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 1 Introduction Intermetallics based on Fe3Al exhibit 
a number of features advantageous for structure applica-
tions: a low density, a high strength, and a good corrosion 
resistance. A very interesting property of Fe3Al-based al-
loys is a low formation energy of vacancies. The equilib-
rium concentration of thermal vacancies observed in 
Fe3Al-based  alloys at high temperatures appears to be as 
high as several at.% [1]. By quenching from elevated tem-
peratures, a high concentration of non-equilibrium vacan-
cies can be retained at room temperature.  
 Characterization of quenched-in vacancies in Fe3Al-
based alloys was performed in this work. A stoichiometric 
Fe3Al alloy was compared with non-stochiometric speci-
mens either with a deficiency or with an excess in Al con-
tent. Defect studies were performed by three independent 
techniques of positron annihilation spectroscopy, namely 
positron lifetime (LT) studies, slow positron implantation 
spectroscopy (SPIS) on a continuous slow positron beam, 
and coincidence Doppler broadening (CDB). 
 
 2 Experimental The following materials were stud-
ied in the present work: (i) an Fe3Al alloy with the sto-
ichiometric composition, (ii) an Fe75.99Al24.01 alloy with an 
under-stoichiometric Al content, and (iii) an over-
stoichiometric Fe71.98Al28.02 alloy. Studied alloys were an-

nealed at 1000oC for 1h in vacuum (10-3 mbar) encapsu-
lated in silicon glass ampoules. The annealing treatment 
was finished by quenching of the silicon glass ampoule 
into water of room temperature. As the annealing was per-
formed in the disordered A2 phase region, it is expected 
that A2 is at least partially retained in the quenched sam-
ples. However domains transferred into the B2 phase and 
the ordered D03 phase are present in the quenched samples 
as well. A well annealed pure α-Fe (99.99%) and Al 
(99.9999%) were used as reference specimens in CDB 
measurements. 
 A high resolution digital spectrometer [2] with a timing 
resolution of 150 ps (FWHM 22Na) was employed for LT 
studies. At least 107 annihilation events were accumulated 
in each LT spectrum. The CDB spectrometer was equipped 
with two HPGe detectors and exhibits an overall energy 
resolution of 1.0 keV (FWHM) at 511 keV energy. At least 
108 events were collected in each two-dimensional spec-
trum, which was subsequently reduced into one-
dimensional Doppler profile and instrumental resolution 
cuts. The relative changes of Doppler profiles were fol-
lowed as ratio curves of the Doppler profile normalized 
counts to those of the well annealed α-Fe reference profile. 
SPIS studies were performed on the magnetically guided 
variable energy positron beam “SPONSOR” [3]. The en-
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ergy of incident positrons was varied in the range from 
0.03 to 36 keV. The Doppler broadening of the annihila-
tion line was measured by an HPGe detector with energy 
resolution of 1.09 ± 0.01 keV at 511 keV and evaluated in 
terms of the S parameter. Microhardness was examined by 
the Vickers method with a loading of 100 g applied for 10 
s (HV0.1) using the STRUERS Duramin-2 micro-tester 
device. 

Table 1 Summarized results of CDB, SPIS, and HV0.1 meas-

urements:  fraction of positrons annihilating with Al electrons ob-

tained from fitting of CDB spectra using Eq. (4) (ξAl), positron 

diffusion length measured by SPIS (L+), concentration of vacan-

cies (cv) determined by Eqs. (1) and (3). 

Figure 1 (Color online) The dependence of the S parameter on 

the energy E of incident positrons for the studied alloys. The 

curves fitted by VEPFIT are plotted by solid lines.  

 
3 Results and discussion The dependence of the S 

parameter on positron energy measured by SPIS on 
quenched alloys is plotted in Fig. 1. A local minimum in 
S(E) curves of non-stoichiometric alloys at low energies 1-
2 keV is due to positron annihilations in a thin oxide layer 
formed on the surface during annealing. The S(E) curves of 
these alloys were fitted by the VEPFIT [6] assuming two 
layers: (i) a thin oxide layer on surface, and (ii) the bulk al-
loy. On the other hand, the stoichiometric Fe3Al alloy does 
not contain any oxide layer and was well-fitted by a single 
layer model. The positron diffusion lengths L+ obtained 
from fitting are listed in Table 1. The Fe3Al alloy exhibits 
the longest L+ among the studied alloys and a remarkably 
lower S parameter than in the non-stoichiometric alloys. 
This testifies that Fe3Al exhibits a lower concentration of 
quenched-in vacancies than the non-stoichiometric alloys, 
which is in accordance with the finding that the Fe3Al al-
loy exhibits also the lowest hardness (See Table 1). Results 
of LT measurements for quenched alloys are listed in Ta-
ble 2. The non-stoichiometric alloys exhibit a single com-

ponent LT spectra with lifetimes significantly longer than 
the Fe3Al bulk positron lifetime τB = 112 ps [4]. Thus vir-
tually all positrons in these alloys are trapped at quenched-
in vacancies (saturated trapping). On the other hand, the 
stoichiometric Fe3Al alloy exhibits a two-component LT 
spectrum. The shorter component with a lifetime τ1 < τB 
comes from free positrons while the longer one with a life-
time τ2 represents a contribution of positrons trapped in 
quenched-in vacancies. The concentration of quenched-in 
vacancies in the Fe3Al specimen can be calculated using 
the two state simple trapping model (STM) [5]  
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where νv = 4 × 1014 at.s-1 is the specific positron trapping 
rates for vacancies in Fe3Al [4]. The concentration cv of 
quenched-in vacancies in the Fe3Al alloy obtained from Eq. 
(1) is given in Table 1. Note that the quantity τf =114(1) ps 
calculated from well-known equation   
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is in good agreement with τB testifying consistence of the 
decomposition of LT spectrum of Fe3Al alloy with STM. 

Table 2 Positron lifetimes and relative intensities resolved in LT 

spectra of studied alloys quenched from 1000 oC. 

Figure 2 Microhardness HV0.1 (full symbols) and concentration 

of quenched-in vacancies cv (open symbols) calculated from LT 

and SPIS results as a function of the Al content in studied alloys.  

The concentration of quenched-in vacancies in non-
stoichiometric alloys is definitely higher than in Fe3Al. It 
cannot be calculated directly from LT results due to satu-
rated trapping. However, positron trapping at vacancies 
causes a shortening of the positron diffusion length which 
is sensitive to changes of vacancy concentration even in 

specimen ξAl L+ (nm) cv (at.-1) HV0.1 

Fe71.98Al28.02 0.95(1) 4.0(2) 5.0(5) × 10-2 Eq. (3) 491(5) 

Fe75.99Al24.01 0.89(1) 40(6) 4.8(6) × 10-4 Eq. (3) 412(5) 

Fe3Al 0.65(1) 90(10) 7.3(5) × 10-5 Eq. (1) 

7.0(8) × 10-5 Eq. (3) 

360(7) 

specimen τ1 (ps) I1 (%) τ2 (ps) I2 (%) 

Fe71.98Al28.02 - - 195.3(5) 100 

Fe75.99Al24.01 - - 190.8(4) 100 

Fe3Al 27(9) 10.5(6) 182.4(3) 89.5(8) 
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the case of very high defect densities [7]. Hence, the con-
centration of quenched-in vacancies cv can be determined 
from combination of SPIS and LT results using expression 
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where L+,B ≈ 180 nm is the mean positron diffusion length 
in a defect-free Fe3Al [7]. Concentrations of quenched-in 
vacancies cv calculated using Eq. (3) are listed in Table 1 
and plotted in Fig. 2 as a function of Al content. It is con-
cluded that (i) stoichiometric Fe3Al exhibits the lowest cv 
among the studied alloys, (ii) non-stoichiometric alloys 
exhibits enhanced cv which increases with the increasing 
Al-content, i.e. Fe71.98Al28.02 alloy exhibits the highest cv, 
(iii) there is a clear correlation between cv and HV0.1 testi-
fying a hardening effect of quenched-in vacancies.  

Figure 3 (Color online) The CDB ratio curves (related to well 

annealed pure Fe) for reference pure Al specimen and quenched 

Fe3Al-based alloys. Solid lines show curves obtained from Eq (4) 

corresponding to Al fraction ξAl given for each alloy in Table 1.  

 The stoichiometric Fe3Al alloy exhibits not only a 
lower cv, but also a shorter lifetime τ2 of positrons trapped 
in vacancies, see Table 2. This indicates that the nature of 
quenched-in vacancies in Fe3Al differs from that in the 
non-stoichiometric alloys. From the first principles calcula-
tions, it is known that the formation energy of Al vacancies 
is significantly higher than that of the Fe vacancy [8]. Thus, 
it is expected that Fe3Al-based alloys contain predomi-
nantly Fe-vacancies. The local chemical surrounding of 
Fe-vacancies depends on the sublattice where the vacancy 
is located and also on the degree of disorder (See [7] for 
more detailed discussion). It was found that the lifetime of 
positrons trapped in the Fe-vacancy increases with the in-
creasing number of nearest neighbour Al atoms [7]. CDB 
investigations were performed to examine the chemical 
environment of quenched-in vacancies. The CDB ratio 
curves related to pure Fe are plotted in Fig. 3 together with 
a curve ρAl measured on a pure Al. The shape of the CDB 
curves is very similar to that of pure Al demonstrating that 
a significant fraction of positrons is annihilated by Al elec-
trons. In the first approximation, the CDB ratio curve ρ for 
the studied alloys can be expressed as 

( )1
Al Al Al Fe

ρ ξ ρ ξ ρ≈ + − , (4) 

where ξAl is the fraction of positrons annihilating with Al 
electrons and 1

Fe
ρ = . Solid lines in Fig. 3 show the best 

approximation of experimental curves by equation (4) and 
the fractions ξAl obtained from such fits are listed in Table 
1. The non-stoichiometric alloys exhibit a high ξAl, which 
testifies that quenched-in vacancies are almost completely 
surrounded by Al atoms. Hence, CDB results proved that 
vacancies in these alloys are preferentially surrounded by 
Al atoms. On the other hand, the stoichiometric Fe3Al ex-
hibits remarkably lower ξAl. Quenched-in vacancies in 
Fe3Al are, therefore surrounded by a smaller number of Al 
atoms, which is in agreement with shorter τ2. The ξAl value 
obtained for Fe3Al is not far from the value expected for 
Fe-vacancy in the Fe sublattice in the ordered D03 structure 
[7]. Hence, our results indicate that quenched Fe3Al exhib-
its a higher degree of ordering than the non-stoichiometric 
alloys.  
 

 4 Conclusions Stoichiometric Fe3Al and non-
stoichiometric Fe75.99Al24.01 and Fe71.98Al28.02 alloys 
quenched from 1000oC were studied. The non-
stoichiometric alloys exhibit a higher concentration of 
quenched-in vacancies which increases with the Al content. 
Vacancies in these alloys are surrounded by Al atoms in 
the nearest neighbour sites. On the other hand, 
stoichiometric Fe3Al exhibits a lower (but still significant) 
concentration of quenched-in vacancies which are on aver-
age surrounded by less number of Al atoms. This indicates 
a higher degree of ordering in the stoichiometric alloy.  
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