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Abstract

The magnetocaloric NisoMnz2sSnes Heusler compound was prepared via ultra-fast and
sustainable microwave synthesis, by using the two ways hybrid microwave heating method. The
structural, microstructural, magnetic and magnetocaloric properties of the prepared specimen
are presented. The functional features of the synthetized sample result comparable with
compounds obtained with other high-temperature preparation techniques that require larger
amount of energy. The proposed time and energy-efficient preparation method could promote the
development of large mass production routes of multifunctional huge-potential Heusler
compounds, exploitable as active materials in thermomagnetic energy conversion machines and
in other technological applications.
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Text

The Heuslers are a wide class of intermetallic compounds showing several multifunctional
properties that make them promising materials for different technological applications [1].
Their extremely flexible structure allows the synthesis of compounds with different
compositions presenting demanded functionalities. Their structural, electronic and magnetic
properties can be tuned, allowing the exploitation, for example, of shape memory, thermoelectric
and multi-caloric effects [1]. Heusler compounds are mainly studied for applications as
mechanical actuators, sensors and as active materials in energy conversion devices, but the
huge potential of this class of materials has not yet fully explored.

During the last decades, a great attention was paid on (Ni,Mn)-based magnetic Heusler
compounds, as promising materials for magnetic energy conversion machines, as magnetic
refrigerators and devices for the harvesting of otherwise wasted thermal energy [2,3].
NisoMnss+xZos.x (with Z = Ga, In, Sn, Sb) Heusler compounds show, for a wide range of
compositions, a large and tuneable magnetocaloric effect (MCE) both at the Curie transition of
the ferromagnetic cubic phase (austenite) and at the first-order martensitic transition [4-8].
The possibility to easily tune their properties, the absence of rare earths and toxic elements and
the high thermal conductivity make this class of materials very interesting for the above
mentioned applications [3,9]. However, the high sensitivity of magnetic and magnetocaloric
properties of these compounds to the composition, microstructure and to the degree of atomic
order, increases the difficulties in preparing homogeneous materials with controlled and
reproducible properties [10-14]. Thus, the development of procedures for the scale-up of
laboratory preparation protocols is a challenging task. Conventionally, Heusler compounds are
prepared by arc-melting [15], induction melting [16] or melt-spinning [17,18]. The use of high
purity elements and a protective atmosphere are not sufficient to ensure a precise control of
chemical composition: indeed, uncontrollable element-dependent weight losses usually occur [1].
Likewise, procedures of re-melting of the sample do not guarantee the required degree of
homogeneity. One of the main causes is the development of high thermal gradients in the sample
during the melting and the subsequent cooling. Long annealing treatments, from days to weeks,
at high temperatures (T > 800K) under protective atmosphere are usually employed in order to
improve the homogeneity of the as-cast samples [5,8].

In this work we introduce the use of Microwave (MW) Assisted Solid State Synthesis method
for Mn-based magnetic Heusler compounds. Previously, only domestic microwave ovens were
used for the preparation of different types of Half-Heuslers, thus without the possibility of a fine
control and monitoring of the process parameters [19-21]. Microwave heating is part of the
electro-heat techniques for heating of materials [22]. The specific feature of this technique is
that the heat is generated inside the sample as a consequence of material-microwaves
interaction, as opposed to other methods based on the transmission of heat from the surface to
the centre of the sample (e.g. classic resistive ovens or arc-furnace) [23]. The synthesis takes
place in extremely short time compared to other methods, and the obtained material usually
possesses very homogeneous properties and does not require further homogenization heat
treatment, with a typical gain in terms of time and energy consumption. Moreover, an extremely
high degree of versatility can be obtained for MW heating based techniques, by varying several
input parameters, among which dielectric and magnetic properties, heating mechanism, load
arrangement/composition and the geometry of the employed microwave cavity have been
recently recognized as the more significant ones [24]. By acting on the above mentioned
parameters it is possible to finely tune the heating rate, to generate volumetric or local heating
and to design demanded temperature profiles (positive, negative or neutral from the surface to
the centre of the material) [25]. Moreover, even if scaling-up possibilities need to be considered

2



on a case to case basis, the above-mentioned versatility typically allows, also with the
fundamental help of numerical simulation [26], together with the possibility to use less
conventional microwave frequencies (with respect to the most widely employed 2450 MHz one)
as well as opportunely designed cavities, to easily overcome limitations and issues arising from
performing larger scale experiments [27].

NisoMnzsSn2s Heusler compound was selected as test material for this work. This composition,
free of critical and expensive elements, shows a Curie temperature of the austenitic phase just
above room temperature and a saturation magnetization slightly lower than that of the
corresponding In-based compound.

The synthesis of the compound was performed starting from elemental powders of Ni (-325
mesh, 99.8% purity), Mn (-325 mesh, 99.5% purity) and Sn (<45 um, 99.8% purity), all of which
were purchased from Alfa Aesar (Karlsruhe, Germany). The powder blend was vigorously
mixed, in the right ratio, in an AlsOs ceramic jar for approximately 30 minutes under vacuum.
Then, cylindrical pellets were prepared by uniaxially pressing 3 g of the powder mixture at 200
MPa in a steel die. The MW-assisted synthesis was performed in a MW single mode applicator
operating at the frequency of 2450 MHz and used in the predominant E-field configuration:
TEion (Transverse Electric mode with 1 semi-period variation of the electric field along the
applicator width, O variations along the applicator height, and n variations along the applicator
length, with n = 2 or 3 in the configuration employed in this work) [28]. The microwave
applicator, schematized in Figure 1, consists of a magnetron generator (MKS-Alter, Reggio
Emilia, Italy) with an output power level set to 1 kW, a three ports circulator and a three-stubs
tuner (MKS-Alter, Reggio Emilia, Italy) based on the WR-340 rectangular waveguide geometry.
The three-stubs tuner and an additional shorting plunger allow realizing impedance matching
operations, thus modifying the electromagnetic field distribution along the MW cavity. To
increase the microwave absorption, thus reducing the heating time, and to limit the
temperature gradient generated during the heating, the “two ways hybrid microwave heating”
mode was utilized. A crucible made of a MW-susceptor (SiC) was used: thus, the susceptor heats
the material from the surface, while the MWs heat it from the core. In this way the material
undergoes a more uniform heating compared to the direct microwave heating, where the centre
often remains at a higher temperature with respect to the surface [22,29]. A layer of low loss
porous alumina was exploited to thermally insulate the crucible without being directly
microwave-heated. Furthermore, a porous alumina lid has been placed over the crucible in order
to limit heat dissipation and the air exposure of the sample.

Different mixtures of powder and irradiation times were used in order to verify possible Mn
losses during the synthesis, due to the experimental setup used. In this work, we report the
results for the preparation conditions as optimized in order to synthesize the stoichiometric
compound (NisoMn2sSnzs). Particularly, the optimal synthesis resulted from a 50:30:20 mixture
of Ni, Mn and Sn powder; the pellet was irradiated with a forward microwave power of 1000 W
for 2 minutes. The measurement of the reflected power during the synthesis process showed
that most of the incoming power was absorbed by the load (sample and the SiC susceptor). This
means that most of the energy was transmitted directly to the material. From the experimental
power vs. time plot collected during the experiment, a total energy consumption of 120 kJ was
calculated, the latter increasing to ca. 170 kd by considering an average magnetron efficiency of
70%. By dividing this value by the mass of the sample treated (i.e. 3 g) the specific energy
consumption value of 57 kd/g is obtained. This value is comparable with the typical energy
consumption to arc-melt similar mass of sample. However, considering the long annealing
treatments usually performed on arc-melted samples, the gain in terms of energy footprint of
the proposed synthesis process is evident. Moreover, it has been demonstrated for different
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microwaves driven processes and equipment, that, regardless of the process and equipment
employed, by moving from a 5 g scale to a 200 g scale, the specific energy consumption decreases,
remaining nearly constant above a 200 g scale, until the full microwave absorption of the
emitted power occurs and the surface to volume ratio of the load is decreased [30].

A special experiment was performed to estimate the temperature reached by the material
during the synthesis. A sapphire fibre (Mikron M680 Infraducer, Mikron Infrared) was
positioned in contact with the sample. The maximum measured temperature during the
synthesis was about 1070 K, after ca. 100 s of MW irradiation. This means that during the
synthesis the sample surface did not reach the melting temperature of the stoichiometric
compound (about 1400 K) [15].

The effective composition of the presented sample (Niso.7:0.2Mn2s.1:0.35n24.2:0.4) Wwas measured by
Energy Dispersive X-Ray Spectroscopy (EDS, Inca-350, Oxford Instruments) on a Scanning
Electron Microscope (ESEM Quanta 200 Fei, Oxford Instruments). The crystallographic phase
was determined through powder X-ray diffraction (XRD) with a PANAlytical X'Pert PRO
diffractometer (Cu-Ka radiation, A = 1.5405 A). The grinded powder was not annealed after the
crushing in order to avoid any possible modification of the crystallographic phase due to the
heat treatment [31]. Figure 2 shows the X-ray pattern collected at room temperature for the
studied composition. The Le-Bail analysis, performed with the Jana2006 software [32],
confirmed the expected cubic L2 structure (space group Fm-3m) of the austenitic Heusler phase
with a cell parameter of 6.030(1) A. The cell parameter is slightly lower than that reported for
NisoMnszsSnes compound in [33]. This small difference can be due to the Ni excess, as observed
in [34]. A secondary phase was identified as the cubic phase of manganese oxide (MnO). This
secondary phase has grown during the synthesis in air of the compound, and it can be avoided
by performing the synthesis in a protected atmosphere. However, in the following it is
demonstrated that the presence of this minority phase does not degrade the functional
properties of the Heusler compound. No traces of NisSnz were observed, differently from [34],
most likely due to the faster cooling rate that the sample undergoes compared to that used in
[34].

Optical microscopy and backscattered electrons SEM images (one example is shown in the inset
of Figure 2), obtained on a polished cross section of the as synthesised specimen, reveal the
presence of a porous microstructure with different phases. From the comparison between the
measured density (6700300 kgm=3) and the theoretical full density (about 8800 kgm),
calculated on the basis of the cell parameter, we estimated a volume porosity of about 24+4%.
The porous microstructure is characteristic of powder metallurgy products and, in this case, it
is promoted by the gases release during the synthesis due to the Mn sublimation, that starts at
970 K, and to the MnO evaporation [35,36]. This was confirmed by the observation of the rise
in Mn loss by increasing the microwave heating (losses of about 5wt% for 2 min of irradiation,
Iwt% for 4 min and 10wt% for 6 min). By combining the information obtained from EDS and
XRD pattern analysis, 3 phases were identified: the main austenitic Heusler phase (light grey
in the SEM image of Figure 2) with grains of several tens of micrometres; the MnO phase, which
is found in correspondence of the pores (dark grey), and a phase that surrounds the austenite,
which can be identified as a y-(N1,Mn) solid solution [15,34]. By increasing the MW irradiation
time, we observed a reduction of the porosity (19+4% for 4 minutes irradiation and 16+4% for 6
minutes irradiation, corresponding to a density of 7100+300 kgm-3 and 7400+300 kgm-3) and
an enlargement of the austenite grains dimension. The observed very rapid grain growth
supports the assumption that MW heating enhances the atomic diffusion compared to other
heating techniques [37], probably due to localized overheating of the particles surface and
electric field concentration in the space existing between particles.



EDS measurements and microscopy observations, performed on different pieces of the prepared
samples, confirmed the very good spatial homogeneity of composition and microstructure. This
was promoted by the pre-mixing of starting powders and by the reduction of thermal gradients
in the sample during the synthesis, through the implementation of the “two ways hybrid
microwave heating” method.

Magnetization measurements of the synthesized compound were performed by a
Superconductive Quantum Interference Device (SQUID) magnetometer (Quantum Design
MPMS-XL5) and a Vibrating Sample Magnetometer (VSM) in the Physical Properties
Measurements System (PPMS) DynaCool (Quantum Design). The magnetization as a function
of temperature was measured between 5 and 350 K in a small applied magnetic field (uoH =
0.01 T) to reveal the presence of magnetic phase transitions. Only the ferro to paramagnetic
transition of the austenitic phase was observed at 315+1 K. The second-order nature of this
transition was confirmed by the Arrott plots (inset of Figure 3), built with the M(7T) data
collected at different applied magnetic fields around the critical temperature (Figure 3). Above
the Curie transition the magnetization is approaching zero, demonstrating that the secondary
phases (MnO and y-(Ni,Mn)) give a negligible contribution to the total magnetization of the
sample. The saturation magnetization of the austenitic phase, measured at 5 K, is 661 Amzkg-
1. comparable with results reported in [38,39]. Instead, the obtained 7. is significantly lower
compared to previous results [38—40], probably due to a different degree of atomic order.

The magnetocaloric performance of the compound was measured by direct and indirect methods.
The isothermal entropy change (Asr) was derived by applying the Maxwell relation at the M(T)
measurements performed around the transition with different applied magnetic fields in the O-
2 T range (Figure 3) [41]. The Asr(T) of the sample is reported in the bottom panel of Figure 4
for three different field changes (uoAH = 1.0, 1.5, 2.0 T). The As7(T) reaches a maximum value
of 1.4 £ 0.1 Jkg'K! for uoAH = 2 T. The adiabatic temperature change (ATw) was directly
measured by an homemade experimental setup based on a Cernox temperature sensor [42]. The
temperature variation of the sample induced by a magnetic field change of 1.0, 1.5 and 2.0 T is
reported as a function of temperature in the top panel of Figure 4. The direct AT
measurements were performed on a parallelepiped sample (¢ =4.6 mm, b = 3.2 mm, ¢ = 1.6 mm)
with the magnetic field applied along the b axis. By considering the ellipsoidal approximation,
a demagnetizing field of about 0.04 T at the maximum AT is estimated. The maximum AT is
0.8 £ 0.1 K for a field change of 2 T. The MCE is completely reversible, as expected in the case
of second order magnetic transitions. The MC parameters result in agreement with previously
published data, considering, for the comparison of the presented results with other NiMnSn
compositions, the linear behaviour of both Asr and ATws with the saturation magnetization
[18,43-45].

In conclusion, it has been shown that Niso)Mn25Snss Heusler compound can be efficiently and
quickly synthesized starting from elemental compacted powders by using microwave heating in
hybrid mode. This method involves the use of a composite crucible formed by SiC susceptors and
an external insulating lining in porous alumina. The prepared sample shows very good
structural, magnetic and magnetocaloric properties, comparable with those reported in
literature for materials synthetized by arc-melting and subsequent long annealing treatments
at high temperature. The here proposed one-step procedure represents an extremely fast
method to produce multifunctional Heusler compounds, with a gain in terms of energy
efficiency, economically feasibility and environmental impact. Moreover, the large adaptability
and the possibility to merge the synthesis and sintering processes to cast customized shapes,
make the presented method a possible solution to develop scale-up routes for a mass production
of Heusler compounds for technological applications.
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Figure 1. Detailed scheme of the microwave single mode applicator used for the synthesis
performed in the predominant E-field configuration with MW SiC susceptor.
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Figure 2 X-ray powder diffraction pattern of the NisoMnzsSnes sample collected at room
temperature. The indexed peaks correspond to the L2; Heusler phase. The # peaks fit the MnO
phase. Inset: Backscattered SEM image of the sample surface.
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Figure 3 Magnetizatio of NisoMnz25Snes as a function of temperature at different applied magnetic
fields (uoH from 0.1 T to 2.0 T). Inset: Arrott plots of the M(T) data.
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Figure 4 Top panel: adiabatic temperature change directly measured on heating (filled symbols)
and on cooling (empty symbols) with an applied magnetic field of 1.0 T (triangles), 1.5 T (squares)
and 2.0 T (circles). Bottom panel: isothermal entropy change derived from magnetization data
for a magnetic field variation of 1.0 T (triangles), 1.5 T (squares) and 2.0 T (circles).



