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Change of the defect structure in FeAl alloy

as a result of its aging at ambient
temperature

Jerzy Kansy,
Aneta Hanc-Kuczkowska,
Dawid Giebel

Abstract. Positron annihilation lifetime spectroscopy (PALS) was used to study the defect structure of stoichiometric
FeAl samples after their slow cooling or quenching from the temperatures of 1000 and 540°C. The high value of positron
lifetime in the quenched-in defects suggests that they are mainly of di-vacancy type. After long storage at ambient tem-
perature, the concentration of defects in the samples strongly decreases and mono-vacancies predominate. Annealing at
540°C generates an additional amount of defects may be ascribed to the formation of FeAl, phase in the Fe Al matrix.
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Introduction

Because of their peculiar physical and chemical prop-
erties, alloys based on ordered intermetallic phases
enjoy an increasing interest in many scientific centres
in the world. These materials combine high resistance
and structural stability in increased temperatures and
corrosion resistance in aggressive media. However,
further studies directed towards plasticization of the
intermetals are necessary. The mechanical properties
of the materials are influenced by high concentration
of vacancies which reaches the value of several atomic
percent, the figure significantly higher than that in pure
metals [1, 8, 11, 13]. The present work aims at char-
acterizing the defect structure of an FeAl alloy with
stoichiometric composition as a function of its thermal
treatment. The characterization has been done with the
use of the positron annihilation lifetime spectroscopy
(PALS) and X-ray diffraction (XRD) technique [4].
PALS investigations of the defect structure in a Fe-Al
system of the composition reaching about 50 at.% of
Al were carried out in a number of works [2, 3, 7, 16].
All of them conclude that for an Al content larger than
40 at.% a complex defect structure consisting of va-
cancies, di-vacancies and antisite atoms is likely to be
formed. In the present work we decided to confirm this
thesis and, additionally, to check the thermodynamic
stability of the defect structure. For the analysis of
experimental data, we used the latest software [4-6,
9, 15]. The software allows simultaneous analysis of
many PALS spectra with correlated values of their pa-
rameters. Thanks to this the results are more reliable
and unambiguous.
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Table 1. Thermal treatment scheme for individual samples of FeAl alloy

Sample no. Designation Thermal treatment

D2 homogenization at 1000°C for 20 h (homogenization) and slow cooling
D3 homogenization + annealing at 1000°C for 4 h and slow furnace cooling
D4 homogenization + annealing at 1000°C for 4 h and quenching to oil
D5 homogenization + annealing at 540°C for 4 h and slow furnace cooling
D6 homogenization + annealing at 540°C for 4 h and quenching to oil
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Fig. 1. X-ray patterns of the FeAl samples after slow cooling
from 1000°C (D3), quenching to oil from 1000°C (D4), slow
cooling from 540°C (D5) and quenching to oil from 540°C (D6).
The solid (long) lines at the top of the figure indicate positions
of XRD reflections related to A2 phase, the dotted lines — to
B2 phase and the solid (short) lines — to FeAl, phase.

Investigated material and its heat treatment

ARMCO iron with a purity of min. 99.98% and alu-
minium with a purity of min. 99.98% have been used
for the production of casts. Using the aforementioned
components, an alloy with composition Fes,Alss has
been obtained. (The subscripts stand for the atomic
percent of the components). The cast has been carried
out in a Balzers VSG-02 induction furnace in an Al,O;
crucible. The charge melting has been carried out in
vacuum of ca. 10~ hPa in a chamber previously flushed
with argon, while the casting process has been carried
out under argon with a pressure of 900 hPa. Five sam-
ples with the form of a disk (diameter: 30 mm, height:
10 mm) have been cut off from the ingot. The samples

have been homogenised for 20 h at 1000°C and then
subjected to additional thermal treatment. The types
of thermal treatments applied for the studied samples
are defined in Table 1.

According to the phase diagram [12], an ordered B2
phase is the equilibrium phase in an FeAl alloy with an
aluminium content close to 50 at.% at a temperature
ranging from ca. 1100°C to ca. 550°C. Below 550°C,
the FeAl, phase appears. In order to determine the
phase composition of the investigated alloys, a series
of X-ray patterns of the samples were carried out. The
diffraction patterns are presented in Fig. 1. These pat-
terns indicate the coexistence of two crystalline phases:
FeAl of B2 structure (a dominated one) and FeAl.
More distinctly formed FeAl, phase has been revealed
in D5 and D6 samples, i.e. in the samples annealed at
540°C for 4 h.

For the sake of PALS studies, two plates with a
thickness of ca. 1 mm have been cut off from the D2,
D3, D5 and D6 samples. The unusually high brittleness
of the D4 sample, (quenched from 1000°C) rendered
its cutting impossible, which may, most likely, have been
caused by a very high concentration of quenched-in
vacancies. Therefore, only the samples slowly cooled
from 1000°C (D2 and D3), and the samples after slow
cooling and quenching from 540°C (D5 and D6) were
analyzed by PALS.

PALS measurement

Positron annihilation lifetime spectroscopy measure-
ments of the investigated samples were repeated three
times. The first measurement was taken just after the
sample production, the second about six months later
and the third after another six-month interval. Between
the measurements, the samples were kept in air at room
temperature. A particular spectrum was measured in a

Table 2. Details concerning three series of measurement: source contributions, full width at half maximum (FWHM) of the
resolution curve and average statistics of the summary spectrum

Type of positron source / Resolution Average
Measurement Time o . L .. of spectrometer  statistics of
Source lifetimes and their relative intensities / »
no. of measurement Total source contribution (FWHM for ?Na) a spectrum
(ps) (M counts)
st after production 2NaCl with activity of ca. 10 pCi in 5 pm nickel
1 J P 130 ps (98%), 307 ps (1.3%), 1.71 ns (0.7%) 285 20
of samples total 44%
2NaCl with activity of ca. 15 pCi in 25 um Kapton
2 about halfyear 44" 544 195, 378 ps (50.8%), 1.47 ns (5.1%) 240 10
after production total 39%
about a vear 2NaCl with activity of ca. 15 pCi in 15 um Kapton
3 Y 135 ps (64%), 361 ps (36%) 240 7

after production total 32%
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Fig. 2. The mean positron lifetime pp in defects (in ps) as a
function of the age of samples. Black solid symbols indicate
tp in “fresh” samples, gray solid symbols — tp in samples aged
for half a year and empty symbols — 1 in samples aged for
ayear.

one-hour interval for at least 24 h. Then, the one-hour
spectra were added in order to obtain a “smooth” sum-
mary spectrum with high statistics (Table 2). During the
procedure of adding a correction of spectrometer, “zero
drift” was performed. The summary spectra were ana-
lyzed with LT10 software [15]. It should be emphasized
that they were not analyzed one by one but all together in
one computational procedure. During the calculations,
the appropriate constraints and correlations between the
parameters of the spectra were introduced.

Results and discussion

Initially, the spectra were analyzed with a simple
2-state-trapping model implemented directly to
the LT10 code [10] described by the positron bulk life-
time 1, the lifetime in defects tp and the trapping rate
by defects kp. Both tp and «p were fitted without any
constrains while tywas assumed, according to theoretical
predictions [3], as a constant value of 110 ps. The “ap-
paratus” parameters relating to positron annihilation
in the radioactive source and the parameters describ-
ing the resolution curve were assumed as common for
all the spectra collected in the same measurement series
(Table 2). Of course, they differed in various series. The
source contribution was determined using the proce-
dure described in detail in Refs. [4, 6].

The analysis indicates a change of tp, depending on
the “age” of the sample. For the samples freshly obtained,
Tp was ca. 210 ps, while after half a year and after a year
it decreased to ca. 185 ps (Fig. 2).

The observed changes in tp led to the assumption
that the parameter is an average positron lifetime in at

least two types of defects whose relative concentrations
vary with age of the sample. Therefore, in the next step,
we fitted the spectra with two different defect lifetimes.
The analysis of Fe-Al spectra with two components relat-
ing to defects, is not present in the literature because such
an analysis involves a high scatter of results caused by
the great number of degrees of freedom in calculations.
Thanks to the new version of LT software, the number
of degrees of freedom may be reduced by the application
of a proper mathematical model of the spectrum and the
applying proper constraints on the model parameters.
In the present case we used a 3-state trapping model
described by the bulk lifetime 1, two types of defect
lifetimes 1,4 and t5 and two respective trapping rates by
the defects k4 and kp. As in the previous analysis, t, was
assumed to be constant at 110 ps. The values of t, and
1z were fitted free but common for all the analyzed spec-
tra whereas k4 and kg were entirely free. The positron
lifetime in both types of defects obtained as a result of
the analysis are 14 = 211 = 1 psand 13 = 184 = 1 ps. For
comparison, Table 3 contains theoretically calculated by
other authors [3, 7] values of lifetimes for various types of
defects which are expected in FeAl alloy of B2 structure,
i.e. mono-vacancies in Fe and Al sub-lattices Vg, and V,,,
di-vacancies 2Vg, (the missing Fe atoms on the two ad-
jacent Fe-sites as next nearest neighbours), di-vacancies
V. Va (two vacancies on the nearest neighbouring Fe and
Alsites) and triple defect 2Vg.Fe,, (two vacancies on the
two adjacent Fe-sites plus Fe antisite atom).

Considering the theoretical predictions, one should
presume that t,4 corresponds to a di-vacancy (most likely
of Vr.Vaitype) or a triple defect 2Vg.Fe . The value of
1 lies between the values of defect lifetimes for V, and
VE, s0 it seems reasonable to assume that 13 is a mean
positron lifetime in both types of mono-vacancies.

On the ground of the determined values of trapping
rates k4 and k3, the defect concentrations of di- and
mono-vacancy types were roughly estimated from the
formula of ¢y = «/u. The trapping constant p depends
on the type of defects, however, because the exact
values of p are unknown, here we used p = 4 X 10!
determined for vacancies in an Fe;Al alloy by Schaefer
et al. [14] The values of cy estimated in such a way are
shown in Fig. 3. It can be seen that in “fresh” samples
the di-vacancy type of defects predominates, but after
long aging at ambient temperature the concentrations
of both types of defects decreases and the concentration
of mono-vacancies predominates.

As can be seen in Fig. 3, the sample cooled slowly
from 540°C (D5) is characterized by a higher level of
defects than the sample cooled slowly from 1000°C
(D3). One attempt to explain this fact is to give consid-
eration to the influence of the processes connected with
the formation of an additional phase (FeAl,) forming
in this alloy (see the X-ray patterns in Fig. 1) during

Table 3 . Calculated values of positron lifetimes in different types of defects in B2 structure of FeAl

Type of defect Haraguchi ez al. [7] Diego et al. [3]
Mono-vacancy at Al site Vy 182.2 181
Mono-vacancy at Fe site Vg, 195.3 189
Di-vacancy 2V, 201.9
Di-vacancy Vg Va 211.1 205
Triple defect 2Vg.Fea 206.7 195
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Fig. 3. The estimated concentrations of two types of defects
in the samples after different heat treatment (Table 1) No. 1
relates to “non-aged” samples; No. 2 — to samples aged for
half a year and No. 3 — to samples aged for a year.

annealing at 540°C. This phase transition contributes
to the reconstruction of crystalline lattice, which may
generate additional number of vacancies.

Conclusions

The dominant defect in FeAl alloy of stoichiometric
composition cooled from temperatures 540°C and
1000°C is di-vacancy (most likely of Vg Va-type).

Pure FeAl alloys are not stable at room temperature.
After long storage of the samples, the concentration of
quenched-in defects decreases with di-vacancies dis-
sociating into mono-vacancies.

Annealing at 540°C cause additional amount of
defects. This is probably connected with the formation
of FeAl, phase in the Fe Al matrix.
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