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J. San Juan a,∗, M.L. Nó b, J. Lacaze c, B. Viguier c, D. Fournier d

a Dpt. Fisica Materia Condensada, Facultad de Ciencia y Tecnologı́a, Universidad del Paı́s Vasco, Apdo. 644, 48080 Bilbao, Spain
b Dpt. Fı́sica Aplicada II, Facultad de Ciencia y Tecnologı́a, Universidad del Paı́s Vasco, Apdo. 644, 48080 Bilbao, Spain

c CIRIMAT, ENSIACET, 118 route de Narbonne, F-31077 Toulouse Cedex 4, France
d Turbomeca, 64511 Bordes, France

bstract

We have measured the internal friction and the dynamic modulus of an Fe–38 at.% Al alloy using a forced torsion pendulum working between
0−3 and 10 Hz. The measurements have been carried out as a function of temperature (from room temperature to 1200 K) and as a function of
requency. Two peaks have been observed in the internal friction spectra, at about 780 and 1100 K, which are largely superposed in the intermediate
emperature range. Both peaks and the corresponding modulus defect shift in temperature with the oscillation frequency, and can be attributed
o relaxation mechanisms. Previous results in the literature seem to indicate that the low temperature peak is the Zener relaxation of Al atoms.
he activation energy of the high-temperature peak, referred to as P1 peak because it has not been studied previously, has been determined to be
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act = 2.87 eV, from the results of measurements at different temperatures and frequencies. We discuss the possible mechanisms, which could be
esponsible of this P1 peak, and suggest that it could be attributed to the intrinsic movements of 〈1 0 0〉 perfect dislocations over the Peierls barrier
y kink pair formation in the B2 ordered FeAl.
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. Introduction

Intermetallic compounds are being developed for high-
emperature applications, particularly in the aeronautic industry
or high-temperature operating parts in engines, as well as for
tructural applications at high temperatures in several indus-
rial sectors. This is due to the attractive mechanical behavior:
he anomalous (positive) temperature dependence in the yield
trength [1,2]. In order to guarantee the performances required in
ndustrial applications, the microstructural stability at high tem-
eratures should be well known. For this purpose, the mobilities
f defects and their microscopic mechanisms in the temperature
ange for the expected application should be studied. Among the
ifferent families of intermetallic compounds, the present work
ocuses on iron aluminides, whose mechanical properties have

een overviewed elsewhere [3].

The aim of the present work is to study the mechanisms of
elaxation effects due to the mobility of crystal defects in a
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olycrystalline Fe–Al intermetallic alloy by mechanical spec-
roscopy. Anelastic relaxation effects in Fe–Al alloys have been
he subject of many papers, and have been recently reviewed [4].
hey include the well identified carbon Snoek peak (at around
30 K, for 1 Hz), which is due to short-distance migration of
nterstitials carbon atoms, and the Zener peak (at around 780 K
or 1 Hz), which is due to the stress-induced reorientation of Al
tom pairs. Another relaxation, called X relaxation, appearing
round 600 K is yet under study [4]. However, no systematic
tudies have been carried out at temperatures above the Zener
eak, viz. above 900 K; and only Wert [5] reported a peak at
023 K and qualitatively attributed it to grain-boundary relax-
tion. In the present work, we have measured the internal friction
f an Fe–Al alloy in a broad range of temperature between
00 and 1200 K to study the high-temperature relaxation
ffects.

. Experimental conditions
The samples have been produced by powder metallurgy as
n advanced prototype alloy at a laboratory scale, and were sub-
ected to investigations in several laboratories in the framework
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Fig. 2. Internal friction spectra of an Fe–38 at.% Al alloy measured at different
frequencies. From right to left, in the middle of the figure: 1 Hz (grey triangles),
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f a European COST project. The gas atomized powders of
e–38.8 at.% Al were mixed with 1 vol.% of powders of Y2O3,
ompacted by hot isostatic pressing (HIP) and hot-extruded in
stainless steel can. From the extruded rod, furnished by Tur-
omeca, samples of 50 mm × 5 mm × 1 mm were cut by electro-
parking in parallel to the extrusion direction. The microstruc-
ure shows a distribution of small grains between 0.5 and 10 �m
longated along the extrusion direction, with a very fine disper-
ion of particles containing Y and Al with a size between 50
nd 500 nm, which prevents recrystallization up to temperatures
bove 1473 K.

Measurements of internal friction and dynamic modulus have
een carried by forced vibration as a function of tempera-
ure (between 300 and 1200 K) and as a function of frequency
between 10−3 and 10 Hz) in a mechanical spectrometer of a
orsion pendulum type described elsewhere [6]. All the measure-

ents have been carried out under a vacuum of 5 × 10−4 Pa, and
ith an oscillation amplitude of ε = 5 × 10−6.

. Results

Fig. 1 shows the internal friction spectrum and the modu-
us curve for a frequency of 1 Hz. An internal friction peak is
bserved at about 1120 K, which we will call P1, as well as
shoulder between 750 and 900 K. The peak P1 is accompa-

ied with a very large modulus defect. Such a peak has never
een reported for Fe–Al alloys. In Fig. 2 we show the internal
riction spectra obtained at different frequencies between 1 and
.003 Hz. The background growing with temperature, which is
ore clearly visible in the low frequency curves, makes the anal-

sis of the peaks difficult, as we will comment later. The peak P1

s shifted towards low temperature when lowering the frequency,
howing the typical behavior of a thermally activated relaxation
eak. The peak was also observed in isothermal measurements
s a function of frequency and was in fact accompanied with

ig. 1. Internal friction and the variation of the elastic modulus of an Fe–38 at.%
l alloy measured at 1 Hz.

l
[
p

F
A

.3 Hz (black rhombi), 0.1 Hz (grey dots), 0.03 Hz (black triangles), 0.01 Hz
grey rhombi) and 0.003 Hz (black circles).

he characteristic modulus defect, as shown in Fig. 3. Fig. 4
resents the internal friction spectra obtained by isothermal mea-
urements at different temperatures between 900 and 1050 K.
hese results demonstrate a systematic shift in frequency and a
ecrease of the strength of the peak with increasing frequency at
ower temperatures. The latter feature is theoretically expected

7] and widely observed experimentally for Debye relaxation
eaks [8].

ig. 3. Internal friction (circles) and elastic modulus (rhombi) of an Fe–38 at.%
l alloy measured as a function of frequency in isothermal condition at 975 K.
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ig. 4. Internal friction spectra measured as a function of frequency in isothermal
onditions at different temperatures as indicated.

. Analysis and discussion

There is no doubt that the P1 peak is a relaxation peak,
ecause of its behavior in temperature and frequency. How-
ver, this peak has never been analysed. We have determined
he activation energy from the Arrhenius diagram obtained with
he high frequency curves in Fig. 2. This diagram is plotted
n Fig. 5, which gives an activation enthalpy of H = 2.85 eV
act
±0.1 eV). However, the high-temperature background cannot
e subtracted from these curves, and the maximum of the peak
s shifted towards high temperature, as much as the peak is at

ig. 5. Arrhenius diagram for the peak position in three of the internal friction
pectra shown in Fig. 2, which were measured at different angular frequencies

(=2πf).
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ig. 6. Arrhenius diagram for the peak position in the complete series of spectra
easured at different temperatures as a function of angular frequency ω as in
ig. 4.

igher temperature, given place to an underestimation of the
ctivation enthalpy. More reliable determination is made from
he spectra as a function of frequency, some of which are shown
n Fig. 4. The Arrhenius diagram is presented in Fig. 6, which
ives an activation enthalpy of Hact = 2.87 eV (±0.05 eV) and a
re-exponential factor of τ0 = 10−15 s. Obviously, both diagrams
rom Figs. 5 and 6 cannot be plotted together because, to do that,
ne needs to subtract previously the backgrounds to obtain the
eal absolute temperature of the peaks [9].

In order to interpret the observed internal friction spectra,
t is to be noted that the alloy is in the domain of the ordered
2 FeAl phase in the phase diagram [10]. In this phase, the
ener relaxation, which is caused by stress-induced reorienta-

ion of solute–atom pairs, has been found around 780 K (for
Hz) by several authors, with activation energies of 2.31 eV

11,12], 2.38 eV [13], 2.36 eV [14], 2.35 eV [15], 2.39 eV [4] and
.46 eV [16]. These values agree with the activation enthalpy for
iffusion of vacancies in B2 FeAl, 2.33 eV [17] and 2.48 eV [3].
o, we can attribute the shoulder observed in the internal friction
pectra around 780 K (for 1 Hz) to the Zener relaxation, which
verlap with the low temperature side of the P1 relaxation.

Concerning the P1 peak, the interpretation is more complex.
e have to consider all the possibilities of mobile defects. Nev-

rtheless, we do not need to consider a mechanism linked to
he point defect relaxation, like a Zener relaxation, at such high
emperatures. Besides, the theoretical analysis of the peak P1,
hich is out of the scope of the present work, allows us to
btain a broadening of the peak of the Gaussian distribution
18,9] with β ≈ 4 [19], which is too high for such a kind of

elaxation. On other hand, the previous suggestion by Wert [5],
grain-boundary peak, does not seem pertinent in the present

ase, because the grain boundaries are completely blocked by
he Y2O3 particles, and other very small particles (less than
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0 nm) of Y and Al oxides. In this situation, the P1 peak could
e attributed to dislocations.

The previous internal friction studies on Fe–Al alloys were
erformed mainly on as-cast alloys. The reason why this peak
as not been previously observed could be the low dislocation
ensities in as-cast alloys. Attributing the P1 peak to disloca-
ions is consistent with previous works by electron microscopy
nd plastic deformation on Fe–Al alloys of similar compositions
3,20], which showed that, above 773–873 K, 〈1 0 0〉 perfect dis-
ocations control deformation. These dislocations are formed
y the decomposition of 〈1 1 1〉 dislocations, which control the
eformation at low temperatures [21]. If such dislocations are
ot glissile at low temperatures, the first step of the mecha-
ism should be to overcome the Peierls barrier. The observed
1 relaxation peak could thus be attributed to the kink pair for-
ation (KPF) mechanism of the 〈1 0 0〉 dislocations on their

1 0 0} glide planes, as the classical Bordoni peak in pure met-
ls, but in non-compact planes. Besides, the measured τ0 for
he P1 peak, 10−15 s, corresponds well to a dislocation motion
ontrolled by the KPF mechanism: in bcc metals the value of
0 for the � peak due to KPF on screw dislocations is between
0−13 and 5 × 10−17 s [22], and in particular it is in between
× 10−13 and 1.2 × 10−15 s for pure iron [23].

The proposed interpretation is in accordance with the obser-
ations by transmission electron microscopy, in which 〈1 0 0〉
islocations, just after the indicated reaction at about 780 K, were
bserved to remain fairly straight and rather immobile at this
emperature, presumably because of the Peierls friction forces
20]. Indeed, this temperature is at the beginning of the observed
1 relaxation peak, which would be linked to the intrinsic motion
f such 〈1 0 0〉 dislocations in the B2 ordered phase. This inter-
retation has an obvious interesting consequence, because this
elaxation peak is then directly relevant to the fall of the yield
tress anomaly observed in Fe–Al intermetallic alloys [3].
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