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We report a thorough structural and magnetic study of FesSn produced either by solid state reaction or
by mechanical alloying in order to figure out which of the two techniques is most suitable for obtaining
the purest Fe3Sn alloy. Solid state reaction of Fe and Sn starting powders results in a pure sample (100%)
of Fe3Sn. The extraordinary purity and crystallinity have been confirmed by in-lab XRD and Mdssbauer
spectroscopy. This study has been completed by magnetic measurements M(H) and M(T); a saturation
magnetization of 122 A m?/kg and Curie temperature T. = 475 °C, have been obtained.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

During the last century, the intense research on hard magnetic
materials led to a continuous increase of permanent magnets (PM)
development. The current PM markets consists mostly of inex-
pensive ferrites with moderate performance used in small motors
or electronic components to high performance and expensive rare-
earth (RE) magnets like Nd,Fe14B and SmCos used in large motors,
generators and magnetic resonance imaging equipment among
others.

The stored energy of a PM is given by its energy product (BH) (B
the induction), so that a large (BH) value is desirable in working
conditions. In fact, the maximum energy product (BH)max that a PM
can provide is its figure of merit. Other important properties that
define a PM are the remanence M, coercivity Hc (related to the
anisotropy field H,) and Curie temperature Tc. A high value of T¢ is
mandatory in order to have a wide T-range for applications.

PMs experienced a tremendous development during the 20th
century and their performance increased 5-fold only from 1960
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(with Alnico systems) to 1985 (with the discovery and development
of Nd-Fe-B magnets). However, in the last decades no further im-
provements have been found in the figure of merit, which reached
the maximum value of 56 MGOe in Nd-Fe-B. The key of the good
performance of RE-containing PM is the good balance between the
high magnetocrystalline anisotropy provided by the large spin-
orbit coupling of the 4f-elements (RE elements) and the large
saturation magnetization given by the transition metal element
(mostly Fe). As a result, high performance permanent magnets are
totally dependent on scarce and expensive RE elements such as Dy,
Nd or Tb, which are now considered as critical raw materials (CRM),
and China is the main producer and exporter (97% of global supply).
Lately, a global increasing demand has been registered as RE ele-
ments are used in electronic components such as mobile phones,
displays and, as commented above, in permanent magnets,
amongst others, while the Chinese export quota is steady since
2010 and decreased at least two-fold in the previous years [1]. This
worrying situation makes the development of RE-free PM an urgent
priority and presents a great scientific and technological challenge.
In this sense, the European Comission [2] and the Department of
Energy (USA) [3] wrote policies in order to develop RE-lean and RE-
free PM. Advances and current research in RE-free PM can be found
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in Refs. [4—7]. Our motivation in this work is to develop a RE-free
material.

One material to be considered for PM applications is FesSn.
However, although it has a hexagonal structure and large magne-
tization, it presents planar anisotropy, not suitable for PM appli-
cations. This compound has absolutely no RE elements and its
constituents are inexpensive and abundant. However, the hexago-
nal phase of Fes3Sn (spatial group P63/mmc) is only stable in the
temperature range 750—880 °C, as indicated in the Fe-Sn equilib-
rium phase diagram [8]. Thus, this metastable phase cannot be
achieved by standard methods, such as arc or induction melting.
Instead, it has been reported that it can be obtained by solid state
reaction (SSR) [9,10] or mechanical alloying (MA) [8,9], though in
the latter case, a non-negligible percentage of bcc-Fe was still
present after the best processing, as shown by Mossbauer spec-
troscopy [11]. Other works reported that both Fe and Sn Mdssbauer
spectra of Fe3Sn consist in single sextets [11,13]. Trumpy et al.
(1970) [13] claims that the existence of a single sextet proves that
the magnetization is directed along the c-axis. However, direct
magnetic measurements indicate the existence of planar anisot-
ropy for the FesSn alloy [9]. There is a certain controversy on the
nature of the FesSn anisotropy. In any case, there are very few re-
ports on the magnetic properties of FesSn [13,14], in contrast with
the possible interest of such alloy for PM.

In this work, we report a thorough structural and magnetic
study of FesSn produced either by solid state reaction or by me-
chanical alloying, in order to fill out this gap and to figure out which
of the two techniques is most suitable for obtaining the purest
Fe3Sn alloy.

2. Material and methods

Fe3Sn alloys were prepared by either solid state reaction (SSR) or
mechanical alloying followed by heat treatment (MA+HT), through
the following procedures. In the first case, stoichiometric amounts
of powders of the starting elements (99.9+% purity, particles of less
than 50 pm in size) were hand-milled in an agate mortar and pestle
and then compacted into pellets using pressures up to 0.5 GPa at
room temperature (RT). Pellets were encapsulated in a quartz
ampoule, heated to 800 °C for 48 h in vacuum and then quenched
into ice water. This procedure was repeated twice in order to ach-
ieve a full reaction and homogenize the composition of the sam-
ples. For MA, Fe and Sn powders were sealed, under Argon
atmosphere, in hardened steel vials with a ball-to-powder ratio of
10:1, and then milled for 24 h, in a SPEX 8000D mill. The resulting
powders were heat-treated at different temperatures for 18 and
48 h in Argon atmosphere and then quenched in ice water. The
difference between the two methods lies on the starting nature of
the processed powders. For SSR, we are using pure and Fe and Sn
and for MA the powders consist of an amorphous solid solution of
Fe and Sn.

X-Ray Diffraction (XRD) was carried out on a Philips X'Pert Pro
diffractometer, in the Bragg-Brentano geometry, using Cu Ka radi-
ation (1 = 1.5418 A). The samples were placed on a spinner to limit
preferential crystalline orientation. XRD patterns were analyzed by
Rietveld refinements, through the FullProf Suite [15], using a
Thompson-Cox-Hastings pseudo-Voigt function to describe the
profile of the peaks. Direct determination of the composition of the
samples was done by EDS in a scanning electron microscope (SEM,
JEOL JSM-6400).

57Fe and '9Sn Méssbauer spectra were acquired at RT using a
conventional constant-acceleration spectrometer in standard
transmission geometry with *’Co-Rh and a Ba!'®SnO; sources,
respectively. The NORMOS (1990) software package developed by
R. Brand [16] was used to fit these spectra.

Magnetic measurements, at room temperature and above, were
carried out in a vibrating sample magnetometer EZ7-VSM from
Microsense, in magnetic fields up to 1.85T.

3. Results and discussion
3.1. Synthesis of the alloys and structural characterization

3.1.1. Solid state reaction

XRD patterns and SEM pictures (with elemental mappings) of
FesSn, are shown in Fig. 1, after one (1SSR) and two (2SSR) solid
state reactions. The inset of Fig. 1(a) (1SSR) shows a clear segre-
gation of Fe and Sn. For 2SSR, however, the alloying of Fe and Sn is
complete, as seen in the inset of Fig. 1(b). This is confirmed by the
Rietveld refinement of the XRD patterns, which gives 78.8 wt% of
Fe3Sn, 13.2 wt% of bcc-Fe, and 8.0 wt% of FesSn; for 1SSR, while for
2SSR is 100% of Fe3Sn. This is in very good agreement with SEM-EDS
results. We, therefore, conclude that there is a need to repeat the
SSR at least twice to obtain the pure Fes3Sn phase.

The Rietveld refinement of the XRD of a powder polycrystalline
sample of 2SSR-Fe3Sn is shown in Fig. 1(b) and the crystal structure
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Fig. 1. (a) Rietveld refinement of the XRD pattern of the Fe3Sn sample, produced by 1
SSR (at 800°C for 48 h). Several phases are present: FesSn, bcc-Fe and FesSn,. SEM
photograph of the sample, where a segregation of Fe and Sn is clearly visible,
confirmed by the SEM-EDS elemental mapping images for Fe (red) and Sn (green). (b)
Rietveld refinement of the XRD pattern of the FesSn sample, produced by 2 subsequent
SSRs (at 800 °C for 48 h). Only one phase is present in this pattern, hexagonal FesSn.
SEM photograph of the sample shows the complete alloying of Fe and Sn, confirmed by
the SEM-EDS elemental mapping images for Fe (orange) and Sn (blue). (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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can be described as the hexagonal Ni3Sn structure (space group
P63/mmc), with lattice parameters a=25.4620(1) A and
c=4.3490(1) A, where Fe and Sn atoms are located in the 6h
(0.849, 0.698, 0.25) and 2c (0.333, 0.667, 0.25) sites. A slight defi-
ciency in Sn element is also obtained from the Rietveld refinement,
as occupancies of 0.02505 and 0.0826 are obtained. If we normalize
these values, the Fe and Sn-site occupancies are 0.25 and 0.0824, as
compared to the theoretical 0.25 and 0.0833, respectively. Thus,
there could be some extra Fe atoms (or Sn vacancies) along the
sample that cannot be observed by XRD. EDS confirms that the
stoichiometry of the sample, Fezgs(18)Sn23s5(1.2), is slightly Sn
defective.

3.1.2. Mechanical alloying

Mechanical alloying was performed as described above. The as-
milled alloy (black line) consists of a disordered Fe-Sn bcc-solid
solution, characterized by broad peaks in the XRD pattern (see
Fig. 2), with lattice parameter a = 2.993(2) A. Differential Scanning
Calorimetry (DSC) (see inset of Fig. 2) shows a crystallization
temperature Teys =365 °C, in good agreement with a thermodif-
fractogram also performed on the milled alloy (not shown in here).

Thus, several heat treatments were chosen for processing the
as-milled alloys to the desired hexagonal Fes3Sn structure:
T1 =400 °C, from the DSC results, T, =600°C as a previous work
[11] reported obtaining the Fe3Sn phase after a crystallization
process at 550 °C for 5 h and, finally, T3 = 800 °C, due to the stability
region of FesSn in the Fe-Sn phase diagram [8] and the previous
results by SSR. We used 18 h treatment for every temperature.

XRD of the resulting samples are shown in Fig. 2. For samples
crystallized at 400 and 600 °C (red and green lines, respectively), a
phase other than FesSn is observed. Actually, the patterns corre-
spond to a mixture of FeSn and bcc-Fe(Sn). In the sample crystal-
lized at 400 °C, there is still a clear contribution from the disordered
Fe-Sn bcc-solid solution. These results are in contrast with those
from Ref. [11], were they claimed the procuration of the FesSn
phase after only 5 h at 550 °C.

In our case, only the sample crystallized at 800 °C (for 18 h, blue
line) consists of a major contribution of Fe3Sn and a small content of
bcc-Fe rich phase (hereinafter, MA+HT800 °C_18 h). A longer
crystallization process (48 h, purple line) was thus performed in
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T T : T r T X T
_of I\ i
s .
E j fendo J\W /
: -
~ | % & \/
Q 2 T=365C —u ‘
— 1 as-milled
c T TR TR T Tk
=] Sample Temperature (C) | MA+HT800°C_48h
o |l 0 . | ,“y‘,,,,, PR | 'Y SR U
o ;
S ; L MA+HT800°C_18h
P ——— WFA_JLJU il A N Y
=
7]
GC) |
= I /| MA+HT400°C_18h
=2 I U SV O G W A e s
as-milled
.__\M*M"J S
1 1 1 1 1 1
20 30 40 50 60 70 80 90

20 (degrees)

Fig. 2. XRD patterns of the as-milled (black) FesSn alloy and its subsequent heat
treatments at 400 °C (red), 600 °C (green) and 800 °C for 18 h (blue) and at 800 °C for
48 h (purple). Inset: Differential Scanning Calorimetry of the as milled sample, with a
characteristic crystallization temperature of 365 °C. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of this
article.)

MA-+HTS800 °C_48 h). From the Rietveld refinements (see Table 1), a
reduction of the bcc-Fe phase, from 10.3 wt% in 18 h treatment to
7.2 wt% in 48 h is observed. The lattice parameters of the 3:1 phase
for the MA+HT800 °C_18 h and MA-+HT800 °C_48 h samples are
a = 5.4658(1) A and c = 4.3530(1) A and a = 5.4637(1) A and
¢ =4.3512(1) A, respectively. These are very similar to those of the
SSR sample. The lattice parameter for the bcc-Fe rich phases are
a=29149(1) A and a = 2.9119(1) A for MA+HT800 °C_18 h and
MA-+HT800 °C_48 h, respectively. Following Vegard's rule, as
published in Ref. [8], these lattice parameters correspond to a solid
solution of Sn in Fe, with compositions around Feg3gSng, and
Feg3 4Snge, very similar to each other. Therefore, we can assume
that, for longer treatments, there is no further reaction between Fe
and Sn to produce a different bcc-Fe(Sn) phase, but only a partial
recombination of the bcc phase with the FesSn one, to increase the
amount and produce a slight compositional change.

We can expect than even longer heat treatments would even-
tually lead to the pure Fe3Sn phase. However, as we are looking for
the most efficient technique to obtain the Fe3Sn phase, we can
conclude that Solid State Reaction is much better than Mechanical
Alloying and Heat Treatment.

3.2. Local magnetic properties

In Fig. 4, the fitted >Fe (left) and °Sn (right) Mossbauer spectra
of the Fe3Sn the sample produced by both SSR and MA (with a
subsequent heat treatment at 800 °C, for 48 h, ie. the
MA-+HT800 °C_48 h sample) are shown. Values of the hyperfine
parameters of the spectra obtained after the fitting are shown in
Table 2.

57Fe Mossbauer spectra of both SSR and MA Fe3Sn samples show
a well resolved sextet, around 4 mm/s, with same hyperfine pa-
rameters. This component emanates from the Fe3Sn phase [14] and
describes a crystalline phase with a single non-equivalent Fe site in
agreement with the crystallographic structure deduced from the
refinement of the XRD. ’Fe Mossbauer spectrum of MA FesSn
sample also shows two additional components associated to a bcc-
Fe(Sn) solid solution phase, and related to Fe sites with 8 Fe atoms
and 7 Fe and 1 Sn atoms in its respective neighborhoods (labeled as
bcc-FeSn 0 Sn nn and bcc-FeSn 1Sn nn on Table 2 and Fig. 3). The
relative Fe quantities of these two components are 7.1 and 4.2 at.%,
respectively, which perfectly fits with the relative probabilities
expected from a binomial distribution of a bcc-Fe(Sn) solid solution
alloy with a composition as deducted from the refinement of the
XRD. Therefore, the relative Fe quantity for the bcc-Fe(Sn) rises up
to 11.3 at.%, also in a good agreement with the 7.2 wt% estimated
from XRD for this phase. No trace of bee-Fe is observed in the *’Fe
Mossbauer spectrum of the 2SSR-Fe3Sn sample.

With regard to the 1°Sn Méssbauer spectra, both samples give
rise to non-totally resolved spectra. These spectra can be properly
fitted by an only sextet with similar hyperfine parameters, which
would indicate that the Fe3Sn phase has been generated without
excess of Sn. In the spectrum corresponding to the MA FesSn
sample it would be expected a contribution from the bcc-Fe(Sn)
phase. However, from the XRD and >’Fe Méssbauer results it has
been estimated that only 2—3% of the total Sn atoms are located in
this phase. Its 119Sn Mossbauer spectral component would be
obscured in the background so that it has not been taken into
account.

On the other hand, it has been observed that both >’Fe and '%Sn
Mossbauer spectra of the SSR sample are broader that those cor-
responding to the MA Fe3Sn sample. The width of a spectrum is
normally associated to the atomic ordering around the Mossbauer
nuclei. Therefore, from Mossbauer spectroscopy, it can be
concluded that FesSn phase obtained from crystallization of the
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Table 1

Lattice parameters a, c and percentages for the Fe;Sn and bcc-Fe phases, with the RB error, as calculated from Rietveld refinements of the XRD data, for the Fe3Sn produced by

the different methods.

Synthesis method Fe3Sn bcc-Fe
a(A) c(A) % Rg (%) a(h) % Rg (%)
1SSR 5.4618(3) 4.3527(3) 78.8(1.3) 14.9 2.9082(3) 13.2(6) 6.0
2 SSR 5.4620(1) 4.3490(1) 100.0(1.2) 5.6 - 0 -
MA+HT800 °C_18 h 5.4658(1) 4.3530(1) 89.7(7) 9.2 2.9149(1) 10.3(3) 9.4
MA+HT800 °C_48 h 5.4637(1) 4.3512(1) 92.8(7) 6.7 2.9119(1) 7.2(2) 20.0
Table 2

Values of IS isomer shift, QS quadrupole shift, By¢ hyperfine field and I' line-width obtained from the fitting of the Mossbauer spectra for the studied samples. I[somer shifts

values were referred to bcc-Fe at 295 K. *The % Fe refers to the Fe in each phase out of

the total Fe in the sample.

Sample (phase) 57Fe source 1195n source % Fe
IS (mm/s) QS (mm/s) Bhe (T) T (mm/s) IS (mmy/s) QS (mm/s) Bhe (T) T' (mm/s)

2SSR (FesSn) 0.30(1) 0.15(1) 250(1)  0.37(1) 1.56(1) 0.09(1) 7.8(1) 1.61(1) 100

MA-+HT800 °C_48 h (FesSn) 0.30(1) 0.14(1) 251(1)  0.34(1) 1.50(1) 0.03(1) 7.8(1) 1.25(1) 87.4

MA+HTS00 °C_48 h (Bcc-FeSn 0Snnn) ~ 0.0(1) 0.00(1) 333(2)  0.33(1) - - - - 7.1

MA-+HT800 °C_48 h (Bcc-FeSn 1Snnn)  0.12(1) 0.00(1) 314(1)  033(1) - - - - 42

L 57 A
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Fig. 3. Mossbauer spectra obtained for the 2SSR-Fe3Sn (FesSn produced by 2 SSRs)

(b)

Exp. spectrum
[ |— Fe,Sn
—— Theor. spectrum

Relative transmission (arb. units)

B 119 ]
MA+HT800°C 48h, _ , ., . Sn]
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absorber at room temperature, using (a) °’Fe and (b) ''°Sn sources, and for the

MA+HT800 °C_48 h-Fe;Sn (FesSn produced by mechanical alloying and heat treated at 800 °C for 48 h), using (c) >’Fe and (d) "9Sn sources. In the case of 2SSR-Fe3Sn, only a
contribution from the Fe;Sn phase can be observed, with no sign of bce-Fe, as in other works [8]. However, for the mechanically alloyed FesSn, apart from the FesSn, a remaining
contribution from bcc-Fe is visible in (c). We can conclude that it is not a bcc-(Fe,Sn) solid solution as no contribution from a second phase is present in (d).

mechanically alloyed sample presents a higher degree of crystal-
linity, even if residual Fe quantities are also observed.

3.3. Macroscopic magnetic properties

To study the nature of the magnetocrystalline anisotropy of
Fe3Sn, fine powders were embedded in an epoxy and oriented with
a magnetic field of H=1.85T while curing takes place. The hys-
teresis loops of the field-oriented powders are shown in Fig. 4

(center) for the parallel (blue closed symbols) and perpendicular
(red open symbols) directions with respect to the applied magnetic
field. They are characteristic of a planar magnetic anisotropy, i.e.,
the easy direction of the magnetization lies in the basal plane of the
hexagonal structure. Our measurements confirm a previous work
from B.C. Sales et al. [6] but opposes to Trumpy et al. [13], who
claimed that the easy magnetic axis is the c-axis, from an indirect
analysis of Mdssbauer measurements. In the left inset we extrap-
olate the parallel and perpendicular magnetization curves to
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Fig. 4. Parallel (blue) and perpendicular (red) M(H) curves for the field-oriented
powders of the Fe3Sn-2SSR sample. Inset (a) represents the extrapolation of the par-
allel and perpendicular magnetization curves in order to obtain an approximate value
of the anisotropy field H, where these merge, j1oH, =2.5T. Inset (b): Temperature
dependent magnetization for 2SSR-FesSn and MA+HT800 °C_48 h-FesSn, using a
magnetic field of 0.01T. The Curie temperatures have been determined by the first
derivative of the magnetization to be approximately 475 °C for 2SSR-Fe3Sn and 473 °C
for the MA+HT800°C_48 h-Fe3;Sn samples. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

determine the anisotropy field H,, obtaining a value of noH; =2.5T.
Using the well-known approximation:

~HaMS
==
where M is the saturation magnetization (Ms = 122 A m?/kg), we
can obtain an approximated value for the first anisotropy constant:
K;=1.29 MJ/m°>. This value is somewhat lower than the experi-
mental one obtained by B. C. Sales et al. (K; =1.8 MJ/m?) [9] but
closer to the theoretically ones predicted by B. C. Sales et al.
(K1 =1.59 MJ/m>) [9] and P. Nieves et al. (K; =1.47 MJ/m?) [17].
The temperature dependence of the magnetization of the SSR
sample, using a magnetic field pgH=0.01T, is shown in Fig. 4
(right) and a Curie temperature Tc =475 °C has been determined
through the first derivative of the magnetization, dM/dT, a very
similar value to those reported in literature [18]. For the

mechanically alloyed and heat treated sample (MA 800 °C, 48 h),
the Curie temperature was 473 °C, very similar to the SSR sample.

4. Conclusions

The hexagonal Fe3Sn phase has been produced by two different
methods: solid state reaction and mechanical alloying. Solid state
reaction is the most suitable method to obtain the pure FesSn
phase. XRD, SEM and Mossbauer spectroscopy confirm the
extraordinary purity of the alloy. Mechanical alloying and thermal
treatments up to 48 h at 800 °C still shows a 7% bcc-Fe rich phase
present. Magnetic measurements show that the pure phase has
planar magnetic anisotropy, as previously reported in the literature,
with a first constant (K;) value close to the theoretical predictions.
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