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ABSTRACT
We report the structural, magnetic, and magnetocaloric characterization of glass-coated Ni42.9Mn37.1Sn20.0 microwires produced by the
Taylor-Ulitovsky method. Microwire samples crystallized into a single-phase austenite with the L21-type crystal structure (space group Fm3m,
lattice parameter a ≈ 6.02 Å) and a Curie temperature of 349 K. A distinctive feature of the produced microwires is that saturation magne-
tization is reached at a very low magnetic field (∼0.15 T). For a magnetic field change of 3 T, the produced microwires showed a reversible
maximum magnetic entropy change ∣ΔSM∣max of 2.3 J kg−1 K−1 and a refrigerant capacity of 197 J kg−1, which are similar to the values reported
by other austenitic NiMnSn alloys produced by rapid quenching techniques.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000549

Heusler-type Ni–Mn–X (X = Ga, In, Sn, and Sb) alloys have
been the focus of considerable attention in the last 20 years
due to their multifunctional properties linked to the first-order
martensitic-like phase transition that each of these systems shows for
a given restricted compositional interval.1 The observation of giant
magnetocaloric and mechano-caloric effects in alloys derived from
these ternary alloy systems has been one of the most impor-
tant research branches encouraged by the interest in developing
new solid-state refrigeration devices. Depending on the chemical
composition, the martensitic transformation may lead to a mag-
netostructural transformation from a ferromagnetic austenite to
a ferromagnetic or weak magnetic martensite.1,2 Otherwise, the
alloy crystallizes into a ferromagnetic austenite for which the Curie

temperature (TC
A) lies around room temperature.1,2 In this sys-

tem, austenite may present either a cubic highly ordered L21-type
or disordered B2-type crystal structure.2,3

From the viewpoint of caloric effect applications, microwire
shape brings the significant advantage of a high surface-to-volume
ratio; in addition, some works report on a significant reduction
of the magnetic field needed to reach saturation magnetization
suggesting that a substantial shape anisotropy is induced along
the microwire cylindrical axis during the fabrication process.4–9

However, to date, little information exists about the synthesis and
properties of (Ni–Mn)-based Heusler-type magnetic microwires.
Moreover, previous investigations on the magnetic and magne-
tocaloric properties of (Ni–Mn)-based microwires have mainly
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focused on alloys undergoing a magnetostructural martensitic
transformation and the properties related to it.4–10 The Taylor-
Ulitovsky technique can produce long and continuous glass-coated
microwires.11 The coating not only helps to avoid undesirable effects
such as oxidation but also to improve the microwires’ mechanical
stability which is one of the main drawbacks of these materials for
applications due to their fragility. The manipulation is also facilitated
by the glass coating.

In the present work, we report the synthesis of single-phase
austenitic Ni–Mn–Sn microwires together with the characterization
of their structural, magnetic, and magnetocaloric properties (the
latter were assessed through the second-order ferromagnetic tran-
sition of austenite). They were produced by the Taylor-Ulitovsky
technique and studied by X-ray diffraction, scanning electron
microscopy (SEM), and magnetization measurements.

First, a bulk arc-melted alloy with a nominal composition of
Ni50Mn25Sn25 was prepared from pure elements (99.9% or better)
under a highly pure argon atmosphere. A 10% wt. of Mn was added
to compensate for the loss by evaporation in both the arc melt-
ing and Taylor-Ulitovsky processes. The sample was flipped and
melted several times to improve its starting chemical homogene-
ity. From this ingot, a long glass-coated microwire was fabricated
by the Taylor-Ulitovsky method. The microstructure and elemen-
tal chemical composition were studied in a VEGA 3 TESCAN
scanning electron microscope (SEM) equipped with an energy-
dispersive spectroscopy (EDS) system. The X-ray diffraction (XRD)
pattern at room temperature was recorded in a Rigaku D/MAX
Rapid II diffractometer with MoKα radiation. Before to XRD
analysis, the glass was removed from the microwire. Magnetization
measurements were performed by vibrating sample magnetometry
(VSM) in a Quantum Design PPMS VersaLab system. These mea-
surements were done for a 7 mm long glass-free single microwire;
the magnetic field was applied parallel to the longitudinal or fabri-
cation direction to make the internal demagnetizing magnetic field
negligible.

The SEM micrographs of Fig. 1(a) show a typical view
of the physical dimensions and polycrystalline nature of the
fabricated microwires (which are formed by micronic in size grains).
The average diameter of the metallic nucleus was around 140–160
μm; the average was determined by SEM observation of the cross-
section of six different microwire sample pieces. Semiquantitative
EDS analyses performed on several microwire pieces revealed a
shift of the elemental chemical composition from the nominal value

FIG. 1. SEM images showing the cross-section of the produced microwires.

(50:25:25) to Ni 42.9 at. %, Mn 37.1 at. %, and Sn: 20.0 at. % (with an
approximate error in the determination of 0.2 at. %).

Fig. 2(a) shows the XRD pattern recorded for a single glass-
free microwire. All the diffraction peaks were correctly indexed
based on a cubic L21-type crystal structure with space group Fm3m.
Notice that high-intensity reflections appear for Miller indices (111),
(200), (220), (422), (440), and (620) (located at 2θ values of 11.9○,

FIG. 2. Room temperature X-ray diffraction pattern (a), M(T) curves measured
on cooling and heating at different magnetic fields as the double arrows indicate
(Inset: dM/dT(T) curve at 10 mT) (b), and hysteresis loops measured at different
temperatures (c) for the produced microwires.
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FIG. 3. Arrott plots (a) and the set
of isothermal magnetization curves
from which they were obtained (inset),
ΔSM(T) curves for applied magnetic field
changes ranging from 0.5 to 3.0 T (b),
temperature dependence of exponent
n (c), and universal ΔSM/ΔSM

max

curves (d) obtained for the produced
microwires.

13.7○, 19.4○, 33.8○, 39.3○, and 44.2○, respectively). The lattice para-
meter a calculated for the L21-type structure was 6.02 Å, which is
close to the one reported in Ref. 2 for the Ni50Mn30Sn20 bulk alloy
(6.024 Å). Fig. 2(b) displays the thermomagnetic M(T) curves
measured on heating and cooling from 100 to 395 K under static
magnetic fields of 10 mT, 50 mT, and 1 T (the temperature sweep
rate was 1.0 K min−1). From the minimum in the dM/dT(T) curve
measured at 10 mT, plotted at the inset of the figure, we found a
Curie temperature TC

A for austenite of 349 K. This value is slightly
above the 340 K value reported in Ref. 2 for the Ni50Mn30Sn20 bulk
alloy but is in good correspondence with the TC

A dependence with
the average valence electron concentration per atom e/a reported in
Ref. 1 (for Ni50Mn30Sn20 e/a equals 7.906 vs 7.7 for the microwires).
It is also worth noting the little difference in magnetization between
the M(T) curves measured at 50 mT and 1.0 T. This denotes that
saturation magnetization is reached at a low magnetic field strength
(around 0.15 T), as better viewed in the magnetic rectangular-shaped
hysteresis loops measured at 100 and 300 K of Fig. 2(c). This fea-
ture suggests that the easy magnetization direction of the grains
in the microwire tends to be parallel to the wire cylindrical axis,
a fact that could be a result of the could be a result of the ten-
sile stress applied to the alloy during solidification and glass-coating
processes.

The inset of Fig. 3(a) shows the set of isothermal magne-
tization M(μ0H) curves measured from 200 to 400 K (one each
2 K) up to a maximum magnetic field of 3 T across the magnetic
transition. The second-order nature of the magnetic transition is
highlighted by the foreground graph that shows the Arrott plots

progressively changing their concavity, from negative to positive,
when the temperature increases from the ferro to the paramagnetic
region (below and above 349 K, respectively). From the set of
isotherms, the thermal dependencies of the magnetic entropy
change, the ΔSM(T) curves, were obtained numerically integrat-
ing the Maxwell relation. They are shown in Fig. 3(b), together
with the magnetic field change dependence of ∣ΔSM∣max (shown in
the inset). As previously stated, their remarkable feature is their
saturation at low magnetic fields in the ferromagnetic region. The
refrigerant capacity RC was determined as follows: (a) RC-1 from
the product ∣ΔSM∣max × δTFWHM, where δTFWHM is the full-width at
half-maximum of the ΔSM(T) curve (i.e. δTFWHM = Thot − Tcold),
and; (b) RC-2 calculating the area below the ΔSM(T) curve between
Thot and Tcold (i.e., RC − 2 = ∫ Thot

Tcold
ΔSM(T)dT).12 The most sig-

nificant values of the magnetocaloric properties of the produced
microwires are summarized in Table I; for the sake of comparison,
the table also lists the reported ∣ΔSM∣max and RC values for austenite
in alloys produced by rapid solidification. ∣ΔSM∣max and RC reached
similar values to those reported in the literature for Ni–Mn–Sn alloy
produced by rapid quenching methods.4,13,14

For materials with second-order phase transition, ∣ΔSM∣max fol-
lows the scaling law ∣ΔSM∣max ∝ (μ0ΔH)n, where n is a critical
exponent (that for ferromagnets following the mean-field model
equals 0.66), and the relationship ΔSM/ΔSM(Tr) vs the rescaled
temperature θ, defined as θ =(T − TC)/(Tr − TC), should
collapse into the universal curve.15 Fig. 3(c) displays the temper-
ature dependence of n whereas Fig. 3(d) shows the experimen-
tally determined universal curve. For the present samples n = 0.76
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TABLE I. Comparison of ∣ΔSM∣max, RC-1, and RC-2 and values obtained for Ni42.9Mn37.1Sn20.0 microwires with data reported in the literature for austenite in other (Ni–Mn)-based
alloys produced by rapid solidification techniques.

Alloy composition TC
A (K) μ0ΔH (T) ∣ΔSM∣max (J kg−1 K−1) RC-1 (J kg−1) RC-2 (J kg−1) References

Ni42.9Mn37.1Sn20.0 349 3 2.3 197 145 This workMicrowires 2 1.7 123 92
Ni50Mn37Sn13 ribbons 315 1.8 1.4–1.9 ⋅ ⋅ ⋅ 45-56 13
Ni45.6Fe3.6Mn38.4Sn12.4 microwires 298 2 2.0 175 215 14
Ni49Mn23.5In17.5 microwires 246 3 2.0 ⋅ ⋅ ⋅ 120 4

(at 346 K), which is slightly above the expected value for an ideal
ferromagnet.

To conclude, this work demonstrates the feasibility of the
Taylor-Ulitovsky technique to fabricate single-phase glass-coated
austenitic microwires in the Ni–Mn–Sn system that can be mechan-
ically manipulated due to the ductility provided by the glass
sheath. Austenite crystallized into a highly ordered L21-type crystal
structure with a Curie temperature slightly above room tempera-
ture showing magnetocaloric properties linked to the second-order
magnetic transition, which compare favorably with those reported
for this phase in alloys with a similar composition. The isother-
mal magnetization curves suggest the preferential orientation of
the easy magnetization direction of the micronic grains in the
microwires along the fabrication direction, opening a way to further
optimization via the adequate control of the processing parameters.
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