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ABSTRACT: A promising magnetic refrigerant, AlFe,B,, has been
prepared for the first time by microwave (MW) melting of a mixture
of constituent elements. For comparison, samples of AlFe,B, have
been also prepared by arc-melting, traditionally used for the
synthesis of this material, and by induction (RF) melting, which Hgeten
was used in the very first report on the synthesis of AlFe,B,.  Melting
Although an excess of Al has to be used to suppress the formation of
ferromagnetic FeB, the other byproduct, Al ;Fe,, is easily removed
by acid treatment, affording phase-pure samples of AlFe,B,. Our
analysis indicates that the equimolar Fe/B ratio typically used for the
preparation of AlFe,B, might not provide the best synthetic
conditions, as it does not account for the full reaction stoichiometry.
Furthermore, we find that the initial Al/Fe loading ratio strongly
influences magnetic properties of the sample, as judged by the range of ferromagnetic ordering temperatures (T = 280—293 K)
observed in our experiments. The T value increases with the decrease in the Al/Fe ratio, due to the change in the Al/Fe antisite
disorder. The use of the same Al/Fe loading ratio in the arc-, RF-, and MW-melting experiments leads to samples with a more
consistent T of 286—287 K and similar values of the magnetocaloric effect.
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B INTRODUCTION

Room-temperature magnetic refrigeration is an appealing
emerging technology that improves on current vapor
compression refrigerants by offering higher cooling efficiencies
and eliminating the emission of greenhouse gases.l This
cooling method relies on the magnetocaloric effect (MCE),
first reported by Weiss and Piccard in 1917.> The MCE is
characterized as a reversible adiabatic temperature change or a
reversible isothermal entropy change upon application and
removal of an external magnetic field. The research on
magnetocalorics has skyrocketed since 1997, with the
discovery of a giant MCE near room temperature (RT) in
Gd,Si,Ge,.” Since then, a number of other giant-MCE
materials have come to the forefront of this research area,

The presence of FeB in the arc-melted samples of AlFe,B,
can be avoided by using an excess of aluminum, while the
Al};Fe, byproduct can be dissolved in dilute hydrochloric acid
(HCl). Using this approach, our group achieved the first
synthesis of phase-pure bulk AlFe,B,.” In the same work, we
also demonstrated that phase-pure AlFe,B, could be obtained
by a stoichiometric reaction between elements in Ga flux,
which was subsequently removed by treatment with a solution
of iodine in N,N-dimethyformamide (DMF). In contrast to
arc-melting, this method is more laborious, albeit Ga, if
desired, can be almost quantitatively recovered by chemical or
electrochemical reduction of the obtained Gal; solution in
DMF.

Given the growing interest to the magnetocaloric properties

although many of them contain expensive or toxic elements.*™°

In recent years, AlFe,B, has become one of the most
investigated systems among magnetocalorics composed of
earth-abundant elements.”® The near-RT magnetic ordering
and soft ferromagnetism observed for this material are
desirable parameters for the practical implementation of
magnetocalorics in household cooling technologies. Never-
theless, despite the progress made in understanding the
magnetic structure’ and the nature of magneto-structural
coupling'® associated with the FM ordering in AlFe,B,, the
synthesis of this material remains thwarted by the presence of
impurity phases, such as FeB and Al;Fe,, which exhibit
ferromagnetism and paramagnetism, respectively, at the Curie
temperature (T¢) of AlFe,B,.""

© 2020 American Chemical Society
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of AlFe,B,, we have considered alternative protocols for the
synthesis of this material, which, thus far, has been commonly
obtained by arc-melting.'> Only a few works reported
alternative methods. Beyond the aforementioned synthesis in
Ga flux, AlFe,B, was also prepared in Al flux (in a so-called
self-flux process), which allowed the growth of sufficiently large
single crystals.”>™"> Application of spark-plasma sintering
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allowed the synthesis of compacted powder and partial
substitution of Co for Fe, which was challenging to achieve
by arc-melting.'> Melt-spinning of a stoichiometric mixture
was claimed to lead to a nearly phase-pure AlFe,B,, with less
than 2% of FeB impurity.'® Surprisingly, no efforts have been
reported to reproduce the very first synthesis of AlFe,B, by
Jeitschko, who obtained single crystals of this material by
induction (RF) melting."” Driven by this lapse, we set out to
reinvestigate the synthesis of AlFe,B, by RF-melting, as well as
to apply a more accessible technique appropriate for fast
heating of metal-containing compositions, i.e., microwave
(MW) melting. Applications of MW heating to the synthesis
of solid-state materials are likely to expand, given the simplicity
of the experimental setup and rapid and uniform heating of
samples afforded by MW irradiation.'® Herein, we describe a
comparative study of the synthesis and magnetic properties of
AlFe,B, obtained by arc-, RF-, and MW-melting. We
demonstrate that the MW technique allows for the rapid
synthesis of AlFe,B,, with the quality of the material
comparable to that obtained by the more traditional arc-
melting method.

B MATERIALS AND METHODS

Starting Materials. All manipulations during sample preparation
were carried out in an Ar-filled drybox (content of O, < 0.5 ppm).
Powders of aluminum (99.97%), iron (99.8%), and crystalline boron
(98%) were obtained from Alfa Aesar. The iron powder was
additionally purified by heating in a flow of H, gas at 500 °C for 5
h. The other materials were used as received.

Method 1: Arc-Melting. Starting materials were mixed in Al/Fe/
B ratios of 3:2:2 and 3:2.6:2 (the total mass of each sample was 0.35
g) and pressed into pellets. Each pellet was arc-melted under argon
and flipped each time between 4 consecutive meltings to ensure
uniform processing. The resulting ingots were sealed under vacuum
(~107* Torr) in fused silica tubes of 10 mm inner diameter (i.d.) and
subjected to homogenizing annealing at 900 °C for 1 week, followed
by cooling to RT in a switched-off furnace.

Method 2: Induction (RF) Melting. Starting materials were
mixed in Al/Fe/B ratios of 7:7:6 and 3:2.6:2 (the total mass of each
sample was 0.35 g) and pressed into pellets. Each pellet was loaded
into an alumina crucible (3 mL) that was placed into a larger alumina
crucible with Ta foil lining the space between the walls of two
crucibles. The assembly was suspended inside a silica tube placed in
the center of a 3 kW radio frequency (RF) coil (Hiittinger) inside an
Ar-filled drybox. The temperature of the sample was monitored with a
pyrometer. The pellet was heated to ~1600 °C in ~12 min, kept at
that temperature for 1 h, and cooled to RT at ~50 °C/min.
Homogenizing annealing of the ingot was performed as described in
Method 1: Arc-Melting.

Method 3: Microwave (MW) Melting. Starting materials were
mixed in the Al/Fe/B ratio of 3:2.6:2 (the total mass of the sample
was 0.50 g), pressed into a pellet, and loaded into an alumina crucible
(3 mL). The crucible was sealed under vacuum (~107* Torr) in a
fused silica tube of 10 mm i.d. Dry glass wool was loaded below and
above the alumina crucible to prevent possible collapse of the silica
tube during rapid MW heating of the sample. The tube was placed in
a MW reactor operating at 0.5 kW and heated for 5 min, after which
the reactor was turned off. After cooling to RT, the tube was open in
air, and the sample was transferred to a new silica tube, sealed under
vacuum, and subjected to homogenizing annealing as described in
Method 1: Arc-Melting.

The samples obtained by all three methods contained Al;Fe,
byproduct, which was removed by stirring each sample in a dilute HCI
solution (1:1 v/v) for ~10 min, following the protocol described
earlier.” The phase purity of the resulting samples was confirmed by
powder X-ray diffraction (PXRD).

Powder X-ray Diffraction. Room-temperature PXRD was carried
out on a Panalytical X'Pert Pro diffractometer with an X’Celerator
detector using Cu Ka radiation (1 = 1.54187 A). Each pattern was
recorded in the 26 range from 10° to 80° with a step of 0.05° and the
total collection time of 1 h. The analysis of PXRD patterns was carried
out with the HighScore Plus software (Panalytical)."

Physical Measurement. Elemental analysis was carried out on a
JEOL 5900 scanning electron microscope with an energy-dispersive
X-ray (EDX) microanalysis. All magnetic measurements were
performed on polycrystalline samples using a Quantum Design
SQUID magnetometer MPMS-XL. Temperature-dependent magnet-
ization was measured in the range of 1.8—390 K under an applied field
of 0.01 T. To calculate the MCE values, magnetization isotherms were
recorded at temperatures 40 K above and below the Curie
temperature (T¢) of each sample, with the magnetic field varied
from 0 to 5 T. The temperature was changed in a variable increment,
with smaller steps taken around the T.

B RESULTS AND DISCUSSION

Synthesis of AlFe,B,. The most conventional method
used for the synthesis of AlFe,B, is arc-melting (see Table 1

Table 1. Summary of Works That Reported the Synthesis of
Phase-Pure AlFe,B,

synthesis post-annealing acid treated
method (yes/no) Al/Fe/B ratio (yes/no) reference
arc-melting Y 3/2/2 or Y this
3/2.6/2 work
RF-melting Y 7/7/6 or Y
3/2.6/2
MW-melting Y 3/2.6/2 Y
arc-melting Y 3/2/2 Y 7 and 21
annealing (Ga Y 1.5/1.8/2 Y 7
flux) (+10 Ga)
arc-melting Y 1.5/2 (Al/ Y 9
FeB)
arc-melting Y 3/2/2 Y 22
annealing Y 5/3/2 Y 13
(self-flux)
annealing Y 1.5/1.5/2 Y 14
(self-flux)
arc-melting Y 1.5/2/2 Y 23
arc-melting Y (2-3)/2/2 Y 15
annealing Y (2—-6)/2/2 Y
(self-flux)
melt-spinning Y 1/2/2 N 16
arc-melting Y 1.5/2 (Al/ Y 24
FeB)
arc-melting Y 1.2/2/2 N 11
RF-melting” N 7/7/6 Y 17

“Crystals were selected from a multiphase sample.

and references therein). Under stochiometric conditions, the
major phase formed is AlFe,B,, but one also observes Al ;Fe,
or FeB as byproducts, depending on the Al/Fe/B ratio. The
presence of FeB is problematic, as it is extremely difficult to
eliminate this compound from the product mixture. Therefore,
an excess of Al has been used to suppress the formation of
FeB.”® For example, annealing a sample with the Al/Fe/B ratio
of 3:2:2 results in the formation of AlFe,B, contaminated only
with Al ;Fe,. The latter can be readily removed by treating the
mixture with dilute HCI (1:1 v/v). The treatment should be
kept short (~10 min) to avoid the loss of AlFe,B,, which also
dissolves in dilute HCl but at a much slower rate. A
comparison of PXRD patterns at different stages of the

https://dx.doi.org/10.1021/acs.inorgchem.0c01731
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Figure 1. PXRD patterns of AlFe,B, obtained by arc-, RF-, and MW-melting, followed by homogenizing annealing. The Al,;Fe, impurity peaks are
labeled with asterisks. The calculated PXRD patterns for AlFe,B, and Al ;Fe, are provided for comparison. The intensity redistribution, as
compared to the calculated pattern of AlFe,B,, is caused by the texturing effect due to preferred faceting of crystallites parallel to the (0k0) planes.

reaction workup clearly demonstrates a dramatic improvement
in the sample purity after treatment with HCI (Figure 1).

An alternative route to the synthesis of AlFe,B, is RF-
melting, which was used by Jeitschko in one of the first
reported syntheses of this compound in 1969'7 (the other
report, published in the same year, used the arc-melting
technique®’). We found that RF-melting also led to the
presence of an Al;Fe, impurity (Figure S1), which had to be
removed by dissolution in dilute HCI. Once the ingot obtained
by RF-melting a pelletized mixture of elements had been
crushed and treated with HCI, the PXRD pattern of the
resulting sample revealed a phase-pure AlFe,B, (Figure 1).

The presence of the Al;Fe, impurity is intrinsic to any
synthetic protocol that aims to produce AlFe,B, from Al-rich
mixtures. The majority of works that reported phase-pure
AlFe,B, achieved their target by employing the postsynthetic
treatment with dilute acid (Table 1). Strangely, another aspect
of this synthesis appears to have been overlooked. Since
Al;Fe, forms as a byproduct, the reaction that uses an
equimolar Fe/B ratio is inevitably nonstoichiometric with
respect to the synthesis of AlFe,B,:

aAl + bFe + ¢B = pAl;Fe, + qAlFe,B, (1)

It is easy to see that eq 1 simply cannot be balanced, because
for any positive values of p and q we find that b > ¢; thus, the
equimolar condition cannot be satisfied. Indeed, by performing
PXRD analysis immediately after melting the mixtures of
elements taken in the Al/Fe/B ratios of 3:2:2 (arc-melting”) or
7:7:6 (RF-melting'”), we found traces of AlB, in the reaction
products (Figure S2). Of course, the formation of AlB, can be
attributed to the highly nonequilibrium conditions of these
high-temperature synthetic procedures, but it can also be

12627

understood as the need to balance the formation of Al;Fe,,
which decreases the Fe/B ratio below the value of 1, required
for the stoichiometric formation of AlFe,B,. The homogeniz-
ing annealing at 900 °C led to the disappearance of the AIB,
byproduct (at the level of PXRD sensitivity), which is likely
explained by its reaction with some amount of Al ;Fe, to form
more of AlFe,B,. Nevertheless, balancing eq 1 requires some
other byproduct to be present in the reaction mixtures that
used the equimolar or nearly equimolar Fe/B ratio in the
nominal composition. We suggest that the annealed samples
might contain traces of amorphous boron not detectable by the
PXRD analysis.

With these considerations in mind, we decided to move
away from the typical stoichiometry reported for the synthesis
of AlFe,B, by arc-melting or RF-melting and to follow the
stoichiometry dictated by a balanced chemical equation, for
example:

3Al 4 2.6Fe + 2B =~ 0.15Al,;Fe, + AlFe,B, Q)

We found that using such a stoichiometry results in the
disappearance of the AlB, byproduct from the PXRD patterns
recorded for the arc- or RF-melted samples prior to
homogenizing annealing. Consequently, we used this stoi-
chiometry to develop a new method for the synthesis of
AlFe,B,.

An appealing alternative to the arc- and RF-melting methods
is microwave (MW) synthesis,"®**~>* which has been proven
effective for the preparation of intermetallics compounds, e.g,,
Ti,SiC,,*” MnFe,Si,”" and Mg,Sn.”" The MW heating provides
for concentrated delivery of thermal energy to the metallic
mixture.”” Such rapid heating, however, should be carefully
controlled to avoid an implosion of the evacuated tube that

https://dx.doi.org/10.1021/acs.inorgchem.0c01731
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Figure 2. Scheme of the microwave reactor setup and the visual progression of the synthesis of AlFe,B, in the MW cavity as a function of time from
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Figure 3. Temperature dependence of field-cooled magnetization of AlFe,B, for the arc- and RF-melted samples prepared with different Al/Fe/B
ratios (a) and for the arc-, RF-, and MW-melted samples prepared with the same ratio (b). The insets show an enlarged portion of the plots near

the FM ordering temperature.

encloses the crucible with the reactants. We found that adding
glass wool above and below the alumina crucible provides
sufficient heat insulation, making the quartz tube stable for a
longer time. The mixture of elements taken in the Al/Fe/B
ratio of 3:2.6:2 was subjected to 5 min of heating in a 0.5 kW
MW reactor, which led to the fast increase in the temperature
of the reactants (Figure 2). After homogenizing annealing at
900 °C, PXRD revealed AlFe,B, as the major phase and
Al Fe, as a byproduct (Figure S1), which was eliminated by
treatment with dilute HCI to yield a phase-pure AlFe,B,
(Figure 1).

When the three methodologies discussed in this paper are
compared, all of them are valid methods for the synthesis of
AlFe,B,, although an additional treatment with acid is required
to achieve a phase-pure sample. Given the interest of AlFe,B,
as a promising magnetic refrigerant, we decided to compare
the magnetic and magnetocaloric properties of the materials
obtained by different synthetic techniques.

12628

Magnetic Properties and Magnetocaloric Effect.
Magnetic measurements performed on the samples that were
synthesized using the earlier reported Al/Fe/B ratios of 3:2:2
(arc-melting) and 7:7:6 (RF-melting) revealed the FM
ordering at T = 280 and 293 K, respectively (Figure 3a; the
T¢ values were determined from the Arrott plots shown in
Figure S3). On the other hand, the arc-melted and RF-melted
samples prepared with the 3:2.6:2 ratio showed Tc = 286 and
287 K, respectively, which was similar to T¢ = 287 K
determined for the MW-melted sample prepared with the same
ratio (Figure 3b). Recently, Lejeune et al. have shown that the
T for AlFe,B, is sensitive to antisite defects that result in a
narrow stoichiometry range according to the formula
Al;_/Fe, B, (-0.01 <y < 0.01).** Despite the narrowness
of this range, it has been established that the T value increases
from 280 to 315 K as the Al/Fe ratio decreases. These findings
explain the variation in T observed for our samples: the
decrease in the Al/Fe loading ratio also leads to higher FM

https://dx.doi.org/10.1021/acs.inorgchem.0c01731
Inorg. Chem. 2020, 59, 12625—-12631
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ordering temperatures, while the samples prepared with the
same loading ratio of 3:2.6:2 show very similar T values
(Table 2). Thus, although the excess of Al is used in these

Table 2. Magnetic Properties of the Samples of AlFe,B,
Prepared by Different Methods

synthetic method ~ Al/Fe/B ratio T, K —ASy, Jkg' K™ (2 T/5T)
arc-melting 3:2:2 280 ~2.62/5.56
3:2.6:2 286 3.75/7.21
RF-melting 7:7:6 293 ~3.10/6.75
3:2.6:2 287 3.38/6.47
MW-melting 3:2.6:2 287 3.31/6.45

reactions to suppress the formation of the FeB byproduct,
while the Al ;Fe, byproduct is subsequently removed by acid
treatment, it appears, quite reasonably, that the larger excess of
Al favors Al-enriched antisite defects (y < 0) in Al,_ Fe,,,B,.

The influence of the Al/Fe loading ratio on the magnetic
properties can also be seen in the evolution of field-dependent
magnetization measured at 1.8 K. The saturation magnet-
ization values found for the arc-melted sample with the Al/Fe/
B = 3:2:2 ratio and the RF-melted one with the 7:7:6 ratio
were 0.93 and 1.28 i, per Fe atom, respectively (Figure 4a). In
contrast, the values found for the arc-, RF-, and MW-melted
samples prepared with the 3:2.6:2 ratio were more consistent,
1.23, 1.13, and 1.11 ug per Fe atom, respectively (Figure 4b).
These values are comparable to the range of magnetization
values reported for AlFe,B,."”

The magnetocaloric effect was measured as a magnetic
entropy change (AS,,) calculated for each sample from a set of
magnetization isotherms (Figure S3) collected within the
range of 40 K below and above the T value. The Maxwell eq 3
was approximated with the sum (4):

Hmax
AS. (T, AH) = f (a—M) dH
0 H

oT (3)
H,
mx A — M.
AS (T, AH) = )’ ———=1AH
o L= T (4)

where T; — T,_, is the incremental change in temperature, M;
— M,_, is the incremental change in magnetization, and AH is

the change in the magnetic field. Using eq 4, —AS, was
calculated for each sample for H,,, = 2 and S T (Table 2).
The change in the Al/Fe loading ratio, clearly, results in the
large variation in the T and — AS, values, with the Al-richer
content being detrimental to the MCE (Figure Sa). Even
taking into account the substantial error involved in the
indirect MCE measurement with eq 4, the decrease in the
magnitude of the MCE peak for the arc-melted sample with
the Al/Fe/B ratio of 3:2:2 is obvious. Keeping the same
loading ratio, Al/Fe/B = 3:2.6:2, results in more consistent
MCE values as shown by the comparison of samples prepared
by different methods (Figure Sb). Among these, the maximum
MCE was observed for the arc-melted sample, —AS,, = 3.75 J-
kg 'K 'at H,,, =2 T and —AS,, =721 JkgT"K ' at H,,, =
5 T, with the values for the RE- and MW-melted samples being
only slightly lower. These values are in good agreement with
those previously reported by us’ and other groups.'¥**~

B CONCLUSIONS

This work demonstrates the utility of three different synthetic
routes for the preparation of AlFe,B,, with the introduction of
microwave (MW) melting as a new technique for the synthesis
of this material. The magnetic and magnetocaloric properties
of the MW-melted sample are similar to those measured on the
arc- and RF-melted samples, as long as the samples are
prepared with the same Al/Fe/B loading ratio. The increase in
the Al loading results in the decrease in the ferromagnetic
ordering temperature (T.) and deterioration of magneto-
caloric properties. Such behavior is well explained by the
recently demonstrated influence of minor deviations from the
ideal 1:2:2 stoichiometry on the T value of AlFe,B,.
Interestingly, the change in the synthetic method has a
relatively weak influence on the magnetic ordering and
magnetocaloric effect.

We also find that, from the synthetic point of view, the initial
loading that uses an equimolar Fe/B ratio is not optimal for the
synthesis of AlFe,B,. Indeed, the intentional formation of the
Al ;Fe, byproduct, to avoid the presence of a ferromagnetic
FeB impurity, necessitates the use of nominal loadings with
Fe/B > 1 to satisfy the reaction stoichiometry. It will be
interesting to explore this oversight in the synthesis of AlFe,B,
to understand whether the stoichiometrically correct synthesis
can be used to improve the yield of the target phase and how it
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Figure 4. Field-dependent magnetization of AlFe,B, measured at 1.8 K for the arc- and RF-melted samples prepared with different Al/Fe/B ratios
(a) and for the arc-, RF-, and MW-melted samples prepared with the same ratio (b).
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Figure S. Magnetic entropy change of AlFe,B, calculated for the indicated magnetic field change for the arc- and RF-melted samples prepared with
different Al/Fe/B ratios (a) and for the arc-, RF-, and MW-melted samples prepared with the same ratio of 3:2.6:2 (b).

can influence the magnetic properties. Results of such studies
will be reported in due course.
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