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Abstract. The transition from the atomically ordered B2-phase to the
chemically disordered A2-phase and the concomitant deformation-induced
ferromagnetism have been investigated in bulk polycrystalline Fe60Al40 (at.%)
alloys subjected to compression processes. A detailed correlation between
structural, magnetic and mechanical properties reveals that the generated
ferromagnetism depends on the stress level but is virtually independent of
the loading rate. The mechanisms governing the induced ferromagnetism also
vary as the stress level is increased. Namely, in the low-stress regime both
lattice cell expansion and atomic intermixing play a role in the induced
ferromagnetic behavior. Conversely, lattice expansion seems to become the
main mechanism contributing to the generated ferromagnetism in the high-stress
regime. Furthermore, a correlation is also observed between the order–disorder
transition and the mechanical hardness. Hence, a combination of magnetic and
mechanical measurements can be used, in synergetic manner, to investigate this
deformation-induced phase transition.
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1. Introduction

Transition metal (TM) intermetallics exhibit outstanding functional properties, both from
magnetic (e.g. soft FeNi alloys or hard SmCo5 alloys) [1] and structural (e.g. low-density,
high-strength TM aluminides, which also show good corrosion resistance) [2] points of
view. In the case of the Fe1−xAlx system, the room temperature magnetic moment of the
atomically ordered alloy decreases slowly with increasing Al content, in agreement with
dilution models, up to x = 0.2. With further dilution, the magnetic moment decreases more
rapidly, becoming zero for alloys with x > 0.32. Remarkably, atomically ordered Fe1−xAlx

alloys with x > 0.32 can become ferromagnetic, at room temperature, after being disordered
(i.e. atomically intermixed) [3]. The transition from the paramagnetic, chemically ordered,
B2-phase to the ferromagnetic, chemically disordered, A2-phase in FeAl alloys can be
accomplished by means of several techniques capable of inducing atomic intermixing, such
as cold working procedures [4]–[8], ball milling, mechanical alloying [9]–[11] and ion
irradiation [12]. From a theoretical basis, the ferromagnetism of diluted and disordered TM
alloys has been explained by the so-called local environment model [13]–[15], which takes
into account that the magnetic moment of a given atom (e.g. Fe) depends on the number
of nearest-neighbor atoms of the same species. Using this simple model, the effect of
Al substitution and disorder in, e.g., FeAl, can be qualitatively explained. However, since
variations in the distance between TM atoms have profound effects on the magnetism, it is
actually argued that the origin of the magnetic interactions in disordered TM alloys may not
arise solely from nearest-neighbor magnetism (i.e. local environment model), but also from
changes in the band structure of the material induced by changes in the lattice cell parameter
(1a) [9]–[11], [16]–[19]. Although the two-fold origin of the magnetism in FeAl alloys has
been demonstrated for nanostructured materials [8], there are no studies of this effect on bulk
samples.

In this paper, we report on the deformation-induced ferromagnetism in bulk polycrystalline
Fe60Al40 (at.%) achieved by means of uniaxial compression tests performed at quasi-static
conditions. A detailed correlation between structural (i.e. lattice cell parameter, crystallite size,
microstrain and atomic intermixing), magnetic (i.e. MS) and mechanical (i.e. microhardness)
properties has been carried out by means of x-ray diffraction (XRD), Vickers microhardness
and magnetometry. The origin of the ferromagnetism is found to be different for the
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low-stress and high-stress regimes. Namely, in the low-stress testing range, both lattice
cell expansion and atomic intermixing phenomena contribute to the amount of induced
ferromagnetism. Conversely, at sufficiently high stresses, the induced ferromagnetism is mainly
found to stem from lattice cell expansion. Interestingly, mechanical hardness correlates to
some extent with this phase transition since both mechanical and magnetic hardening occur
concurrently. Furthermore, virtually no influence of loading rate processing on the overall
induced ferromagnetism has been detected.

2. Experimental

Gas-atomized Fe60Al40 (at.%) powders were pressure-less sintered at 1150 ◦C during 30 min
of isothermal holding, in a tubular furnace under vacuum (air pressure <10−5 mbar),
in order to produce bulk specimens. The heating and cooling rates were chosen to be
5 ◦C min−1 in order to promote the sintering process. Note that since the employed processing
temperature is below any transition temperature of the FeAl binary system [20], the
process can be considered as solid-state sintering. Subsequently, cubic-shaped specimens
(8 mm3 volume) were cut and polished from two opposite sides up to mirror-like
appearance, with the aim of obtaining parallel faces. Since both cutting and polishing
steps already induce disorder (and thus ferromagnetism), the samples were annealed for
30 min at 650 ◦C in order to remove these ferromagnetic contributions, taking advantage
of the annealing-induced, atomic reordering processes which recover the non-ferromagnetic
state.

The compression processes were performed uniaxially at room temperature using a MTS
858 Table Top System Universal/Tensile apparatus, a loading rate of 1 kN s−1 and a dwell time
of 100 s. Different engineering stresses were studied: 0.5, 2, 3, 4, 6 and 8 GPa. In addition, in
order to investigate the loading rate influence on the induced magnetic properties, additional
compression tests were also carried out at 0.1 kN s−1.

The overall microstructural parameters, such as lattice cell parameters (a), crystallite
sizes (〈D〉, average coherently diffracting domain sizes), microstrains (〈ε2

〉
1/2, atomic level

deformations) and anti-site probabilities of Fe atoms at the Al positions (wFe, i.e. fraction of Al
lattice sites occupied by Fe atoms) were evaluated by fitting the full XRD patterns (i.e. x-ray line
profile analysis), recorded with Cu Kα radiation using a Philips X’Pert diffractometer, by means
of the Rietveld refinement program MAUD (materials analysis using diffraction) [21]–[24].
The Vickers microhardness of the bulk samples was determined using a load of 0.1 kg (HV0.1)
by means of an FV700 indenter (Future-Tech). Finally, the magnetic characterization was
performed at room temperature by means of a vibrating sample magnetometer (VSM, Oxford
Instruments 1.2) with a maximum applied magnetic field of 1.1 T. The saturation magnetization
was calculated from a least-squares fitting of the initial magnetization curves to the classical law
of approach to saturation:

M = MS

(
1 −

a

H
−

b

H 2

)
+ χ H,

where H is the applied magnetic field, MS is the saturation magnetization, χ is the field
independent susceptibility and a and b are the coefficients which depend on the magnetic
properties of the material [25].
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Figure 1. XRD patterns of the as-annealed Fe60Al40 (at.%) sample and the bulk
specimens compressed uniaxially up to 2, 4 and 8 GPa using a loading rate of
1 kN s−1 and a dwell time of 100 s. The Miller indices of the different peaks have
also been indicated in the figure. Note that SLP denotes super-lattice peaks.

3. Results and discussion

3.1. Structural characterization

The XRD patterns of the as-annealed Fe60Al40 (at.%) sample and the bulk specimens
compressed up to 2, 4 and 8 GPa (using a loading rate of 1 kN s−1 and a dwell time of 100 s) are
shown in figure 1.

The virgin sample (i.e. as-annealed) exhibits an XRD spectrum consistent with an
atomically ordered BCC lattice structure (i.e. B2-phase). Conversely, for the pressed samples
(applied engineering stress >3 GPa), super-lattice XRD peaks—denoted as SLP—vanish (see
figure 1), evidencing that a severe atomic disordering process occurred upon deformation
(i.e. leading to the so-called A2-phase). Nevertheless, for the mildest conditions (i.e. 0.5—
not shown—and 2 GPa), some traces of the SLP peaks are still detectable (e.g. see the (210)
super-lattice peak, located at 2θ ≈ 73◦, corresponding to the sample compressed at 2 GPa),
indicating that a less intense atomic intermixing (i.e. disordering) process occurred. Since
the intensity of the SLP XRD peaks is linked to the atomic intermixing, x-ray line profile
analysis allows assessing to some extent this order–disorder transition. Actually, since systems
that exhibit order–disorder transitions (e.g. FeAl alloys) may exist in intermediate states, the
degree of ordering becomes an essential physical property to characterize this type of system.
The so-called long-range order (LRO) parameter can be defined as follows:

LRO =
xFe − wFe

yFe
,

where xFe is the atomic concentration of iron (Fe60Al40 at.% ⇒ xFe = 0.6), wFe is the anti-site
probability of Fe atoms at the Al sites (which can be estimated by x-ray line profile analysis)
and yFe is the iron-site probability (for a B2 structure it is equal to 0.5). For the Fe60Al40

stoichiometry, a totally ordered alloy results in LRO → 0.8, whereas for a completely atomically
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Table 1. Lattice cell parameters, a, LRO parameters, crystallite sizes, 〈D〉,
microstrains, 〈ε2

〉
1/2, saturation magnetization, MS, and microhardness, HV0.1,

of the as-annealed sample and the uniaxially compressed specimens up to 0.5, 2,
3, 4, 6 and 8 GPa using a loading rate of 1 kN s−1 and a dwell time of 100 s.

Engineering
stress a LRO 〈D〉 〈ε2

〉
1/2

× 10−3 MS HV0.1

(GPa) (±5 × 10−4 Å) (±0.05) (±5 nm) (±0.5) (±2 emu g−1) (GPa)

0 (virgin) 2.8943 0.70 >200 <0.5 <2 2.9 ± 0.2
0.5 2.8947 0.52 165 1.1 <2 3.2 ± 0.2
2 2.9118 0.38 120 6.1 8 5.0 ± 0.3
3 2.9195 0.22 101 8.9 21 6.4 ± 0.3
4 2.9250 0.21 96 8.5 46 7.3 ± 0.3
6 2.9325 0.23 86 8.2 55 7.6 ± 0.3
8 2.9329 0.20 85 8.7 65 7.6 ± 0.3

disordered structure, LRO → 0 [26]–[28]. Thus, the degree of ordering increases as the anti-site
probability of Fe atoms at the Al sites decreases.

From the x-ray line profile analysis, it can be inferred that a highly ordered structure
is obtained for the as-annealed sample (wFe → 0.25, thus LRO → 0.70), whereas a nearly
fully disordered state is already attained for samples tested at >3 GPa (wFe → 0.50,
thus LRO → 0.20). However, intermediate states are achieved for specimens tested at 0.5 and
2 GPa (wFe → 0.34, thus LRO → 0.52 and wFe → 0.41, therefore LRO → 0.38, respectively)—
see table 1.

Therefore, two clear regimes can be identified: a low-stress regime where disorder is
generated by the stress and a high-stress regime where disorder remains unchanged despite the
increased stress. Nevertheless, given the limited penetration of the x-rays (a few microns) [29],
the obtained LRO parameter values are to some extent upper limits since the surface might have
suffered more plastic deformation than the inner parts.

As the applied engineering stress increases, a broadening of the XRD peaks is observed due
to both crystallite size refinement and increase of microstrains (see both figure 1 and table 1),
since the amount of plastic deformation increases with the applied stress. Interestingly, while the
crystallite size decreases slightly with the applied stress, the microstrain increases considerably
(see table 1). Similar to the LRO parameter, both tend to saturate for applied stress above 3 GPa.

As the applied engineering stress increases, the lattice cell parameter, a, expands—see
table 1—up to 1a/a values of around 1.3% for the sample pressed at 8 GPa. This phenomenon
is clearly evidenced by the XRD peak shifts to lower scattering angles (i.e. larger lattice cell
parameters) as the stress increases. Remarkably, in contrast with the LRO parameter, which
remains rather constant for high-stress regime (>3 GPa), the lattice cell parameter exhibits a
continuous increase.

3.2. Magnetic characterization

The dependence of the magnetization of the as-annealed sample on the applied magnetic field
(see figure 2, inset) evidences clear paramagnetic behavior, confirming the existence of an
atomically ordered structure (B2-phase).
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Figure 2. VSM measurements of the bulk Fe60Al40 (at.%) specimens compressed
uniaxially up to 2, 3, 4, 6 and 8 GPa using a loading rate of 1 kN s−1 and a dwell
time of 100 s. Shown in the inset is the VSM measurement of the as-annealed
sample.

This is in agreement with previously reported results on annealed Fe60Al40 (at.%) powders,
where the ordered B2-phase shows virtually no magnetization (MS < 0.2 emu g−1) [7, 10, 11].
In addition, the specimen compressed at 0.5 GPa also evidences no ferromagnetism (not shown).
Conversely, the rest of the compressed samples show clear hysteretic behavior (see figure 2). The
saturation magnetization, MS, increases with the applied engineering stress (see table 1), thus
confirming the increase of the ferromagnetic counterpart. The increase in MS can be ascribed to
the simultaneous increase of both atomic intermixing and lattice cell parameter [30]. However,
when comparing LRO and MS values (figure 3(a)), it can be observed that while the LRO
already reaches a small constant value (disordered state) for tests carried out above 3 GPa, the
ferromagnetism continuously increases up to 8 GPa.

Contrarily, in the high-stress regime, the lattice parameter continues to increase with
higher stress in a way similar to MS (see figure 3(b)). Consequently, these results demonstrate
that the contribution from the lattice cell expansion to the ferromagnetic response seems
to be significant, especially at the high applied stresses regime. Interestingly, although the
contribution of the lattice expansion to the magnetism of FeAl alloys was proposed for ball-
milled powders [10, 11], it was only confirmed through complex high pressure dichroism
experiments [19]. Here, the two-fold origin of the ferromagnetic response of FeAl alloys is
directly observed. Furthermore, the current experiments indicate that probably two regimes
exist in the deformation-induced magnetism in these alloys. Note that due to the high strain
rate conditions of ball milling, these two regimes were difficult to separate in our previous ball
milling experiments [10].

According to the literature [19], the saturation magnetization of Fe60Al40 (at.%) powders
in the A2-phase (with a parameter and a lattice cell spacing of LRO = 0.14 and a = 2.9170 Å—
1a/a ≈ 0.7%, respectively), achieved after long-term milling, is around 75 emu g−1 [10, 19].
Here, the obtained value of saturation magnetization for the sample pressed at 8 GPa is around
65 emu g−1 (highest value), even though greater lattice cell expansions are achieved in the
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Figure 3. (a) Dependence of the saturation magnetization, MS, and LRO
parameter on the applied engineering stress |P|. (b) Dependence of MS and the
lattice cell parameter, a, on |P|. The lines are guides to the eye.

present investigation. This difference in the attained saturation magnetization values may be,
to some extent, due to the fact that the obtained level of disorder is slightly lower than that
reported in ball-milled samples, although a gradient of induced defects (i.e. more disorder at the
surface) cannot be ruled out.

The possible influence of strain rate has also been investigated. Actually, strain rate is
often one of the factors affecting the mechanical response of materials (e.g. the austenite (γ ) to
martensite (α′) transformation in austenitic stainless steels) [31]. For this reason, compression
tests at 0.1 kN s−1 were also performed and the resulting magnetic response investigated.
As can be seen in figure 4, VSM measurements of specimens pressed at 0.1 kN s−1 render
similar results to compression at 1 kN s−1, indicating that this order–disorder transformation
is not especially sensitive to strain rate changes, at least within the assessed strain rate regime
(i.e. quasi-static range).

However, in the dynamic (i.e. high strain rate range) regime (e.g. impact shock loading),
differences have been observed when decreasing/increasing the strain rate. Namely, ball
milling processes of Fe60Al40 (at.%) powders at higher milling intensities (i.e. larger angular
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Figure 4. VSM measurements of the bulk Fe60Al40 (at.%) samples compressed
uniaxially up to 2, 4 and 6 GPa using a loading rate of 0.1 kN s−1 (in red) and
1 kN s−1 (in black) and a dwell time of 100 s.

frequencies) lead to a larger ferromagnetic response [32]. Thus, since the deformation modes
used in bulk (quasi-static) and ball milling powders (high strain rate) are different, the univocal
comparison between the results of both types of specimens may be rather complex.

3.3. Mechanical hardness characterization

In FeAl alloys, plastic deformation causes simultaneously both a magnetic transformation
and a mechanical hardening process [26, 32]. The mechanical hardness, measured by means
of Vickers microhardness using a load of 0.1 kg, shows a progressive increase with the
applied engineering stress from HV0.1 = 2.9 GPa (as-annealed sample) to HV0.1 = 7.6 GPa
(specimen compressed at 8 GPa). Hence, the order–disorder transition can also be indirectly
assessed by hardness measurements. In fact, there is a pronounced microhardness increase
for low-stress range followed by steady-state-like behavior. Hence, the hardening effect is
particularly significant for low processing stresses. Interestingly, as can be seen in figure 5,
the HV0.1 versus |P| and MS versus |P| curves show similar trends during compression tests.
A similar trend but opposite to that observed in LRO analysis (i.e. a prominent initial increase
followed by a steady state) is noticed.

Several processes are responsible for the mechanical hardening phenomena. Actually, it
is known that disorder-solution processes (i.e. solution of anti-sites in the ordered matrix)
play an important role in hardening. Nevertheless, other structural effects (vacancy, dislocation
or grain refinement) could also contribute to some extent to the aforementioned mechanical
hardening [33]–[35].

4. Conclusions

In summary, the macro-scale deformation-induced ferromagnetism achieved by means of
uniaxial compression tests performed at quasi-static conditions has been investigated in bulk
paramagnetic Fe60Al40 (at.%) alloys. The correlation between structural (e.g. lattice cell
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Figure 5. Dependence of the induced saturation magnetization, MS, and the
microhardness, HV0.1, on the applied engineering stress, |P|. The lines are guides
to the eye.

parameter, atomic intermixing, etc), magnetic and mechanical (microhardness) properties,
indicates that the induced ferromagnetism is mainly controlled by both lattice cell expansion
and atomic intermixing at low-stress-range processing. Conversely, lattice expansion seems
to become the most important cause of the ferromagnetic response at the high-stress regime.
Moreover, no influence of the loading rate on the induced ferromagnetism has been observed.
Interestingly, the mechanical hardness characterization allows indirect assessment of this phase
transition.
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