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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
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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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