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ABSTRACT
Two different heat treatments have been carried out on similar Mn1−xNi1−xFe2xSi0.95Al0.05 compositions with magnetostructural transitions
between hexagonal and orthorhombic crystal structures around room temperature. The samples were analyzed concerning their structural,
microstructural, magnetic, and caloric properties. The results show that the introduction of a high-temperature step, before the heat treatment
(1073 K/7 days) usually used in the literature for such compounds modifies the microstructure, leading to sharper transitions with shorter
transition widths, and stronger latent heat peaks. Magnetic field-assisted calorimetry and vibrating sample magnetometry provide methods
to assess the effect of magnetic field on the broad transitions for the sample with x = 0.32 and the sharp transitions seen in the sample with
x = 0.31.
© 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/10.1063/9.0000511

INTRODUCTION

To fully realize solid-state cooling by magnetic refrigeration,
further understanding of the impact of microstructure on the mag-
netocaloric effect is required. Modification of the microstructure
can influence transition kinetics, leading to stronger, more efficient
transformations, while lowering hysteresis.1 Besides microstructure,
new compositions that modify the intrinsic aspects of transitions
and allow for higher reversibility also need to be explored.

In this context, the MM’X compounds (where M and M’ are
transition metals and X is a p-block element) are promising candi-
dates for use with room temperature (RT) magnetic heat conversion
technologies.2–5 This is due to their versatile martensitic (diffusion-
less) transitions between a ferromagnetic martensite orthorhombic
(TiNiSi structure-type, space group: Pnma) crystal structure and a
paramagnetic austenite with a hexagonal structure (Ni2In structure-
type, space group: P63/mmc). This can lead to a strong isothermal
entropy change (ΔSm) and reasonable adiabatic temperature change
(ΔTad). Such magnetostructural transitions (MSTs) are only possible

by substituting one or more elements from the parent MM’X com-
pound, which in turn modifies the structural transition temperature
(Tstr) and Curie Temperature (TC) of both structures, making them
coincide.

Recently, modifications of the (2a) Mn site by Fe and (2c) Si site
by Al (when referring to the hexagonal crystal structure) successfully
induced Tstr towards RT.2,4,6 Similarly, (2d) Ni site substitution by
Fe has also been discussed.7 In previous reports, MM’X materials
have been produced by arc melting succeeded by thermal treatment
at temperatures around 1073 K (800 ○C) for an extended period of
time (4–7 days), followed by quenching to RT.2,4,8,9 However, little
attention has been given to alternative heat treatment procedures for
this kind of materials.

In this article, we report on the properties of two
Mn1−xNi1−xFe2xSi0.95Al0.05 compounds synthesized by arc melting
which are heat treated by two different methods: with a single
1073 K step for 168 hours (sample A), and a 1073 K step for
168 hours preceded by a high temperature step at 1323 K for 5
hours (sample B), being quenched in water afterwards. Further
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FIG. 1. Temperature-dependent magne-
tization for sample A and B evidencing
the change in the magnetic transition
due to the two different heat treatment
procedures.

description of experimental and characterization methods is given
in the supplementary information.

RESULTS

The magnetic transitions with an applied field of 0.5 T are
presented in the temperature-dependent curves in Fig. 1. They are
characterized by a decrease (or increase) of the magnetization during
heating (or cooling) of the ingots. Transition values obtained from
VSM are summarized in Table S1 in the supplementary material.
The Tstr value is determined from the derivative of the magnetiza-
tion. The transitions in sample A (Fig. 1(a)) are broad and occur at
314 and 286 K during heating and cooling, respectively. The magne-
tization values during heating are changing from 55 to 8 Am2/kg
(ΔM = 47 Am2/kg) in a temperature range of 57 K, from 272 to
329 K. The hysteresis values are also very high, reaching up to 27 K
between the two transformations. In sample B, the transitions occur

at 290 and 278 K during heating and cooling respectively, and are
sharper, as indicated by the higher derivative of magnetization with
temperature, seen in the inset of Fig. 1(b). The hysteresis values for
sample B are also smaller than for sample A, reaching up to 11.3 K.
An interesting feature of the cooling curve is the presence of two
derivatives, indicating two different values for Tstr. During the heat-
ing procedure, the magnetization in sample B changes from 66 to
17 Am2/kg (ΔM = 49 Am2/kg) in a temperature interval of 15 K,
between 282 and 297 K. Therefore, the shifts in magnetization occur
within smaller temperature spans in sample B, compared to sam-
ple A. To understand the difference between the transitions for the
two samples, Powder X-ray Diffraction was carried out at RT, and
is referred to in the supplementary material. The results indicate
very similar phase contents between sample A and B. The way that
such phases are distributed along the microstructure could shed light
on its magnetic behavior. Therefore, optical microscopy and SEM
measurements were performed.

FIG. 2. Back-scattered SEM micro-
graphs for (a) sample A and (b) sample
B with 100 times magnification. Polar-
ized optical microscopy images in (c)
sample A and (d) sample B with 31.5 x
magnification.
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TABLE I. Chemical composition of Mn1−x Ni1−x Fe2x Si0.95 Al0.05 with x = 0.32 (sample A) and 0.31 (sample B) as measured by EDS.

Nominal composition Main phase Nominal composition Main phase
Sample of the alloy Area comp. composition Sample of the alloy Area comp. composition
A (formula units) (formula units) (formula units) B (formula units) (formula units) (formula units)

Mn(1 − x) 0.68 0.69 ± 0.01 0.67 ± 0.01 Mn (1 − x) 0.69 0.72 ± 0.01 0.69 ± 0.01
Ni(1 − x) 0.68 0.69 ± 0.01 0.66 ± 0.01 Ni (1 − x) 0.69 0.68 ± 0.01 0.64 ± 0.01
Fe(2x) 0.64 (x = 0.32) 0.64 ± 0.01 0.68 ± 0.01 Fe (2x) 0.62 (x = 0.31) 0.61 ± 0.01 0.66 ± 0.01
Si(0.95) 0.95 0.93 ± 0.01 0.94 ± 0.01 Si (0.95) 0.95 0.94 ± 0.01 0.95 ± 0.01
Al(0.05) 0.05 0.05 ± 0.01 0.05 ± 0.01 Al (0.05) 0.05 0.05 ± 0.01 0.06 ± 0.01

Back-scattered SEM micrographs for samples A and B are
shown in Fig. 2. The ingots were prepared to display the solidifi-
cation front of the alloys, i.e., the cross-section parallel to the arc
direction during the arc melting process. For sample A (Fig. 2(a))
two phases can be seen from the contrast in the images, which
correspond to the Ni2In/TiNiSi (dark areas, the main phase) and
MgZn2 hexagonal (clear areas) phases, respectively. Additionally, the
secondary MgZn2 hexagonal phase can be seen inside the grains
in different morphologies: as lines in sample A, and as lines and
rounded precipitates in sample B (seen in Fig 2(b)).

The average composition for sample A and B as determined
by area EDS measurements is similar to the nominal composition
(see Table I). Regarding the area composition of the main phase
(Ni2In hexagonal/TiNiSi orthorhombic structure-type), the results
display some differences from nominal compositions regarding the
Ni content, which is slightly smaller than the nominal alloy composi-
tion. This can be correlated to the effect of different heat treatments,
which might induce different phase fractions. The composition of
the hexagonal Ni2In phase is correlated to Tstr, where higher modifi-
cations of the parent compound (Fe and Al modification) bring Tstr
to lower values. Between Fe and Al, Al has a stronger influence on
the modification of Tstr, which could explain the slightly lower Tstr
observed in sample B.

Due to the large grain sizes, the effect of the two different heat
treatments can be better understood under lower magnifications in
polarized light microscopy, see Figs. 2(c) and 2(d). The microstruc-
ture yielding from the regular heat treatment process is shown in
Fig. 2(c), with columnar long grains yielding from the arc melting
process. Different grey hues seen in the image represent different

orientations in the grains, making it possible to estimate the grain
sizes. The grain sizes feature great dispersion, ranging in length from
tens of microns to several hundred microns.

The additional high-temperature step for sample B modifies
the microstructure, as seen in Fig. 2(d). The grains have smaller
variations in their crystallographic orientations, which leads to a
smaller grey hue variation. Furthermore, the grains are larger com-
pared to sample A, but with smaller size dispersion. Therefore, the
higher temperature step of 5 hours at 1323 K creates substantial
grain growth before the 168 hour (1 week) step. With bigger grains, a
smaller amount of grain boundary areas is present in sample B com-
pared to sample A. To further the understanding of the differences
between the two samples, the transitions were analyzed with in-field
DSC experiments.

Two ingots were selected, with masses of 6.41 and 4.41 mg for
sample A and B, respectively. These small masses were chosen in
order to minimize the risk of sample movement due to the applied
field. A comparison of the transitions observed in both samples with
a heating rate of 1 K/min is shown in Fig. 3, for applied fields of
0 and 1.3 T. The Tstr and the hysteresis values for both samples
are displayed in Table S1. It is possible to observe larger transi-
tion widths during cooling transformations than on heating for
both samples. A broad transition spanning between 25–30 K is
observed for sample A, with the cooling transformation temper-
ature (Tstrh-o) occurring at 287.8 K. The heating transformation
temperature (Tstro-h) occurs at 302.0 K. Sample B features a sharper
transition, with a width of 7–10 K occurring at Tstrh-o of 271.5 upon
cooling and Tstro-h of 287.8 K during heating. The absolute latent
heat peak associated with the transitions in sample A is between

FIG. 3. Specific heat curves for sample
A and B obtained from in-field DSC with
applied fields of μ0H = 0 and 1.3 T.
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600–700 J/K−1kg−1, compared to 4000–5000 J/K.kg in sample B,
which is a remarkable difference. Both samples appear to display a
large thermal hysteresis of around 16 K between heating and cooling
transformations.

A shift of peak positions to higher temperatures as the mag-
netic field is increased occurs for both transitions, with smaller shifts
occurring during the heating transformation than compared to the
cooling, for both samples. In both samples, the shift of Tstro-h is
around 1 K/T, whereas Tstrh-o is 2.9 and 3.9 K/T for samples A and
B, respectively. This leads to smaller hysteresis values with higher
applied fields.

DISCUSSION

The transformations during cooling and heating need to be
analyzed separately. During heating transformation (ortho-to-hex),
an anisotropic contraction occurs, with the compression along the a
direction and an expansion in the c direction (based on the hexag-
onal unit cell).10 This leads to an overall compression of the lattice,
which induces a residual tensile stress. This residual stress impacts
the material in addition to the expansion of the lattice during the
hexagonal to orthorhombic (cooling) transformation, creating new
surface area (cracking) to accommodate for the stresses in the brittle
material. After several cycles, this will lower the cohesion between
the particles, eventually pulverizing them, lowering the reversibil-
ity. However, some recent studies show promising results employing
ductile metal composites that can keep cohesion of the particles and
accommodate for the transformation stresses appropriately.11

Regarding the larger width of cooling transformations com-
pared to heating, the release of residual tensile stress during the
cooling transformation could contribute to lower the nucleation
threshold of the orthorhombic phase, thus acting differently on
the transitions during cooling than during heating. With a lower
nucleation threshold for the martensitic phase, each grain would
transition more easily, thereby spreading the transformation during
cooling.

The sharp peaks in the specific heat curves for sample B (Fig. 3
and S3) can be associated to more homogeneous (lower) dispersion
of the elements in the lattice (at the local level, not easily detectable
by regular EDS techniques), since Mn, Ni and Fe can interchange-
ably occupy 2a and 2d sites in the Ni2In crystal structure. This
would lower the dispersion of the Tstr values. A second reason is the
increase of average grain sizes and decrease of its dispersion, which
could modify the growth of new orth./hex. phases. As the mecha-
nism of the growth of martensitic phase fronts is only deterred by
interphase and grain boundaries, it would lead to a smaller volume
of inhibiting agents during the transformation of sample B (with
decreased volume of grain boundary areas) compared to sample A,
and therefore easily transforming bigger volumes at once.

A more homogeneous structure and bigger grain sizes results
in higher latent heat spikes (up to 5000 J/K−1kg−1), higher mag-
netization derivatives, and sharper transitions widths (7–10 K) for
sample B. In comparison, the transitions measured by DSC for sam-
ple A span between 20–25 K, with a much smaller latent heat peak.
While the transition appears broader, it is of first order, as a large
thermal hysteresis is observed. A supporting evidence for the effect
of grain size on the transition width is that in other MM’X system,
(Mn,Fe)Ni(SiAl), melt-spun ribbons with small grain size in range of

10 microns feature much wider transition width, and subsequently,
lower ΔSm than arc-melted/bulk (Mn,Fe)Ni(Si,Al) samples under-
going long heat-treatment steps with large grain sizes.6,9 Another
method to compare both samples could be by analyzing the struc-
tural transition by temperature-dependent PXD. As the sample is
typically grinded to submicrometric particles, they are not suscep-
tible to the influence of different grain sizes, allowing each particle
to transition on its own. If a sample features better homogeneity, all
particles will transition within a smaller transition width.

CONCLUSION

The MST of Mn1−xNi1−xFe2xSi0.95Al0.05 alloys was studied as a
function of two different heat treatment procedures. The conven-
tional heat treatment plateau at 1073 K (sample A) has been com-
pared to a heat treatment where a high temperature step (1323 K)
is introduced right before the regular heat treatment plateau, also at
1073 K (sample B). Temperature-dependent magnetization results
reveal that sample A features a broad magnetization change across
RT, with transitions occurring between 314 to 286 K, for heating and
cooling transformations, while sample B features a sharper magneti-
zation variation, occurring at 290 and 280 K for heating and cooling,
respectively.

Despite similar phase presences, average structures and com-
positions as measured by PXD and SEM/EDS, much larger grains
are observed for sample B than for sample A. The results indi-
cate that the high temperature step induced better homogeneity
and increased grain sizes, which would induce higher volume frac-
tions to transform at once, leading to increased latent heat spikes.
Nevertheless, a more detailed study on the isothermal entropy
changes of heating and cooling transitions is required to obtain
a full picture of the effect of heat treatment on the properties of
Mn1−xNi1−xFe2xSi0.95Al0.05 compounds.

SUPPLEMENTARY MATERIAL

See supplementary material for the description of experimental
methods and further data analysis.
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