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a b s t r a c t

The B2 ordered intermetallic compound FeAl shows a paramagnetic to ferromagnetic transition upon
plastic deformation. The magnetic transformation is caused by the formation of a high density of antiphase
boundary (APB) tubes leading to an increased number of Fe–Fe nearest neighbour pairs. In the present
study it is shown that the temperature of the back transition from the ferromagnetic to the paramag-
netic state depends strongly on the deformation mode. FeAl deformed by high pressure torsion (HPT) is
eywords:
erromagnetism
igh pressure torsion
acancies
nti-phase boundary tubes
anocrystalline FeAl

investigated by differential scanning calorimetry, transmission electron microscopy and magnetic mea-
surements. Based on the results of FeAl made nanocrystalline and disordered by HPT, it is concluded that
the state of ferromagnetism vanishes almost completely at temperatures before re-ordering of the B2
long-range order has been encountered. This is in contrast to the findings reported for ball-milled FeAl
indicating that the magnetic back transition and re-ordering occur at the same temperature. A model
based on a vacancy driven change of Fe–Fe nearest neighbour configurations is proposed to explain the

after
agnetic transition magnetic back transition

. Introduction

The intermetallic compound FeAl is paramagnetic in its B2
hase; it shows a transformation to a ferromagnetic state upon
eformation or ion irradiation [1,2]. Several publications are deal-

ng with this matter including various deformation methods like
old rolling, ball milling or nanoindentation [3–5]. The origin of the
agnetic transition is attributed to disordering by the formation

f anti-phase boundaries leading to an increased number of Fe–Fe
earest neighbour pairs, that are responsible for ferromagnetism
6]. The ferromagnetic state is a metastable one and vanishes upon
eating, when the ordered B2 phase is restored. This was investi-
ated by differential scanning calorimetry (DSC) studies combined
ith magnetic measurements [4].

In the present work, B2 ordered FeAl is deformed by high pres-
ure torsion (HPT) leading to a disordered nanocrystalline structure
hat is ferromagnetic in agreement with the results in the literature.
owever, striking differences arise when the evolution of the ferro-
agnetic state upon heating is studied: ferromagnetism disappears
t a temperature that is well below the temperature of re-ordering
r dislocation recovery.

∗ Corresponding author.
E-mail address: clemens.mangler@univie.ac.at (C. Mangler).
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HPT deformation occurring at much lower temperatures.
© 2011 Published by Elsevier B.V.

2. Experimental procedure

Fe–45 at.% Al specimens made from high purity Fe (99.99%) and Al (99.9997%)
were annealed at 400 ◦C for one week. This treatment was used to achieve a defined
initial state of order and vacancy concentration [7]. Samples (8 mm in diameter,
0.8 mm thick) were deformed by HPT up to 3 rotations under a pressure of 8 GPa
to achieve deformation grades larger than 10,000%. The deformation was done at
room temperature that corresponds to a temperature of 0.18 Tm (melting temper-
ature). For DSC and transmission electron microscopy (TEM) investigations discs of
2.3 mm diameter were prepared from the outer rim of the HPT samples. For magnetic
measurements samples of the same region were used.

Magnetic measurements of the as-deformed state were carried out using a SUS-
10 magnetometer; the samples were in situ heated to 180 ◦C at a rate of 10 K/min
at an applied field of 0.1 T.

DSC studies of the nanocrystalline samples were carried out using a Netsch DSC
204 Phoenix device in aluminium crucibles under argon flux at a heating rate of
10 K/min. Each sample was subjected to two subsequent heating runs and the second
one was used as baseline.

For the TEM studies deformed samples were heated in the DSC to 130 and 170 ◦C
followed by immediate cooling. Subsequently, TEM foils were prepared by twin-jet
electropolishing in a solution of methanol with 33% nitric acid at −25 ◦C [8]. The
TEM investigation of the different samples were carried out at RT using a Phillips
CM200 operating at an acceleration voltage of 200 kV. The analysis of the electron
diffraction patterns was done using the PASAD tools [9].
3. Experimental results

Fig. 1a shows a TEM bright-field image of the as-deformed state
revealing a high density of defects in the grains and irregular, frag-
mented grain boundaries. In samples heated to 130 and 170 ◦C no

dx.doi.org/10.1016/j.jallcom.2010.12.023
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ig. 1. TEM bright-field images of HPT deformed FeAl; (a) as deformed, (b) after
eating up to 130 ◦C and (c) after heating upto 170 ◦C. No visible structural changes
re encountered after heating.
isible structural change is observed compared to the as-deformed
tate (cf. Fig. 1b and c).

To study the evolution of the B2 long-range order by heating,
lectron diffraction studies were carried out. Fig. 2 shows the inten-
ity profiles obtained by azimuthal integration of TEM selected area

ig. 2. HPT deformed FeAl, intensity profiles (intensity versus diffraction vector g)
btained by azimuthal integration of TEM diffraction patterns taken from the as-
eformed state and from samples heated to 130 and 170 ◦C. While the fundamental
eflections ((1 1 0), (2 0 0)) are present in all profiles, superlattice reflections (indi-
ated by arrows) are clearly present at 170 ◦C showing, that re-ordering takes place
t temperatures above 130 ◦C.
Fig. 3. Magnetisation and integrated heat flow (DSC signal) as measured by heating
up of HPT deformed FeAl. At temperatures below 130 ◦C nearly no exothermic signal
is measured. However, the deformation induced ferromagnetism decreases rapidly
and vanishes above 130 ◦C.

diffraction patterns obtained from the as-deformed state and the
samples heated to 130 and 170 ◦C. While the deformed sample
and the sample heated to 130 ◦C show similar profiles, the profile
obtained from the sample heated to 170 ◦C shows clear indications
of reflections corresponding to the B2 superstructure (1 0 0, 1 1 1,
2 1 0).

The results of the magnetic studies carried out during in situ
heating are shown in Fig. 3. The magnetisation that was induced by
deformation decreases rapidly upon heating and vanishes at about
140 ◦C. In contrast, the integrated heat flow obtained during the
DSC measurements shows no change below 120 ◦C, while above
120 ◦C a large heat flow is measured indicating the occurrence of
exothermic processes.

4. Discussion

It is generally accepted that deformation induced ferromag-
netism of non-magnetic intermetallics can be attributed to the
formation of nearest neighbour Fe–Fe pairs. This can be achieved
by deformation induced APB faults forming APB tubes [3,10,11]. In
highly deformed specimens their density can be very high since
they do not give rise to long range stresses like dislocations. APB
tubes have been observed and analysed in intermetallic compounds
e.g., in L12 [12–15] and B2 [16,17]. Due to the processes of their
formation in B2, APB tubes consist of APB faults on {1 1 0} planes
as shown in Fig. 4. During further deformation, the intersection
of glide dislocations (consisting of two superpartial dislocations
bounding an APB fault) with an APB tube leads to the formation
of APB faults containing a step. A sketch of an interacting disloca-

tion with a planar APB fault is given in Fig. 5. Consequently, the high
dislocation activity during severe plastic deformation increases the
area of APB faults and leads to a high density of stepped APB tubes.
Fe atoms at the edges of the steps contribute to the occurrence of
ferromagnetism; they have 3 Fe atoms in nearest neighbour posi-

Fig. 4. Sketch of an antiphase boundary tube in B2 ordered FeAl composed of two
sets of {1 1 0} planes and lying along the [1 1 1] direction.
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Fig. 5. (a–c) Schematic drawing of the intersection of a dislocation with an antiphase
boundary tube in B2 ordered FeAl; projection along [0 0 1]. A planar APB fault (a)
intersected by a superlattice dislocation (b) shows a step parallel to the {1 1 0} glide
plane of the moving dislocation (c). Three types of Fe-sites are formed yielding dif-
ferent configurations of nearest neighbours: in the ordered volume (I), at an APB (II)
and at the edge of an APB (III). The number of the nearest neighbours as well as the
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esulting magnetic moments corresponding to the sites are listed in Table 1. (d) A
acancy at the edge of an APB step (III) reduces the Fe–Fe nearest neighbours. (e)
PB before (1) and after (2) migration of vacancies along APB faults. The area of the
PB fault is not altered, while the number of edges is reduced.

ions (cf. site III in Fig. 5 and Table 1), which is sufficient according to
he local environment model to cause ferromagnetism [6]. One has
o point out, that the schematics in Fig. 5 and Table 1 assume ideal
toichiometric composition. In the iron rich regime the excess Fe
toms are placed on Al sites; the fraction of such antisites increases
ith increasing Fe content and increases the saturation magneti-

ation [7].
While the magnitude of the ferromagnetism induced by HPT

eformation is in good agreement with the results obtained by

ther deformation processes (e.g., cyclic deformation [11,18], ball
illing [19–21] or cold rolling [3]) the present results obtained by

n situ heating are different. Studies on the thermal evolution of
he ferromagnetism induced by deformation processes like cold

able 1
agnetic moment and number of Fe–Fe nearest neighbours at different Fe sites: in

he B2 ordered volume (I), at an APB (II) and at the edge of an APB (III). Only Fe atoms
t the sites III are relevant for the ferromagnetism [6]. The sites I, II and III are shown
n Fig. 5.

Fe site Number of Fe–Fe nearest neighbours Magnetic moment

I 0 0 �B

II 2 0 �B

III 3 0.7 �B
mpounds 509S (2011) S389–S392 S391

rolling or ball milling show a direct correlation of the loss of ferro-
magnetism with the restoration of the LRO [3,4]. This is expected,
since re-ordering is achieved by recovery of APB faults. The present
results obtained from HPT deformed FeAl however show the disap-
pearance of the ferromagnetic state at temperatures below 130 ◦C.
In this temperature regime no re-ordering processes leading to
an exothermic signal in the DSC curve have been encountered (cf.
Fig. 3) which is clearly confirmed by the diffraction data (cf. Fig. 2).
Re-ordering by the growth of ordered domains as deduced from
TEM studies [22] starts at temperatures >130 ◦C where ferromag-
netism has already vanished.

Therefore, we propose a vacancy based model for the disappear-
ance of the ferromagnetic state: the HPT process induces a very
high vacancy concentration due to the very high hydrostatic pres-
sure [23]. Since disordering is accompanied with lattice expansion
[4,24] it is assumed that vacancies will interact with APB faults
representing disordered planes. Comparing migration enthalpies of
the vacancies in disordered and long-range ordered FeAl (1.1 eV and
1.7 eV, respectively [25]) it is save to assume that at low temper-
atures vacancy-related processes will take place at the APB faults.
By vacancy jumps to the Fe-sites at the edges of the APB tubes (cf.
site III in Fig. 5) the number of Fe–Fe nearest neighbours is lowered
below 3 causing the transition to a paramagnetic state (cf. Table 1).
Furthermore, the motion of vacancies along APB faults can lead to
an accumulation of the steps and therefore to a reduction of edges
(cf. state (1) and (2) in Fig. 5). Theses processes do not lead to a
change in the overall APB area and are therefore not revealed in the
DSC signal. Therefore, migration of vacancies to the edges and and
the reduction of the density of edges could lead to the disappear-
ance of ferromagnetism. Finally, the difference of the present result
to that of ball-milled samples could be explained by (i) an increase
of the iron content during milling, (ii) by contamination and (iii)
a reduced vacancy density. The first two points are mentioned in
the literature showing an increase of the transition temperature
with iron content and contamination by ball milling [19]. The third
point, the reduced vacancy density in ball milled samples could
be caused by the cyclic short time heating occurring during ball
milling.

5. Conclusions

The loss of deformation induced ferromagnetism in high pres-
sure torsion deformed FeAl occurs at temperatures that are well
below those at which re-ordering is measured by DSC and TEM
PASAD methods. This result is in contradiction to the findings
reported for the deformation of ball milling. To explain the present
result a model is proposed based on the large vacancy concentra-
tion that is present in HPT deformed samples. Two processes are
considered: (i) the reduction of the density of Fe–Fe nearest neigh-
bour sites by the reduction of steps in the antiphase boundaries by
vacancy motion and (ii) the occupation of Fe–Fe nearest neighbour
sites by vacancies.
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