 temperature [1]. The high concentration
of vacancies can be introduced also by mechanical treatment, e.g. mechanical alloying (MA) and ball
milling (MM) using high energy [2]. Severe plastic deformation applied during MA and MM intro-
duces high concentration of open volume defects (vacancies and dislocations) into the milled material
and causes significant structure refinement down to nanoscopic range with grain size well below 100
nm. Hydrogen segregates at open volume defects and remarkably decreases the defect formation en-
ergy [3]. Hence, the generation of defects in a material containing absorbed hydrogen is easier. To
examine the effect of hydrogen on formation of defects by severe plastic deformation, the Fe and Al
powders were subjected to MA under hydrogen atmosphere and, under the same milling conditions,
also to MA under air and protective nitrogen atmospheres for comparison. Dynamics of the alloying
procedure and properties of the final products are followed in the present work.

Experimental

Initial powders of high purity Fe (99.99%, grain size 10 µm) and Al (99.99%, grain size 40 µm) were
placed into a stainless steel vial in the ratio corresponding to Fe82Al18 composition and mixed in the
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rotating vial without balls by 200 rpm for 2 min. Subsequently, the stainless steel balls each of 5
mm in diameter were added. The ball-to-powder weight ratio was kept at 10:1. The milling was done
using a Fritsch planetary ball mill Pulverisette 7 premium line in various atmospheres: (i) hydrogen -
sample MH30, (ii) nitrogen - sample MN30, both with pressure of 1 bar, and (iii) air - sample MA30.
The speed of rotation was 450 rpm and in order to avoid heating of powders an interruption regime
was chosen in such way that every 30 min of milling were followed by 10 min of pause (1 cycle). In
total 60 cycles were done, i.e. powders were ball milled for the total period of 30 h.

For comparison, a nanocrystalline powder was prepared by MM also from an ingot of Fe82Al18
ingot produced by casting of the high purity Fe(99.99%) and Al(99.99%) input rods arc melted in Ar
atmosphere gettered by Ti. Small pieces cut from the pre-cast alloy were pulverized by ball milling
performed in a similar way as described above under the nitrogen atmosphere. After 10 h and 30 h
of milling the powders were taken away and the samples were denoted IN10 and IN30, respectively.
X-ray diffraction analysis (XRD) was carried out on the D8 Advance diffractometer in the symmetric
Bragg-Brentano geometry using a chromium anode. Diffraction profiles were fitted by a model func-
tion composed of three pseudo-Voigt functions corresponding to the characteristic wavelengths of Cr
Kα1, Kα2 and Kβ emission lines.

Results and discussion

Fig. 1 shows the X-ray diffraction patterns of the samples after 30 h of the ball milling. Their analysis
evidences that the pattern of the IN30 (similarly of IN10 in Fig. 3) sample contains only diffrac-
tion peaks of the disordered A2 structure in agreement with the Fe-Al phase diagram [4]. This was
expected since the samples were prepared by MM of pieces prepared from the Fe82Al18 casted ingot.

Figure 1: XRD patterns for the sample IN30 (ball milled Fe82Al18 alloy) and the powders MN30,
MA30 and MH30 prepared by the MA under nitrogen atmosphere, air and hydrogen atmosphere.
Fitted model functions are composed of three pseudo-Voigt functions corresponding to the chromium
Kα1, Kα2 and Kβ characteristic emission lines.
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Figure 2: A closer view of (110) peaks of Fe-Al (A2) phase and bcc-Fe in XRD patterns of the
sample IN30 (ball milled Fe82Al18 alloy) and the powders MN30, MA30 and MH30 prepared by the
MA under nitrogen atmosphere, air and hydrogen atmosphere.

The XRD pattern of the sample mechanically alloyed under the hydrogen atmosphere, MH30,
exhibits similarly only peaks reflecting the disordered A2 structure which manifests a complete Fe
and Al alloying into Fe82Al18 compound. On the other hand, the diffractograms of the samples al-
loyed under air and nitrogen atmospheres, MA30 and MN30, respectively, consists of the partially
superimposed patterns of the bcc-Fe-Al with A2 disordered structure and bcc-Fe. The overlapping
of patterns is reflected in the right-handed asymmetry of (110) and (200) lines and the splitting of
the (211) lines into two peaks more pronounced for sample alloyed in nitrogen MN30. Moreover,
in the pattern of this sample the (111) reflection from the pure fcc-Al can be detected as well. The
analysis of all obtained results documents that hydrogen, contrary to the nitrogen and air, allows the
most effective solid state diffusion of the Fe and Al. Similarly, enhanced inter-diffusion was observed,
e. g. in α-Fe and Pd [5, 6] or in Cu-Ni diffusion couples [7] when samples were heated under high
hydrogen pressures. These observations were explained in terms of superabundant vacancy formation
in the presence of interstitial hydrogen atoms. Generally, hydrogen effects on vacancy properties in
metals and mainly Fe-based materials attract still a considerable attention from both technological
(hydrogen embrittlement, hydrogen-induced degradation of mechanical properties) and theoretical
viewpoint. Recently, some experimental results were theoretically explained by hydrogen segregation
at open volume defects (vacancies and dislocations) leading to a decrease in their formation energy.
As a consequence, the enhanced density of vacancies and dislocations accelerates inter-diffusion [3].
This can also be a reason of more effective Fe and Al alloying under hydrogen in the present study. On
the other hand, nitrogen and/or oxygen from the air atmosphere suppresses MA of Fe and Al powders
most probably due to formation of thin nitride and/or oxide layers on the surface of Fe and Al parti-
cles protecting from inter-diffusion of Fe and Al atoms and preventing their alloying. The presence of
FexN phase was reported in Fe-Al nanopowder ball milled in nitrogen atmosphere [2].
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Generally, XRD profiles for real materials are broadened either by an instrumental or physical
broadening. The causes of the physical broadening are the mean size of coherently diffracting crys-
tallites D and the deformation of the crystal lattice expressed by microscopic strain e = ∆d/d,
where ∆d is the FWHM of the distribution of inter-planar distances dhkl. The analysis of the physical
broadening enables to distinguish the size and the deformation contributions using the Williamson-
Hall plot where the integral breadth of the diffraction peak profile βhkl is plotted versus sin θhkl. The
mean crystallite size D and the microscopic strain e can be determined by linear regression of the
Williamson-Hall plot by the formula

βhkl =
K

D
+

4e

λ
sin θhkl, (1)

where K is the Scherrer constant which is close to the unity for spherical crystallites and λ is the
wavelength of the X-rays. Table 1 shows the results of the Williamson-Hall analysis for Fe-Al (A2)
phase in the samples studied. Table 1 shows that all Fe82Al18 powders exhibit nanocrystalline structure

Table 1: Crystallite size D, microscopic deformation e, lattice parameter a and the relative difference
from the bulk value ∆a determined by X-ray diffraction analysis for milled Fe82Al18 alloy powder
and for MA Fe and Al powders prepared under various atmospheres.

Sample Sample preparation D [nm] e [%] a [Å] ∆a [%]
IN10 Fe82Al18 alloy MM in N2 45(2) 0.78(4) 2.894(1) -0.05
IN30 Fe82Al18 alloy MM in N2 7.6(4) 0.44(2) 2.881(1) -0.50

MN30 Fe, Al powders MA in N2 8.0(4) 0.51(3) 2.896(6) 0.04
MA30 Fe, Al powders MA in air 13.5(7) 0.90(5) 2.900(4) 0.17
MH30 Fe, Al powders MA in H2 10.3(5) 0.81(4) 2.899(4) 0.14

with the mean crystallite size within the range of 7 to 14 nm demonstrating the remarkable grain re-
finement as a consequence of the severe plastic deformation applied during ball milling. In the MN30
sample the peaks of bcc-Fe phase are separated from those belonging to Fe-Al (A2) phase enough
to analyze broadening of the bcc Fe peaks separately, see Fig. 1. The pure Fe particles of the MN30
sample exhibit larger crystallite size than the particles of Fe-Al (A2) phase. This is clearly demon-
strated by narrower peaks of the bcc-Fe phase compared to those of Fe-Al (A2) phase as illustrated in
Fig. 2 for the (110) reflection.

The samples mechanically alloyed in hydrogen or air atmosphere exhibit higher microscopic strain
compared to the samples ball milled in nitrogen atmosphere. Since the microscopic strains are deter-
mined predominantly by dislocations, it can be deduced that samples mechanically alloyed in air
and in hydrogen atmosphere exhibit higher dislocation density. The microscopic strain values are
correlated with the mean crystallite size, i.e. the samples with smaller crystallite size exhibits lower
microscopic strain and vice versa. This is in agreement with the theoretical calculations yielding a
strong interaction of dislocations with interfaces. This means that the dislocations formed in very
small crystallites, i.e. below a critical dimension, become unstable and are quickly absorbed at grain
boundaries [8]. Hence, nanopowders with smaller crystallites are expected to exhibit lower density of
dislocations.

The lattice constants were determined using the standard Cohen-Wagner analysis in order to ex-
clude the systematic error of the excentric sample position in the goniometer axis. For the Bragg-
Brentano geometry the extrapolation function cos θcotgθ was used. The lattice parameters a deter-
mined for the A2 phase are shown in Table 1 and were compared with the lattice parameter a0 =
2.895 Å reported for the bulk Fe82Al18 [9] and the relative difference ∆a = (a − a0)/a0 is listed in
the Table 1 as well.
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The sample IN30, prepared by MM of Fe82Al18 alloy, exhibits smaller lattice parameter than the
bulk Fe82Al18 alloy. This is most probably due to high density of vacancies created by severe plastic
deformation during ball milling.

Figure 3: XRD patterns for the samples IN10 and IN30 of Fe82Al18 alloy ball milled in nitrogen
atmosphere for 10 and 30h, respectively.

This picture is supported by the behavior of the XRD patterns for Fe82Al18 powders ball milled
for 10 and 30 h (samples IN10 and IN30, respectively) plotted in Fig. 3. Obviously, with increasing
time of ball milling the A2 peaks are shifted to higher diffraction angles due to the decreasing lattice
parameter caused by growing concentration of vacancies. On the other hand, all the mechanically
alloyed powders exhibit slightly higher lattice parameter then the bulk Fe82Al18 alloy. This is sup-
posedly due to gas impurities incorporated into the interstitial sites of the Fe-Al lattice by diffusion
during ball milling or due to the fact that the concentration of Al diffused into the samples during MA
can slightly vary from the nominal composition. It seems that these causes of the lattice expansion
prevail over the lattice contraction caused by the open volume defects introduced by severe plastic
deformation.

Summary

Iron aluminum nanopowders of the Fe82Al18 composition were produced by mechanical alloying
of the Fe and Al powders and compared with nanopowders obtained by high-energy ball milling
of the pre-cast Fe82Al18 alloy. The aim of the present study was to determine an influence of the
atmosphere on the dynamics of milling procedure and on the microstructural properties of the final
products. For this reason, the hydrogen, air and nitrogen atmospheres were used. Intensive plastic
deformation applied during high energy ball milling introduced high concentration of open volume
defects (dislocations and vacancies) and led to a significant structure refinement down to nanoscale.
The ball milling in hydrogen atmosphere was found to be the most efficient for mechanical alloying
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of Fe and Al powders. This is likely caused by hydrogen segregating at open volume defects and
reducing formation energy of vacancies and dislocations. Enhanced concentration of open volume
defects accelerates the diffusion of Fe and Al atoms and facilitate mechanical alloying. On the other
hand, ball milling in nitrogen and/or air atmospheres suppresses mechanical alloying likely due to the
formation of nitride (oxide) layers on the surface of Fe particles preventing inter-diffusion of Fe and
Al atoms.
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a b s t r a c t

Nanocrystalline Fe82Al18 powders were prepared by high energy ball milling in various atmospheres. Two
preparation techniques were compared: (i) mechanical milling of pre-alloyed Fe82Al18 pieces and (ii)
mechanical alloying of pure Fe and Al powders. Single phase Fe82Al18 nano-powder was formed by
mechanical alloying in H2 atmosphere while milling in N2 or air environment suppressed mechanical
alloying due to passivation of Fe surfaces. Positron annihilation spectroscopy revealed that mechanical
alloying of Fe and Al in H2 atmosphere is mediated by hydrogen-induced vacancies.

� 2015 Elsevier B.V. All rights reserved.

1. Introduction

Fe–Al based alloys are characterized by low density, high corro-
sion resistance, high tensile strength and low cost [1]. These prop-
erties are favorable for high temperature structural applications
and protective coatings. Nevertheless, the major limitation of Fe–
Al alloys is poor low temperature ductility and insufficient high
temperature creep resistance. These limitations could be overcome
by fabrication of nanocrystalline Fe–Al alloys [2–4]. High energy
ball milling can be used for refinement of grain size to nanocrystal-
line level [5]. There are two ways how to prepare Fe–Al nano-
powders by ball milling [6]: (i) mechanical milling (MM) [7]
of pre-alloyed Fe–Al alloy with desired composition and (ii)
mechanical alloying (MA) [8–12] of Fe and Al powders.

Both processes can proceed under various atmospheres their
influence is the aim of interest of present paper dealing with
detailed studies of Fe–Al nano-powders. In the most cases MA of
Fe and Al powders was performed in Ar atmosphere [9–12], but
there is still a lack of knowledge about MA in other atmospheres.
In the present work the nitrogen, hydrogen, and air atmospheres
were applied and their influence on nano-powder phase composi-
tion was studied by X-ray diffraction (XRD) and Mössbauer
spectroscopy (MS). Defects introduced by ball milling were

characterized by positron lifetime (LT) spectroscopy [13]. It was
found that hydrogen atmosphere has positive effect on MA while
nitrogen atmosphere suppresses alloying of Fe and Al powders.

2. Material and methods

Fe–Al nano-powders were prepared by MM of pieces prepared from the pre-
alloyed Fe82Al18 ingot and by MA of the elemental Fe and Al powders:

(i) MM: An ingot of Fe82Al18 alloy was prepared by arc melting of Fe (99.99%)
and Al (99.99%) input rods in Ar atmosphere gettered by Ti. As cast alloy
was annealed at 520 �C for 1 h to recover defects created during casting.
Small pieces cut from the annealed ingot were subjected to MM in N2

(5.0) atmosphere. The nano-powders prepared by this way are denoted
MM(N2, t), where t is the milling period.

(ii) MA: Fe (10 lm) and Al (40 lm) powders mixed in the composition corre-
sponding to Fe82Al18 were ball milled in various atmospheres: nitrogen
(5.0), hydrogen (5.0), and air. The gas pressure during high energy ball mill-
ing was �2 bar. The nano-powders prepared by this way are denoted
MA(N2, t), MA(H2, t) and MA(air, t), where t is again the milling period.

In both cases (i) and (ii) the high energy ball milling was performed using a Frit-
sch planetary ball mill Pulverisette 7, stainless steel vials and stainless steel balls
(5 mm in diameter). The rotation speed was 450 rpm. A cycle 60 min/milling–
60 min/pause was used to keep the temperature of powders during milling below
50 �C. The ball-to-powder weight ratio was always kept at 10:1.

The XRD studies were carried out in the symmetrical Bragg–Brentano geometry
on a D8 Advance diffractometer (Bruker) using Cr Ka (k = 2.2897 nm) radiation. The
mean crystallite sizes d were determined from broadening of XRD profiles by the
Williamson–Hall analysis.

http://dx.doi.org/10.1016/j.jallcom.2014.12.213
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The MS measurements were performed in standard transmission geometry
using a 57Co(Rh) source. The calibration of velocity scale was performed with a-
Fe and isomer shifts are given with respect to the room temperature Mössbauer
spectrum of a-Fe. All spectra were evaluated within the transmission integral
approach using the program CONFIT [14].

A high resolution digital spectrometer [15] with time resolution of 145 ps
(FWHM of resolution function) was employed for LT studies. A 22Na positron source
with activity of 1 MBq deposited on 2 lm thick mylar foil was placed in the center
of a chamber filled with the measured powder. Dimensions of the chamber ensure
that virtually all positrons are thermalized inside the chamber and, thereby, anni-
hilate in the studied powder. At least 107 positron annihilation events were col-
lected in each LT spectra. The source contribution which comes from positrons
annihilated in the source spot and the in the covering mylar foil consisted of two
weak components with lifetimes of 368 ps and 1.5 ns and corresponding intensities
of 8% and 1%, respectively.

3. Results and discussion

MM of Fe82Al18 alloy has a certain advantage that Fe and Al
atoms are mixed on the atomic scale already in the initial material.
However because of very coarse grains (�1 mm) of the initial alloy
and its higher hardness the grain refinement is not as fast as in the
case of MA of Fe and Al powders. This can be seen in Fig. 1 where
the mean grain size of Fe–Al particles determined by XRD is plotted
as a function of the ball milling period. MA produced Fe–Al crystal-
lites with the mean size around �30 nm already after 5 h of milling
while for the powder prepared by MM comparable size of Fe–Al
crystallites is achieved after three times longer milling period.
Nevertheless, after prolonged ball milling for 30 h all powders, pre-
pared by MM and MA in various atmospheres, exhibit nanocrystal-
line grains with the mean size falling in the range from 7 to 20 nm,
see Table 1.

The XRD patterns for MM and MA nano-powders ball milled for
30 h are shown in Fig. 2. Although the powders exhibit comparable

grain size their phase composition considerably differs. The XRD
pattern for MM(N2,30 h) powder plotted in Fig. 2(a) contains only
reflections corresponding to Fe–Al phase with disordered A2 struc-
ture. The peak positions agree well with those obtained for the ini-
tial Fe82Al18 alloy (dashed line in the figure). The markedly
broadened lines reflect the grain refinement and strains introduced
by severe deformation. The XRD pattern for MA(N2,30 h) powder
plotted in Fig. 2(b) contains not only reflections belonging to
Fe–Al phase but also peaks of the initial bcc-Fe and fcc-Al. The
overlapping reflections for the Fe–Al phase and pure bcc-Fe lead
to asymmetrical shape of (110), (200) and (211) profiles. An inset
in Fig. 2(b) shows the (110) reflections for both Fe–Al and bcc-Fe
phases present in the MA(N2,30 h) sample in detail. Hence, con-
trary to MM of Fe82Al18 alloy the MA in N2 atmosphere did not lead
to complete alloying of Fe and Al and significant amount of mate-
rial remains in the form of initial pure Fe and Al. The concentra-
tions of Fe–Al, Fe and Al phase determined by fitting of the XRD
pattern of MA(N2,30 h) nano-powder are 43, 53 and 4 wt.%, respec-
tively. Comparable content of Fe–Al phase was found in similar
powder in Ref. [6]. From inspection of Fig. 2(b) it becomes clear
that bcc-Fe lines are narrower than those corresponding to the
Fe–Al phase but much broader in comparison with the initial
bcc-Fe (not presented here). This testifies to larger size of bcc-Fe
crystallites compared to those of Fe–Al phase as seen in Table 1.
Hence, our results support the scenario that by ball milling Al par-
ticles are quickly refined to the nanometer scale and are stacked to
Fe particles of larger sizes. As a consequence a lamellar structure
with large number of Al/Fe interfaces is developed and repeated
fragmentation and cold welding lead to a decrease in the lamellar
spacing [11,12].

The XRD pattern for MA(air,30 h) nano-powder ball milled in
air is plotted in Fig. 2(c). It also exhibits reflections corresponding
to the Fe–Al phase with disordered A2 structure next to peaks for
pure bcc-Fe. However, compared to MA(N2,30 h) sample the frac-
tion of the Fe–Al phase is higher. It means that air the approximate
composition of which is 78%N2–22%O2–2% other gasses (Ar, CO2,
water vapor) less affects the kinetics of the Fe–Al alloy formation.
The last diffractogram, Fig. 2 (d), for the MA(H2,30 h) nano-powder
shows an influence of hydrogen in the milling procedure. The pat-
tern contains only symmetric reflections corresponding to the Fe–
Al phase. Hence, MA in hydrogen atmosphere led to full alloying of
Fe and Al powders and formation of homogeneous bcc-Fe–Al
phase.

The XRD results were completed by MS investigations. High
sensitivity of the MS to local microstructure has allowed distin-
guishing the crystalline phases and highly defected regions along
grain boundaries characterized by high degree of chemical and
topological atom disorder. The crystalline phases are characterized
by several discrete single-, double-, and/or six-line Lorentzian sub-
spectra while the defected regions called here ‘‘interfacial phase’’
are represented in Mössbauer spectra by a Gaussian distribution(s)
of hyperfine parameters [4]. The Mössbauer spectra of MA nano-
powders ball milled for 30 h in various atmospheres are presented
in Fig. 3 left panel, decomposition into individual subcomponents

Fig. 1. The mean size dFe–Al of Fe–Al crystallites (determined by XRD) plotted as a
function of the ball milling period. The powders prepared by MM (full circles) and
MA (open circles) in nitrogen atmosphere are compared. Note that powders
prepared by MA contained significant amount of unalloyed pure Fe and Al.

Table 1
Results of XRD and LT investigations: the mean grain size d determined by XRD. For samples MA(N2, 10 h) and MA(N2,30 h) grain sizes for Fe–Al (first value) and pure Fe phase
(second value) are given. The lifetimes si and relative intensities Ii of the components resolved in LT spectra.

Sample d (nm) s1 (ps) I1 (%) s2 (ps) I2 (%) s3 (ps) I3 (%)

Initial alloy �106 112(1) 100 – – –
MM(N2,10 h) 45(2) – – 171(3) 66(3) 288(7) 33(3)
MM(N2,30 h) 7.6(4) – – 162(5) 26(3) 267(2) 74(1)
MA(N2,10 h) 10(1)/20(4) – – 169(3) 44(2) 291(4) 55(2)
MA(N2,30 h) 8(1)/18(2) – – 161(5) 40(3) 289(5) 59(3)
MA(air,30 h) 13.5(7) – – 170(3) 46(4) 279(5) 54(2)
MA(H2,30 h) 10.3(5) – – 198(4) 62(5) 297(7) 38(2)
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is seen in the right panel. Hyperfine parameters obtained from the
decomposition of the spectra are listed in Table 2. Sextets corre-
sponding to the ferromagnetic Fe–Al phase (the mean hyperfine
induction Bmean � 28 T) with bcc structure represent dominant
contribution in the Mössbauer spectrum of MA(H2,30 h) nano-
powder, see Fig. 3(a). In addition MA(H2,30 h) nano-powder exhib-

its also a significant contribution from the interfacial phase
because of nanocrystalline grain size. The mean value of hyperfine
magnetic field (Bmean � 24 T) for the interfacial component is lower
than that for the Fe–Al phase. Note that similar magnetic compo-
nents were reported by Hadef et al. [12] for Fe–20 at.% Al nano-
powder MA in high purity argon atmosphere. Finally the
MA(H2,30 h) sample exhibits also a weak contribution of a para-
magnetic phase which was ascribed to Fe2Al5 in Ref. [4].

The Mössbauer spectrum for MA(air,30 h) is plotted in Fig. 3(b).
The relative intensity of Fe–Al contribution decreased compared to
the sample MA(H2,30) and the spectrum contains a considerable
contribution of pure a-Fe which is represented by sextuplet char-
acterized by the mean hyperfine induction of 33.0 T and low values
of isomer shift and quadrupole splitting. In case of MA(N2,30 h)
sample the intensity of pure a-Fe contribution substantially
increased at the expense of Fe–Al phase, see Fig. 3(c). Hence, con-
trary to MA in H2 atmosphere milling in air or N2 did not led to full
alloying of Fe and Al powders.

Both MA(air,30 h) and MA(N2,30 h) samples yield also slightly
higher content of the Fe2Al5 (�4%). Moreover a contribution of iron
nitride (FexN) phase characterized by Bmean = 18.6 T was found in the
Mössbauer spectrum of MA(N2,30 h) nano-powder in Fig. 3(c). This
gives a strong evidence for nitrogen reaction with Fe forming a thin

Fig. 2. XRD patterns for (a) initial Fe82Al18 alloy (dashed line) and MM powder
MM(N2,30 h); MA powders milled in various atmospheres: (b) MA(N2,30 h); (c)
MA(air,30 h); (d) MA(H2,30 h). The upward pointing arrows in the figure (b)
indicate reflections for pure Al. Details of the (110) XRD profiles are shown in the
insets.

Fig. 3. Mössbauer spectra for MA powders ball milled in various atmospheres: (a)
MA(H2,30 h), (b) MA(air,30 h), (c) MA(N2,30 h). Mössbauer spectra are shown in
left panels while decompositions into individual subcomponents are seen in the
right panels. The ferromagnetic Fe–Al solid solution with bcc structure is depicted
in red color, for the interfacial phase a dotted line is used, the sub-spectrum of bcc-
Fe is represented by full line and a small contribution of paramagnetic component is
a yellow doublet in the middle. The MA(N2,30 h) sample contains in addition a
ferromagnetic contribution from iron nitride represented by black area in the
figure. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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nitride layer on the surface of Fe particles. The nitride layer likely
hinders diffusion of Al atoms into Fe grains. By milling in air the for-
mation of the nitride passivation layer might occur as well but to
lower extend than in case of pure N2 atmosphere. On the other hand,
MA in H2 atmosphere prevents formation of the nitride layer on Fe
particles. Hence, both MS and XRD results coincide very well and
testify to a positive influence of hydrogen during the Fe and Al
mechanical alloying.

The LT spectroscopy was employed for characterization of lat-
tice defects in the Fe–Al nano-powders prepared by MM and MA.
Results of LT measurements are collected in Table 1. The initial
Fe82Al18 alloy exhibits a single component spectrum with lifetime
of 112 ps which agrees well with the bulk lifetime for Fe–Al alloy
with similar composition [16,17]. Hence it follows that the initial
alloy exhibits very low density of defects and virtually all positrons
are delocalized in the lattice. The nano-powders prepared by MM
and MA exhibit two component LT spectra with lifetimes signifi-
cantly higher than the bulk lifetime. This testifies that virtually
all positrons are annihilated in the trapped state at open volume
defects. Contrary to the initial alloy yielding coarse grains, the
grain size of the MM nad MA nano-powders is roughly one order
of magnitude smaller than the mean positron diffusion length of
�190 nm determined for a defect-free Fe–Al alloy [16]. The nano-
crystalline grains are separated by interfaces with distorted struc-
ture containing open volume misfit defects [18–20]. From the
point of view of positron annihilation process two different cases
may happen in the nano-powders depending on the defects den-
sity inside the nanocrystalline grains: (i) if the concentration of
defects in the grain interiors is low practically all positrons reach
grain interfaces by diffusion and become trapped there; (ii) if the
nanocrystalline grains contain high concentration of defects then
positron diffusion length is shortened with respect to the defect-
free lattice [21] and a considerable fraction of positrons becomes

trapped at the defects inside grains. Remaining positrons reach
grain interfaces by diffusion and are trapped there. In other words
in the former case positron trapping occurs exclusively at grain
boundaries, while in the latter case positrons are trapped not only
at grain boundaries but also inside grains. Numerous studies of
nanocrystalline materials [19,20,22–24] revealed that grain
boundary regions contain two kinds of defects (a) misfit defects
with open volume comparable to that for a monovacancy and dis-
tributed homogeneously along grain interfaces and (b) larger point
defects with size corresponding to several vacancies and located at
intersections of grain boundaries (triple points). Grain boundaries
are planar defects and their density scales with the grain size d
as d�1 while the triple points are point defects and their concentra-
tion is proportional to d�3. Thus, the ratio of the intensity IT of the
contribution of positrons trapped at triple points and the intensity
IV of the contribution of positrons trapped at vacancy-like misfit
defects at grain boundaries is inversely proportional to the square
of grain size, i.e. IT/IV � d�2 [22].

Let us consider firstly the MM and MA nano-powders ball
milled in N2 and in air. One can see in Table 1 that these nano-pow-
ders exhibit a shorter component with lifetime s2 falling in the
range 160–170 ps, which is comparable with the lifetime for Fe-
vacancy in Fe82Al18 alloy [16]. Hence, the shorter component with
lifetime s2 and intensity I2 can be attributed to positrons trapped at
vacancy-like misfit defects at grain boundaries. The longer compo-
nent with lifetime s3 and intensity I3 represents a contribution of
positrons trapped at triple points. Fig. 4 shows the intensity ratio
I3/I2 plotted as a function of d�2. Obviously the points for all
nano-powders ball milled in N2 or in air fall approximately on a
straight line testifying that majority of positrons are trapped at
defects at grain boundaries.

The nano-powder MA(H2,30 h) mechanically alloyed in H2

atmosphere exhibits the lifetime s2 � 198 ps which is remarkably
higher than the lifetimes s2 measured in the other samples, see
Table 1. This indicates that the component s2 in the sample
MA(H2,30 h) has different origin than in the other samples. Nano-
crystalline grains of the sample MA(H2,30 h) likely contain defects
which trap positrons and the component s2 represents a contribu-
tion of positrons trapped at vacancy like defects at grain boundaries
and also positrons trapped at defects in grain interiors. If these two
kinds of defects are characterized by lifetimes which are close to

Table 2
Results of decomposition of Mössbauer spectra for MA nano-powders: I – relative
intensity of the contribution; Bmean – mean hyperfine induction; d – isomer shift,
D – quadrupole splitting. Crystalline phases are represented by severe discrete
components. Bmean is weighted average of hyperfine inductions of these discrete
components. The interfacial phase contribution is represented by a continuous
Gaussian distribution of hyperfine parameters with the mean value of magnetic
induction Bmean and the standard deviation DB.

Phase parameters MA(N2,30 h) MA(air,30 h) MA(H2,30 h)

a-Fe
I (%) 50.7(5) 14.3(3)
Bmean (T) 33.0(1) 32.8(1)
d (mm/s) 0.018(1) 0.023(3)
D (mm/s) 0.000(1) 0.002(5)

Fe–Al
I (%) 10.6(2) 47.1(1) 60.8(6)
Bmean (T) 29.4(1) 27.2(1) 27.7(1)
d (mm/s) 0.052(2) 0.08(1) 0.08(1)
D (mm/s) 0.015(1) 0.049(5) 0.015(5)

Interfacial
I (%) 29.8(9) 34.4(1) 37.8(8)
Bmean (T) 26.3(1) 23.1(2) 24.0(2)
DB (T) 9.6(2) 11.5(1) 12.6(2)
d (mm/s) 0.114(4) 0.14(1) 0.113(7)
D (mm/s) 0.012(1) 0.000(2) 0.03(1)

Fe2Al5
I (%) 4.3(3) 4.2(1) 1.4(1)
d (mm/s) 0.21(1) 0.188(7) 0.20(2)
D (mm/s) 0.46(1) 0.336(9) 0.37(2)

FexN
I (%) 4.6(5)
Bmean (T) 18.6(1)
d (mm/s) 0.17(1)
D (mm/s) 0.000(1)

Fig. 4. The ratio I3/I2 plotted versus the inverse square of the grain size d. In case of
MA(N2,10 h) and MA(N2,30 h) samples the grain size was calculated as weighted
average of grain sizes for pure Fe and Fe–Al contribution. For the sample
MA(H2,30 h) the open circle shows the I3/I2 ratio calculated from a two-component
decomposition of LT spectra while the I3/I2 ratio obtained from a three-component
decomposition is plotted by a gray square.
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each other it is hard to separate their contributions in LT spectrum
due to limited time resolution of the LT spectrometer. The positron
traps inside grains exhibit obviously longer lifetime than vacancy-
like defects at grain boundaries. As a consequence the contribution
of positrons trapped inside grains prolonged the observed lifetime
s2 in the sample MA(H2,30 h). The longer component with the life-
time s3 resolved in the LT spectrum of the sample MA(H2,30 h) can
be attributed to positrons trapped at triple points in the same way
as in the other samples. Hence, contrary to nano-powders ball
milled in N2 or in air the sample mechanically alloyed in H2 atmo-
sphere contains considerable concentration of defects inside grains.
This picture is supported also by behavior of the intensity ratio I3/I2

in Fig. 4. The sample MA(H2,30 h) exhibits significantly lower I3/I2

ratio than other samples and its I3/I2 ratio does not fall on the
straight line dependence, see the open circle in Fig. 4. This is obvi-
ously due to positrons trapped at the defects inside grains which
contribute to the intensity I2 and thereby lower the I3/I2 ratio for
the sample MA(H2,30 h).

In order to separate the contribution of positrons trapped inside
grains and at grain boundaries the LT spectrum of the sample
MA(H2,30 h) was decomposed into the following three compo-
nents: (a) s2 – positrons trapped at vacancy-like defects at grain
boundaries, (b) s3 – positrons trapped at triple points, and (c) s4

– positrons trapped at defects inside grains. The lifetime s2 for
the vacancy-like defects at grain boundaries was fixed at the value
165 ps, i.e. the average of the lifetimes s2 for the samples ball
milled in N2 and in air. The lifetimes s3 and s4 and corresponding
intensities were fitted as free parameters. Fixing the lifetime s2

reduced the number of free parameters and enabled us to estimate
the lifetime of positrons trapped at defects inside grains. From fit-
ting we obtained the following results: s2 = 165 ps FIXED,
I2 = (20 ± 5)%, s3 = (295 ± 9) ps, I3 = (38 ± 5)%, and s4 = (206 ± 6) ps,
I4 = (42 ± 5)%. The lifetime s4 corresponding to positrons trapped
inside grains agrees well with the lifetime of 200 ps [16] calculated
for so called triple defects, i.e. two vacancies in Fe sub-lattice
aligned in the h100i direction and associated with an antisite Fe
atom [17]. Hence, the LT results indicate that MA in H2 atmosphere
led to formation of a high concentration of Fe-vacancies inside
grains and these vacancies merged together into triple defects. This
effect can be explained by hydrogen absorbed in the lattice. It has
been reported that hydrogen lowers the formation energy of
vacancies [25]. Later this phenomenon was explained in the frame-
work of the defactant concept [26,27]: hydrogen segregating at
open volume defects, e.g. vacancies, lowers energy of these defects
and, thereby, increases their concentration. Since in Fe–Al system
the energy of Fe-vacancies is significantly lower than the energy
of Al-vacancies [28–30] absorbed hydrogen introduced mainly
Fe-vacancies. These vacancies mediate diffusion of Al atoms into
Fe particles and facilitate formation of Fe–Al phase during MA in
H2 atmosphere.

A gray square symbol in Fig. 4 shows the intensity ratio I3/I2

obtained from the three component decomposition of the LT
spectra for the sample MA(H2,30 h), i.e. I2 does not contain the
contribution of positrons trapped at defects inside grains anymore.
One can see in the figure that the I3/I2 ratio now obeys the linear
dependence on d�2 and falls on the straight line like the points
for all the other nano-powders ball milled in N2 or in air.

4. Conclusions

In summary it was found that Fe82Al18 nano-powder with grain
size around 10 nm can be prepared by both MM of the pre-alloyed
Fe82Al18 and MA in hydrogen atmosphere. The formation of nano-
structure by MA is faster compared to MM of a pre-alloyed mate-
rial but MA is strongly influenced by the atmosphere used during
milling. Full alloying of Fe and Al was achieved in H2 atmosphere.
Hydrogen lowers vacancy formation energy in Fe and introduces
vacancies which facilitate diffusion of Al atoms into Fe grains and
formation of Fe–Al alloy. On the other hand N2 atmosphere has
inhibiting effect on Fe–Al alloying due to formation of a thin nitride
layer on the surface of Fe particles which prevents inter-diffusion
of Fe and Al atoms. A similar, slightly weaker effect was observed
also by a usage of air atmosphere.
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