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Abstract In order to study the effect of sintering condition on the structural and
magnetic behavior of prealloyed metallic powders of Fe0.6 Mn0.1 Al0.3 system, two
different thermal treatments were employed. All samples were previously milled
and then compacted. Later, the sintering process was carried out in two cycles. For
the first one, a sintering time of 2 h was followed by a cooling process governed by
the inertia of the furnace. In the second treatment, a sintering time of 0.17 h with
a controlled slow ramp of 1 ◦C/min between 500 ◦C and 250 ◦C. All samples were
characterized by X-ray diffraction and Mössbauer spectroscopy. It was found that the
sintering time improves the crystallinity while the magnetic behavior was modified
by the changes in the cooling rate.
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1 Introduction

Fe-Mn-Al alloys have technical and scientific interest because of the presence
of different properties depending on concentration and thermal treatment. It has
been observed that these alloys can be prepared in several ways such as casting
and mechanical alloying. In addition, if high temperature treatment takes place
dramatic changes could be detected by X-ray diffraction and Mössbauer spec-
trometry due to ordering processes appearing at temperatures above 427 ◦C [1].
Mechanical alloying (MA) is a simple process based on high-energy ball milling to
produce non-equilibrium powdered materials which cannot always be obtained by
conventional methods, leading to nanostructured powders with different and new
properties in comparison to other processes [2, 3]. Rebolledo et al. [4] show that the
Fe0.6 Mn0.1 Al0.3 system produced by MA is a soft magnetic material and this char-
acter is improved by increasing the milling time. However, the subsequent sintering
leads the system to steady state with paramagnetic behavior at room temperature.
Therefore, the softening during milling is lost. Furthermore, the sublimation of Mn
above 527 ◦C affect the distribution of Mn atoms in the alloy as reported in the
FeMnC system [5].

We have synthesized Fe0.6 Mn0.1 Al0.3 steels by the complete pulvimetallurgical
processes starting with prealloyed powders that were compacted and then sintered.
In the process, the final structural and magnetic properties were studied using X-ray
diffraction and Mössbauer spectroscopy. The milled and compacted powders were
sintered up to maximum temperature of 1100 ◦C and then cooled in two different
ways. The crystallite sizes and the mean magnetic hyperfine fields were compared
against each other.

2 Experimental method

Using the powder metallurgy via, Fe0.6 Mn0.1 Al0.3 powders were mechanically al-
loyed in a high energy planetary ball mill with a ball mass-to-powder mass ratio
of 9:1 for 3, 9 and 15 h. Samples of 1,5 g were uniaxially compacted in a rigid
die with a compaction force of 150 kN obtaining cylindrical pellets of 12 mm
diameter and 2 mm height. Green samples were sintered in a tubular furnace by
using a heating rate of 10 ◦C/min until was reached a maximum temperature of
1100 ◦C in argon atmosphere to prevent oxidation. The cooling of the test tubes
was performed using two different cycles. Cycle I (Fig. 1a) has a sintering time
of 2 h and then cooled at the rate of the inertia of the oven (cooling of the
resistance). In the Cycle II (Fig. 1b) the same sintering temperature was considered,
but the sintering time was 0.17 h. In this case, the cooling was performed using
the furnace inertia rate until 500 ◦C and then with a programmed ramp until
250 ◦C, lowering the temperature at a rate of 1 ◦C/min. X-ray patterns were taken
at room temperature in a Bruker D8 Advance difractometer. Mössbauer spectra
were collected using a 57Fe source in standard transmission geometry. Data from the
difractograms was refined with the Rietveld method by GSAS (General Structure
Analysis System) software [6], and Mössbauer spectra were fitted with MOSFIT
program.
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Fig. 1 Sintering cycles (a) Cycle I and (b) Cycle II

3 Results and discussion

Figure 2 shows some of the X-ray patterns acquired from powders milled (3 and
9 h), compacted and sintered for both cycles. All the studied samples exhibit the
presence of a bcc structural phase, showing characteristic diffraction peaks of the
planes (110), (200) and (211). The presence of the bcc phase suggests that the Mn and
Al atoms are distributed inside the Fe cell. For short milling times, the alloy is not
completely consolidated, but after sintering a full diffusivity of the minor elements
is achieved and the reached lattice parameter is around 0,2902 nm (±0,0001 nm), in
agreement with previous results obtained by milling [4, 7]. This value is independent
of the sintering method employed, slightly above the typical lattice parameter of pure
iron (0,2870 nm). This enhancement of the lattice parameter is due to the presence
of Al which presents a bigger atomic size compared to that of the Fe atom, and is in
according with previous results reported for melted and ordered Fe-Al alloys [8, 9]
as well as grinded and heat treated Fe-Al alloys [10–12].

The crystallite size in the Fe0.6 Mn0.1 Al0.3 consolidated samples was obtained from
the refinement made by GSAS. Figure 3 shows that the crystallite size values increase
for the sintered samples in the Cycle I, in comparison to the values in Cycle II.
Therefore, an improvement in the crystallinity is found. A similar behavior has been
reported in magnetic materials [13, 14] as well as in non-magnetic materials [15].

Results acquired from Transmission Mössbauer Spectroscopy (TMS) at room
temperature for 3, 9 and 15 h in the Cycle I, are shown in Fig. 4a. The spectra
display the formation of a magnetically disordered phase and a broad paramagnetic
line near the central region. The fitting realized with the MOSFIT program exhibits
the presence of two components: a broad singlet and a hyperfine field distribution
(HFD) between 60 kOe and 300 kOe. Figure 4b shows the probability function
for the hyperfine field distribution. This type of fit, and remembering the XRD
results which show only the presence of a bcc Fe-Mn-Al lattice, indicates that this
lattice is disordered and composed by different ferromagnetic Fe sites, which explain
the HFD, and paramagnetic Fe sites, which explain the paramagnetic line. The
ferromagnetic Fe sites are those rich in Fe and the paramagnetic ones are those rich
in Al, as it has been found in previous reports of these type of samples [4, 16].
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Fig. 2 X-Ray difractograms from both cycles for 3 and 9 h of milling

Fig. 3 Crystallite size
evolution over milling time
and sintering cycle
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Figure 5a shows the Mössbauer spectra and their corresponding HFDs of the
Fe0.6 Mn0.1 Al0.3 samples sintered by using Cycle II. The fitting process was similar
to those obtained with the cycle I, with the presence of a singlet and a hyperfine field
distribution between 30 kOe and 300 kOe. Figure 5b shows the respective proba-
bility function for the hyperfine field distribution. However, the relative percentual
amount of each component shows variations for each cycle, as can be observed
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Fig. 4 Room temperature Mössbauer spectra (a) fitted by MOSFIT for Cycle I against milling time
and (b) probability function for the hyperfine field distribution
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Fig. 5 Room temperature Mössbauer spectra (a) fitted by MOSFIT for Cycle II against milling time
and (b) probability function for the hyperfine field distribution
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Fig. 6 Distribution percentages for both sintering cycles: Cycle I (left) and Cycle II (right)

Fig. 7 Mean hyperfine field
variation against milling time
and sintering cycle
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in Fig. 6. For Cycle II there is a greater presence of the singlet (about 80 %).
Conversely, there is not a clear predominant component in Cycle I. This behavior
may be related to configurational changes that occur in the neighborhood of the
iron atoms. A sintering time of 2 h combined with a faster cooling (≈2,4 ◦C/min
between 500 ◦C and 250 ◦C) in Cycle I allowed to retain part of the magnetic
disorder which was present at high temperature. With the slower cooling of Cycle
II (≈1 ◦C/min between 500 ◦C and 250 ◦C) and also shorter sintering time, the
magnetic accommodation of the atoms inside the alloy reveals a steady state more
stable (in our case, a paramagnetic one) and a decrease of the disorder degree. These
results are in agreement with reports in Fe60 Al40 alloys where these systems are
paramagnetic when they are ordered and ferromagnetic when they are disordered
[17, 18]. Regarding the relationship of the cooling rate with variations on magnetic
properties, Thota et al. [19] have found that changes in the neighborhood of an iron
atom and the quantity of the relative phases presents a clear dependance respecting
cooling conditions.
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Finally, Fig. 7 shows the mean hyperfine field for the samples treated with both
cycles. The sintered systems obtained in the Cycle I has a higher mean hyperfine
fields then that in the Cycle II. This behavior can be properly related to variations
in the crystallite size derived from the diffractograms refinement; thereby, crystallite
sizes of the order of 40 nm to 45 nm generate a mean hyperfine field near to 160
kOe, while crystallite sizes between 20 nm and 30 nm show approximate 38 %
decrease in the mean hyperfine field, independent from milling time. Thus, variations
in the mean hyperfine field exhibit an increase in the long-range order of the crystals
benefited from rapid cooling, favoring the ferromagnetic interactions of Fe atoms
with its neighborhood.

4 Conclusions

In conclusion, according to the established parameters during the thermal treatment,
changes on the structural and magnetic properties Fe0.6 Mn0.1 Al0.3 disordered al-
loy obtained via powder metallurgy were achieved. Independently of the thermal
treatment employed, samples exhibited a bcc structure and the coexistence of two
phases: a paramagnetic component and a disordered ferromagnetic component.
Nevertheless, in the diffraction patterns a relation between crystallite size and
sintering time was revealed. Additionally, an increment on the long-range order
of the crystals reached by a faster cooling and a longer sintering time, favors the
presence of a disordered magnetic phase.
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