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A B S T R A C T

Co-doped NiMnSn Heusler-type metamagnetic shape memory alloys (MMSMAs) are promising materials for the 
next-generation solid-state refrigeration systems due to their excellent magnetocaloric performance around the 
martensitic transformation, which is easily tuneable by slight changes in the alloy composition. An improvement 
in the thermal efficiency of active magnetic regenerator devices, a key element in magnetocaloric cooling sys-
tems, arises by obtaining powdered magnetocaloric alloys that meet technical requirements for their imple-
mentation as a feedstock material in the additive manufacturing of 3D-printed heat exchangers. In the present 
work, powders of Mn-rich NiCoMnSn Heusler-type MMSMAs were obtained from their ribbon form avoiding or 
minimizing residual stresses, the number of defects and disorder in the crystal lattice and microstructure. Since 
atomic order and crystallographic structure are crucial in the transformation and magnetic properties of these 
alloys, a complementary structural analysis of the powders after different heat treatments was performed by 
powder neutron diffraction. The results show that the cubic austenitic phase of the non-heat-treated melt-spun 
powder exhibits a highly stressed structure, which leads to an incomplete martensitic transformation and, 
therefore, to the coexistence of martensitic and austenitic phases at low temperatures. The magnetic structure of 
the austenite phase was also determined by neutron powder diffraction, obtaining a ferromagnetic coupling 
between 4a and 4b Wyckoff positions in the samples analysed. It was found that a heat treatment facilitates the 
martensitic transformation and enables the formation of a pure martensitic phase.

The observed changes in the magnetocaloric performance of the powders have been understood in terms of the 
differently stressed structures and their impact on the martensitic transformation. A fully completed structural 
transformation leads to a significant increase of the magnetisation change across the martensitic transformation 
and, consequently, to high values of both a magnetic field induced isothermal entropy change and refrigeration 
capacity.

1. Introduction

Heusler-type alloys are widely studied compounds since the discov-
ery of the Cu2MnAl compound by Fritz Heusler in 1903, which exhibits 
ferromagnetism although none of its components is ferromagnetically 

ordered [1]. These alloys are a class of intermetallic materials with 1:1:1 
(Half-Heusler) or 2:1:1 (Heusler) stoichiometry [2]. Specifically, 
Heusler-type Mn-rich Ni-Mn-based MetaMagnetic Shape Memory Alloys 
(MMSMAs) represent a set of alloys that exhibit Inverse Magnetocaloric 
Effect (IMCE), making them of great interest as candidates for solid-state 
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refrigeration. MMSMAs undergo a first-order phase transformation from 
a high temperature cubic ferromagnetic austenitic phase to a lower 
symmetry weak magnetic martensitic phase at a lower temperature, 
called Martensitic Transformation (MT), which involves a significant 
change in its magnetic state [3]. Because of the strong magneto-
structural coupling [4], the MT in these alloys can be manipulated by an 
external field [5-7], giving rise to a giant IMCE, which justifies world- 
wide efforts in the development of cheap, rare-earth-free, non-toxic 
MCE materials.

The phase stability, the structural and magnetic properties of the 
aforementioned Ni-Mn-X (X=In, Sn, Sb, Ga, …) Heusler alloys, non- 
doped or doped with other elements, have been widely studied theo-
retically and experimentally, showing that it is possible to handle the 
magnetic exchange interactions in both the low-temperature martensite 
and the high-temperature austenite phases, which allows a precise 
control over the magnetocaloric effect that they present [8-18]. Several 
previous works have investigated the crystal structures of Ni-Mn-based 
alloys by means of X-ray or neutron diffraction, concluding that the 
stoichiometric Heusler alloys present a cubic L21 –ordered structure 
with four interpenetrating face centered cubic (fcc) sublattices [19-23]. 

In an ideal ordered case, the (0,0, 0) (4a) and 
(

1 /2, 1 /2, 1 /2

)

(4b) sites 

are taken by Mn and X atoms, respectively, leaving the remaining 

equivalent 
(

1 /4, 1 /4, 1 /4

)

and 
(

3 /4, 3 /4, 3 /4

)

(8c) sites for Ni atoms [24]. 

In off-stochiometric alloys, some amount of Ni, Mn and X atoms may 
occupy the atomic sites randomly, giving rise to some degree of disorder 
in the crystal structure [25].

A particular type of these Ni-Mn-based Heusler alloys, Co-doped Ni- 
Mn-Sn alloys, are of great interest since they have been reported to 
exhibit MT near room temperature [26]. Umetsu et al. showed that a Co- 
doped Ni-Mn-Sn alloy presents a cubic L21 austenite at room tempera-
ture [27] with space group of Fm-3 m (Cu2MnAl prototype). It was in line 
with the previous study on Mn-based Ni40Mn42.5Co8Sn9.5 alloy at room 
temperature [28]. Moreover, Umetsu et al. concluded that in the non- 
doped Ni-Mn-Sn alloy the Mn moments on 4a and 4b sites are coupled 
antiferromagnetically, whereas in their Co-doped analogues these are 
coupled ferromagnetically, concluding that the ferromagnetic 
enhancement was due to the change in magnetic structure by substitu-
tion of Ni for Co [27].

In general, Heusler-type MMSMAs are very sensitive to the element 
content and the crystal structure variations in terms of their martensitic 
phase transformation temperature [29,30], Curie temperature [31] and 
saturation magnetisation [32,33]. Post-annealing processing and 
different cooling rates can produce a strong influence on the magnetic 
properties [34] through possible changes in the atomic ordering (B2 
and/or L21) and/or due to the possible appearance of secondary phases 
and/or residual martensitic phases. Hence, the parameters of material 
processing may lead to a degradation or an improvement of the mag-
netic properties of these compounds [28].

Among the wide range of manufacturing techniques used to obtain 
magnetocaloric Heusler alloys, melt-spinning outstands. This advanced 
technique allows to obtain ready-shaped magnetocaloric materials with 
high surface/volume ratio suitable for their implementation in active 
magnetic regenerators. Owing to a high solidification rate of the melt 
(about 106 K⋅s− 1), this technique can modify the physical characteristics 
of the melt-spun alloys. Their atomic order and crystalline structure are 
important ingredients for the performance of the aforementioned func-
tionalities of Ni-Mn-based Heusler alloys. Therefore, a deep under-
standing of the crystal structure of these alloys is required in order to 
exploit all their functionalities towards the optimisation of their prop-
erties [35,36].

Powdered magnetocaloric alloys must meet several technical re-
quirements for their implementation as a feedstock material in the ad-
ditive manufacturing of 3D-printed active magnetic regenerators with 

enhanced thermal transfer, a key element in next-generation solid-state 
refrigeration systems. Obtaining a functional Heusler-type MMSMA- 
based magnetocaloric powder does not represent a simple procedure; 
some experimental issues must be first overcome during the synthesis 
[28,37].

In the present work we have studied the effect of the multiple 
ordering on the magnetocaloric performance of two MCE powders with 
compositions close to the nominal Ni43Mn39Co7Sn11 Heusler-type 
MMSMA. These powders were obtained from the mechanical grinding 
of melt-spun ribbons. Differential scanning calorimetry (DSC), powder 
neutron diffraction and magnetic characterisation techniques were used 
for a complete characterisation of their properties, and the magneto-
caloric effect was calculated based on the obtained thermomagnetisa-
tion data. Also, the influence of specific heat-treatments on the 
martensitic transformation of magnetocaloric powders with similar 
compositions was evaluated from the DSC ramps and the temperature 
evolution of their magnetisation. A relationship between the magnetic 
behaviour of the powders and their atomic ordering and magnetic 
structure was established, the latter one being determined by powder 
neutron diffraction experiments, in terms of the presence or absence of 
internal stress in the structure and their atomic and magnetic ordering 
[38,39]. It was confirmed that the magnetocaloric performance of the 
studied MMSMA powders directly depends on the magnetic state change 
that occurs in the course of the structural transformation from the 
ferromagnetic austenite to the weak magnetic martensitic phase. The 
impact of the presence of strains on the aforementioned structural 
transformation and, therefore, on the magnetic field induced entropy 
change was disclosed as an effect of the uncompleted martensitic 
transformation and its subsequent presence of austenitic phase at low 
temperature. The increased magnetisation in the austenite phase for 
both compositions is attributed to the enhanced ferromagnetic coupling 
in the octahedral sites of the crystallographic unit cell.

2. Experimental

2.1. Fabrication of Ni-Co-Mn-Sn powders

A polycrystalline master alloy with a nominal composition of 
Ni43Co7Mn39Sn11 (at.%) was fabricated by induction melting from pure 
constituent elements (with purity 99.9 %+) under an Ar atmosphere in a 
quartz crucible. Subsequently, two batches of melt-spun ribbons were 
fabricated in an Edmund-Buhler melt-spinning system under Ar atmo-
sphere by melting the entire bulk piece (~5 g) and then ejecting the 
molten alloy onto a rotating copper wheel. The parameters employed to 
prepare the melt-spun ribbons are a 0.75 mm ejection orifice in the 
quartz crucible and a 30 m⋅s− 1 linear speed of the copper wheel. The 
specific choice of these parameters in order to optimize the magneto-
caloric performance of the ribbons was discussed elsewhere [28]. The 
melt-spun ribbons were carefully grinded using an agate mortar and 
pestle tool. In order to minimize the phase degradation during the 
grinding process the ribbons were grinded at 77 K, so that they are in 
their low-symmetry martensitic phase, by using liquid Nitrogen, and 
then sieved with a 100 μm orifice mesh.

2.2. Heat treatments

Powder processing, such as melt-spinning and grinding processes, 
can induce some disorder and residual stresses in the crystal structure, 
producing undesired effects that result in a detriment of their magnetic 
properties. These factors affect particularly the aforementioned Ni-Mn-X 
family of MMSMAs and can be reverted by performing appropriate heat 
treatments of the prepared powder, as it is well-known that a heat 
treatment can influence the crystal structure, microstructure, surface 
and internal stresses relaxation, and even lead to a reduction of the 
defects [3,40,41].

Since the studied powders belong to the family of alloys reported in 
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Rodríguez-Crespo et al. [28], the same heat treatments were used with 
the goal of elucidating the role of the atomic order after specific heat 
treatments in the magnetic and structural properties of the studied al-
loys. In particular, the following heat treatments have been applied to 
our alloys:

(i) HT1: 1173 K for 1 h + ice water quench
(ii) HT2: 1173 K for 1 h + ice water quench followed by 723 K for 30 

min + ice water quench

The second heat treatment at 723 K is directly related to the induc-
tion of a specific atomic ordering, resulting in a higher magnetisation 
jump around the martensitic transformation, by stabilising the L21 
ordering in the austenite phase. Heat treatments were carried out by 
sealing the powders in Argon purged quartz ampoules, and placing them 
in a high temperature furnace (NBD-O1200-50ICR). Heat treatments 
were followed by quenching the alloys in the ampoules in iced water.

2.3. Characterisation techniques

The alloys composition and their microstructure were studied by a 
Hitachi TM3000 scanning electron microscope equipped with an 
energy-dispersive X-ray detector (SEM/EDS). EDS measurements were 
carried out on several pieces of ribbons using different areas for each 
piece, averaging the measured compositions in at.%.

The crystal structure was determined by powder neutron diffraction. 
The experiments were carried out at the D20 instrument of the Institute 
Laue-Langevin neutron source (Grenoble, France), with a mono-
chromatic neutron beam of λ = 1.54 Å. High resolution isothermal dif-
fractograms were obtained at 123, 203, 323 and 423 K for the studied 
powders, corresponding to the weak-magnetic martensite, paramagnetic 
martensite, ferromagnetic austenite and paramagnetic austenite phases, 
respectively. From the obtained data, the crystal structure (lattice pa-
rameters and atomic order), as well as residual stresses in the afore-
mentioned phases and the magnetic structures, were determined via 
LeBail and Rietveld refinements, respectively. FullProf suite software 
was used for the analysis [42].

The magnetic properties of the powdered samples were studied using 
a Vibrating Sample Magnetometer from MicroSense Inc. (the field and 
temperature ranges were 0–2 T and 100–500 K, respectively) and a 
SQUID-VSM magnetometer from Quantum Design Inc. (the magnetic 
field and temperature ranges were 0–7 T and 5–400 K, respectively). The 
calorimetric measurements were performed with a DSC instrument 
(Mettler Toledo 822e) in the temperature range of 220–425 K. The 
magnetic field-induced entropy changes were calculated from the 
thermomagnetisation curves obtained at various applied magnetic fields 
from 0.01 T to 7 T using Maxwell relationships.

3. Results and discussion

3.1. Structural and transformation behaviour of powdered NiCoMnSn 
MMSMAs

3.1.1. Composition
The composition of the two ribbons from which the studied powders 

were manufactured was evaluated by EDS, and the results are shown in 
Table 1. The instrumental uncertainty of the composition determination 
by EDS analysis is ±0.5 at.%.

3.1.2. Transformation characteristics
The temperature dependences of the low-field magnetisation, M(T), 

as well as calorimetric (DSC) curves, presented in Fig. 1 and Fig. 2, 
respectively, were used to determine the characteristic transformation 
temperatures and hysteresis of the MT, as well as the Curie temperature 
of the studied powders. The temperatures were determined using the 
derivative method for M(T) curves and by identifying the peak position 
of the maxima and minima on DSC curves. The dependences of the 
magnetisation and the heat flow observed in both figures infer a strong 
effect of the different heat treatments on the transformation behaviour 
of the alloys. In particular, it can be observed that the heat treatments 
produced shifts of the characteristic structural and magnetic trans-
formation temperatures, as well as reduction of the thermal hysteresis of 
MT. The martensitic transformations and Curie temperatures were 
verified by DSC measurements, where the direct and reverse MTs are 
accompanied by exothermal and endothermal effects, respectively 
(Fig. 2). The sample A2 presents about twice larger maximum magnet-
isation value than A1. This can be attributed to the presence of aniso-
tropic effects induced by the fabrication method of powders (crystal 
texture or shape anisotropy). At high magnetic fields, when the mag-
netocrystalline anisotropy is overcome by the field, both samples show 
similar values of the saturation magnetisation.

The characteristic temperatures of the magnetic (TC) and structural 
(TA and TM) phase transitions, extracted from the M(T) and DSC curves, 
as well as the entropy change calculated from the calorimetric mea-
surements during heating are summarized in Table 2. The temperatures 
obtained using the aforementioned two techniques give similar results.

3.1.3. Powder neutron diffraction
Neutron diffraction patterns of the four powders shown in Table 2

have been measured at specific temperatures, namely 123 K, 203 K, 323 
K and 423 K, in order to keep track of the temperature evolution of the 
different structural and magnetic phases present in the alloys. As an 
example, Fig. 3 shows the pattern-matching LeBail refinement per-
formed for the 423 K and 123 K diffractograms of the A1 HT2 sample. 
Table 3 summarizes the crystal structural models used to fit the exper-
imental diffraction patterns, depicting information about the space 
groups and lattice parameters of the four MMSMA powder alloys stud-
ied. All the samples present a Fm-3 m cubic symmetry in the austenitic 
phase and a 3 M modulated P2/m monoclinic structure in the 
martensitic one [41], indicating that there are no changes in the crystal 
symmetry associated with the heat treatments. Nonetheless, a slight 
increment of the cell parameters (aa and cm) for the HT2 alloys is 

Table 1 
Compositions (in at.%) of the ribbons from which the studied powders were 
obtained.

Composition Ni Mn Sn Co

A1 43.3 39.2 10.1 7.4
A2 43.3 39.8 10.3 6.6

Fig. 1. Magnetisation versus temperature dependences for the heat-treated and 
non-heat –treated powders at low magnetic field (0.01 T).
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observed, which can be related to the relaxation of the matrix. In fact, 
the refinements revealed the existence of internal stresses in the 
austenite phase of the non-heat-treated sample. The presence of these 
internal stresses results in an incomplete martensitic transformation 
during cooling, leading to a coexistence of austenitic and martensitic 
phases at low temperatures. The presence of internal stresses can be 
deduced by inspecting the diffractogram peaks corresponding to the 
cubic austenite phase presented in Fig. 4. A more stressed structure 
implies a wider peak as it is obvious from this figure. In heat treated 
samples the internal stresses are relieved which is reflected in narrowing 
peaks. A significant difference in the peak width at higher angles asso-
ciated to this phenomenon can also be appreciated. The (331) and 
(420) peaks, corresponding to B2 and L21 ordering, respectively, are 
shown as the examples of higher angle peaks, whereas the (200) peak is 
representative of the low angle one. There is no apparent difference 
between the effect of heat treatments HT1 and HT2 in the internal 
stresses.

Fig. 5 shows the diffractograms measured at 123 K for the A1 noHT 
and A1 HT2 samples. There is a clear presence of a residual austenitic 
phase in the non-heat-treated sample, evidenced by the presence of 
austenitic peaks in these low temperature diffractograms (marked with a 
green asterisk), in addition to the expected low symmetry martensitic 
phase peaks. As previously stated and confirmed from this analysis, the 
stresses in the non-heat-treated austenite prevent a complete MT, lead-
ing to the coexistence of both phases at low temperatures. As a result of 
heat treatment the stresses must be essentially reduced which favours 
completing the martensitic transformation.

The atomic orderings in the crystal lattices of the four alloys were 
determined by Rietveld refinements of the diffractograms obtained at 
423 K in the austenite phase of the alloys. The martensitic structure 
inherits this atomic distribution due to the first order diffusionless 
character of the martensitic transformation in MMSMAs. Table 4

Fig. 2. Differential scanning calorimetry curves for the heat-treated and non- 
heat-treated powders.

Table 2 
Transformation temperatures obtained from the low magnetic field thermo-
magnetisation curves by the derivative method / and from the positions of the 
maxima and minima on DSC curves, and the entropy change of the MT.

Powder alloy TC, K TA, K TM, K ΔS, J⋅kg-1K− 1

A1 NoHT 388 / 395 275 / 280 248 /242 18.1
A1 HT1 393 / 396 296 / 291 270 / 268 47.3
A1 HT2 391 / 398 296 / 293 273 / 272 45.2
A2 HT2 397 / 403 298 / 295 277 / 271 51.5

Fig. 3. Lebail refinements of the neutron diffractograms of the A1 HT2 powder 
in the austenitic (at 423 K) and martensitic (at 123 K) phases. The experimental 
data fit the structural models described in Table 3. Red dots represent experi-
mentally measured intensities; blue lines are calculated intensity by Lebail 
fittings; green lines, the difference between both intensities; and vertical lines, 
the position of the indexed crystallographic planes. The Miller indices corre-
sponding to the main indexed planes are also shown. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.)

Table 3 
Structural models, space group and lattice parameters (in Å and ⁰), that fit to the 
austenite (at 423 K) and martensite (at 123 K) phases in the studied powder 
alloys.

Powder 
alloy

T = 423 K T = 123 K

Space 
group

Lattice Space 
group

Lattice

A1 NoHT F m − 3 m a =
5.97

P 2/m (3 
M)

a = 4.40, b = 5.54, c = 4.29, 
b = 93.17

F m − 3 m a = 5.96
A1 HT1 F m − 3 m a =

5.97
P 2/m (3 
M)

a = 4.40, b = 5.53, c = 4.29, 
b = 93.20

A1 HT2 F m − 3 m a =
5.98

P 2/m (3 
M)

a = 4.40, b = 5.53, c = 4.30, 
b = 93.22

A2 HT2 F m − 3 m a =
5.98

P 2/m (3 
M)

a = 4.40, b = 5.53, c = 4.30, 
b = 93.04
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summarises the dependences of the atomic occupancies (in at.%) on the 
alloy compositions for A1 HT2 and A2 HT2. The results are similar for 
the non-heat-treated (A1 noHT) and HT1 (A1 HT1) samples, which 
implies no changes in the atomic ordering related to the manufacturing 
process. In an ideal situation, the dopant Co atoms should occupy Ni 
sites only [27,43,44]. In the alloys studied here, there is a lower amount 
of Co and a higher percentage of Mn in the alloy composition. This leads 
to a tendency of the Co atoms to occupy all the sites in the unit cell, 
displacing Mn to Ni. The diffractograms obtained at 423 K for the same- 
heat-treatment in different-composition samples (A1 and A2) are pre-
sented in Fig. 6. Due to the different composition, and, therefore, the 
different unit cell parameters (see Table 3), the diffraction peaks of each 

alloy are slightly displaced, as evidenced in selected peaks presented as 
insets of Fig. 6. The differences in the peak heights for each alloy are 
related to differences in the atomic orderings of the alloys, which are 
presented in Table 4. Since the same heat treatment was applied to both 
samples, the residual internal stresses were equally relieved, whereby 
leading to similar peak widths. Due to A2 HT2 sample composition being 
higher in manganese than the sample A1 HT2, an increase in magnet-
isation saturation and TC should be expected if they are ferromagneti-
cally coupled. A2 alloy presents higher percentage of displaced Mn 
atoms, that led to higher values of TC and magnetisation saturation. 
Therefore, the expected increase in the values is noted below.

These variations in the crystal structures and atomic orders are 
responsible for the magnetic and structural effects observed in Figs. 1 
and 2. Comparing the same-composition different heat-treated samples, 
one can conclude that a more treated (less stressed) structure favours a 
completeness of martensitic transformation, increasing MT tempera-
tures and narrowing the thermal hysteresis across the MT. As discussed 
hereafter, the aforementioned heat treatment-induced changes led to an 
enhanced IMCE. Regarding the different composition samples after un-
dergoing HT2, the slight increase in the magnetic transition temperature 
in A2 sample is explained by a competition among the higher amount of 
Mn on different cites (due to the reduced presence of Co at the Ni po-
sitions), which, in contrast to the previous studies performed by Umetsu 
et al. [27], leads to higher values of TC.

Fig. 7 shows the Rietveld refinement of the powder neutron 

Fig. 4. A) powder neutron diffractograms obtained at 423 K for the A1 noHT 
(black), A1 HT1 (blue) and A1 HT2 (red) samples, alongside with a zoom image 
of the b) (200), c) (331) and d) (420) peaks, respectively. For the comparison 
sake the background in all the patterns were subtracted and the intensity was 
normalized. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)

Fig. 5. Powder neutron diffractograms obtained at 123 K for the A1 noHT 
(black) and A1 HT2 (red) samples. The peaks corresponding to the Fm-3 m 
austenitic phase are marked with a green asterisk. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.)

Table 4 
Atomic order at 423 K in the crystal lattices (in at. %) of the paramagnetic 
austenitic phases (cubic Fm-3 m space group) in the A1 and A2 alloys after HT2. 
The site occupancy error is approximately 0.2 for all positions.

Powder alloy Site Wyckoff position Ni Mn Sn Co

A1 HT2 Ni – (¼ ¼ ¼) 8c 43.3 − − 6.7
Mn – (0 0 0) 4a − 25.0 − −

Sn – (½ ½ ½) 4b − 14.0 10.5 0.5

A2 HT2 Ni – (¼ ¼ ¼) 8c 43.3 1.5 − 5.2
Mn – (0 0 0) 4a − 24.7 − 0.3
Sn – (½ ½ ½) 4b − 13.6 10.3 1.1

Fig. 6. A) powder neutron diffractograms obtained at 423 K for A1 HT2 (red) 
and A2 HT2 (green) samples, alongside with a zoom image of the b) (111), c) 
(200) and d) (420) peaks, respectively. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.)
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diffraction data in the magnetically ordered state for samples after being 
subjected to HT2. The low-temperature patterns show a growth of some 
nuclear peaks, namely the (200) and the (111) reflections, upon mag-
netic ordering. As no purely magnetic peaks appear, it indicates that all 
samples present a ferromagnetic state. The magnetic Rietveld results 
(see Fig. 7) reveal the magnetic moment at each Wyckoff position (see 
Table 5). In the A1 sample, where the Mn atoms are located mainly in 
the 4a position and the excess goes to 4b site, the magnetic coupling is 
ferromagnetic with magnetic moments of 2.771(8)μB and 0.851(9)μB, 
respectively. The presence of Co atoms in the 8c position increases the 
magnetic interaction between 4a and 4b positions, leading to a ferro-
magnetic coupling [39,44].

For the A2 sample, as seen in Table 4, Mn and Co atoms are located in 
all crystallographic positions leading to a disorder L21 phase. However, 
the presence of Mn atoms in 8c position leads to a considerable increase 
of the localize magnetic moment especially in the 4b position in Ni-Mn- 
In alloys [44,45]. In this case, the presence of Mn atoms in all crystal-
lographic positions increases the magnetic moment on the 4b site by 18 
%, resulting an increase of the total magnetic moment of the alloy and 
the saturation magnetisation of the sample.

3.2. Magnetocaloric effect

The study of the temperature evolution of the magnetisation of the 
materials at high magnetic fields is required in order to evaluate their 
magnetocaloric performance. It is also important to check the temper-
ature evolution of the magnetisation at magnetic fields achievable by the 
permanent magnets, such as, e.g., 1.5 T [46]. The magnetisation versus 
temperature (M(T)) dependences of the four powders at a field of 1.5 T 

are shown in Fig. 8. The magnetisation jumps at MT, ΔM, is critically 
affected by the heat treatments, being doubled for the alloys that un-
derwent a heat treatment with respect to the non-heat-treated one. As a 
result, a ΔM equal to 110 Am2kg− 1 was obtained for A2 HT2 powder, 
which is, to our knowledge, a record-breaking value for any MMSMAs 
powders yet described in the literature. It should be recalled that the size 
of ΔM is directly related to the magnetocaloric performance of materials. 
A direct inspection of the magnetocaloric performance of the alloys can 
be obtained from the analysis of the M(T) curves measured under 
different constant magnetic fields up to 5 T, which are presented in 
Fig. 9. Here, a magnetisation value of 114 Am2kg− 1 is obtained for A2 
HT2.

Following the magnetic field-induced shift of the martensitic trans-
formation in the M(T) curves, phase diagrams of the martensitic and 
austenitic transformation temperatures as a function of the magnetic 
field can be obtained. They are shown in Fig. 10. In all cases there is a 
negative linear dependence of the MT temperatures with increasing 
magnetic field. The slope of the linear dependence for the heat-treated 
powders is around − 5.0 ± 0.2 K/T, whereas the TM for sample A1 

Fig. 7. Powder neutron diffraction patterns in the ferromagnetic austenite state of a) A1 HT2 and b) A2 HT2. Black open circles are the experimental data, red and 
blue lines represent the calculated and difference patterns, respectively, and green marks indicate the Bragg reflections. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.)

Table 5 
Magnetic moment determined for 4a, 4b and 8c sites at 323 K in A1 and A2 
alloys. Calculated total magnetic moment obtained from neutron diffraction 
(mtot) and macroscopic magnetisation (mSat) measured in the ferromagnetic 
austenite.

Powder alloy Site Magnetic moment(μB/f.u.)

4a (μB) 4b (μB) 8c (μB) mtot mSat

A1 HT2 2.77 (3) 0.851(9) 0.307* 4.24(4) 4.39(4)
A2 HT2 2.80 (3) 1.04(1) 0.347 (3) 4.53(5) 4.63(5)

*The magnetic moments for Ni and Co are fixed to 0.2 and 1.0 μB, respectively.

Fig. 8. Magnetisation versus temperature dependences for the studied powders 
measured under 1.5 T magnetic field.
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without heat treatment shows a slope of − 6.3 ± 0.1 K/T, both for 
applied magnetic fields above 0.5 T.

3.2.1. Magnetic field-induced entropy change
The conventional and inverse magnetocaloric effects are character-

ized by the isothermal entropy change, ΔSm(T, H), and the adiabatic 
temperature change, ΔTad(T,H) when a magnetic field is applied or 
removed in the isothermal or adiabatic conditions, respectively. The 

magnetic field induced entropy change can be estimated using Maxwell 
thermodynamic relationships [47]. From the measured M(T) curves at 
different magnetic fields (Fig. 9) one can calculate the isothermal en-
tropy change ΔSm(T,H) as follows: 

ΔSm(T,H) = Sm(T,H) − Sm(T, 0) = μ0

∫ H

0

(
∂M(T,Hʹ)

∂T

)

dHʹ (1) 

Fig. 11 shows the ΔSm(T,H) plots calculated by using cooling and 
heating data from Fig. 7 for the four powders studied.

Fig. 11 shows that the heat-treated powders exhibit values of 
ΔSm,max ≈ 34 ± 4 J⋅kg− 1⋅K− 1 as derived from the analysis of the heating 
M(T,H) curves at μ0ΔH = 5T, whereas for the non-heat-treated sample 
ΔSm,max ≈ 10 J⋅kg− 1⋅K− 1. As expected, the maximum magnetic entropy 
change values obtained at 5 T are below the entropy change values 
presented in Table 2.

The ΔSm,max values obtained from the cooling M(T) curves are lower 
than those obtained from the heating ones due to a more smeared 
character of the forward MT in comparison with the reverse MT. For 
example, heating curves at μ0ΔH = 2 T yield ΔSm,max ≈ 20 J⋅kg− 1⋅K− 1 for 
the heat-treated powder A1 HT2; this value falls down to 12 J⋅kg− 1⋅K− 1 

for cooling curves at the same field. Noteworthy, the values of ΔSm,max 

for the heat treated samples obtained in the present work are compa-
rable to those ones of well-known magnetocaloric materials under 
similar applied fields; e.g., ̴18.5 J kg− 1⋅K− 1 for Gd5(Si2Ge2) [48], ̴19.4 
J⋅kg− 1⋅K− 1 for LaFe11.4Si1.6 [49], or ̴ 25.0 J⋅kg− 1⋅K− 1 for Ni40C-
o8Mn42.5Sn9.5 [28].

There is a remarkable difference in the entropy change between the 
heat-treated and the non-heat-treated powders, as expected from the less 
abrupt M(T) curve with much smaller ΔM for the non-heat-treated 
powder in Fig. 9a. For the A1 alloy there is almost no difference in en-
tropy change between HT1 and HT2, as well as between HT2 for both A1 

Fig. 9. Thermomagnetisation curves at different magnetic fields for the studied powders.

Fig. 10. Phase diagrams of the martensitic transformation temperatures versus 
magnetic field for all powders.
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and A2 alloys, with A2 being slightly lower than A1.
Fig. 12 shows a comparison of ΔSm(T) dependences of the four 

samples under an applied field of 1.5 T. As previously mentioned, the 
difference between the two heat treatments for the A1 powder is 
negligible in the heating curves whereas in the cooling curves the HT1 
sample has slightly higher ΔSm,max than HT2. Conversely, for the 

samples with HT2, the difference in ΔSm,max between A1 and A2 is 
negligible during cooling, whereas in the heating curves sample A1 
exhibits higher value than A2. For the non-heat-treated alloy ΔSm,max is 
about three times smaller than for the rest of the samples.

Fig. 13(a) shows the maxima of the magnetic entropy change 
(ΔSm,max) as a function of the magnetic field for all samples, whose 
values increase with the applied field. The non-heat-treated powder 
shows the lowest increase in ΔSm,max up to 5 T. In the case of heat-treated 
powders, although A2 has a higher magnetisation value, A1 has higher 
ΔSm,max values than A2 throughout the range. This is observed even for 
sample A1HT1, possibly due to the slightly more gradual transformation 
exhibited by A2.

3.2.2. Refrigeration capacity
The refrigeration capacity, RC, is the amount of heat transferred 

between hot and cold reservoirs in a single refrigeration cycle. It can be 
calculated by integrating the ΔS(T) peak at the full width at half 
maximum (FWHM): 

RC ≈

∫ Thot

Tcold

|ΔSM(T, H) |dT (2) 

The value of the integrated area is known as the Gschneidner’s calcu-
lation [50].The refrigeration capacity versus magnetic field de-
pendences for cooling and heating ramps, calculated by Eq.(2) using the 
data from Fig. 11, are shown in Fig. 13(b). The results depicted there 
demonstrate that RC(H) dependences are affected by the heat treat-
ments, where one can see that the refrigerant capacity is minimal for the 
non-heat-treated sample and increases with the heat treatments. Note 
that although the A2 HT2 powder has a slightly smaller maximum 

Fig. 11. Magnetic entropy changes at different magnetic fields as a function of temperature for all the studied alloys, derived from cooling/heating M(T) de-
pendences shown in Fig. 7.

Fig. 12. Magnetic entropy change at 1.5 T for the four powders studied as a 
function of temperature.

B. Rodríguez-Crespo et al.                                                                                                                                                                                                                     Materials & Design 245 (2024) 113279 

8 



entropy change than A1 HT2, it has the largest refrigeration capacity 
due to a broader entropy peak.

3.3. Discussion

The results of the thermal, structural and magnetic properties of four 
powdered MMSMAs ribbons unveiled a crucial role of the heat treat-
ments in their properties. The analysis of these results has evidenced a 
remarkable improvement of the magnetocaloric performance and 
refrigeration capacity of the powders when comparing the as-received 
and heat-treated samples, which is of great importance for their 
implementation in future solid-state refrigeration devices based on the 
magnetocaloric effect.

Neutron powder diffraction revealed the changes in the crystal 
structures of both the austenite and martensite phases induced by heat 
treatments. In particular, the austenite phase of the non-heat-treated 
powder exhibited a presence of internal stresses, which relaxed upon 
the application of both intermediate and complete heat treatments. The 
crystal structure of the low-temperature martensite phases is also 
influenced by the heat treatments. The heat-treated powders exhibited a 
3 M modulated P2/m monoclinic structure, whereas the coexistence of 
two crystallographic phases, the expected monoclinic martensite and a 
residual cubic austenitic phase, was observed for the non-heat-treated 
sample. Due to the magnetisation jump associated to the martensitic 
transformation, key for the magnetic field induced isothermal entropy 
changes, the favoured and completed martensitic transformation arising 
from the heat-treated samples results in an enhanced magnetocaloric 
performance. As a direct consequence of these findings, it can be said 
that heat treatments lead to a crucial improvement of the magneto-
caloric performance of the alloys and, hence, to higher refrigeration 
capacities when compared to the non-heat-treated one.

A mechanism controlling the composition-induced changes in the 
magnetic properties and structures of powders was disclosed by the 
analysis of the atomic ordering of the crystal phases of the alloys. It was 
found that in the A2 alloy the Co atoms tend to occupy all the sites in the 
unit cell, displacing Mn atoms to Ni sites, whereby increasing the dis-
order in the unit cell. On the other hand, in the A1 alloy Co atoms tend to 
be distributed exclusively between Ni and Sn sites, allowing Mn atoms 
go to their own sites. The presence of Mn and Co in all crystallographic 
position tends to increase the magnetic interaction between 4a and 4b 
sites, resulting in an increase of the local magnetic moment of the 4b site 
that has a ferromagnetic coupling with 4a and 8c sites. This ferromag-
netic coupling produces an increase of the total magnetic moment and in 
the magnetisation of the austenite phase. The increase in magnetisation 
and TC value expected in A2 HT2 sample compared to A1 HT1 sample 

due to the higher content in manganese is appreciated, due to the higher 
percentage of displaced Mn atoms interacting ferromagnetically.

4. Conclusions

In the present work we have incorporated a technologically simple 
method of preparation and heat treatment of the Heusler-type magne-
tocaloric Ni43Co7Mn39Sn11 (at.%) powders through intermediate stage 
of obtaining melt-spun ribbons from the master bulk alloy. This method 
allowed minimizing the content of residual stresses, defects or segre-
gations in the material alongside getting micro-sized grain structure 
suitable for easy disintegration into powder. The transformation 
behaviour, crystal structure, magnetic and magnetocaloric properties of 
the powder samples as a function of the heat treatment regime were 
systematically studied by DSC, neutron powder diffraction and magnetic 
measurements, respectively.

Analysis of the atomic site occupancies revealed an enhanced 
amount of Mn atoms on the Sn sites while Co atoms tended to occupy all 
unit cell sites in the A2 alloy, increasing unit cell disorder due to 
displacement of Mn atoms to Ni sites. As for the A1 alloy, the Co atoms 
moved to the Ni sites, whereby the Mn proper sites become more 
populated by Mn, in addition to being displaced from the Sn sites. Even 
though, these rearrangements resulted in a decrease of the displaced Mn 
atoms and the ferromagnetic coupling remains in the alloy. The ex-
pected increase in the magnetisation saturation and TC comparing A2 to 
A1, due to the higher content in Mn associated with the composition, 
was promoted by the higher presence of ferromagnetic interactions.

The non-heat-treated powder obtained from as-received melt-spun 
ribbon showed an essential presence of residual internal stresses. The 
heat treatment at 1173 K, usually carried out to improve homogeneity 
and maintaining the desired phases in MMSMAs, was enough to relieve 
the presence of those internal stresses. No stresses difference was found 
with further annealing at 723 K. Heat treatment facilitated the changes 
in the structural state of the low temperature phase, from the 3 M 
modulated monoclinic crystal structure for the heat-treated powders to 
the coexistence of this martensite with residual cubic austenitic phase at 
123 K for the non-heat-treated sample. The completed martensitic 
transformation in the heat-treated samples resulted in the enhancement 
of both the saturation magnetisation of austenite and its jump at MT. 
Therefore, the heat-treated NiCoMnSn powders exhibited large values of 
magnetic field induced isothermal entropy change as well as a high 
refrigeration capacity.

The key results and main findings of this work are summarised as 
follow:

The magnetic, atomic and microstructural order, as well as the 

Fig. 13. Refrigeration capacity as a function of the applied magnetic field for cooling (left) and heating (right) ramps for all the alloys studied.
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martensitic transformation or magnetic transition temperatures, are 
largely affected by the heat treatments and composition variations in 
each sample.

The magnetocaloric performance of the studied alloys is strongly 
related to atomic, magnetic and microstructural ordering, which is also 
driven by the formation kinetics of the L21 austenite phase, ferromag-
netic interactions influenced by atomic occupancy, and the residual 
stress present in the samples.

A record magnetisation change of 110 Am2kg− 1 was obtained around 
the martensitic transformation at low applied field (1.5 T).
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J.A. Rodríguez-Velamazán, J.A. García, F. Plazaola, Correlation between defects 
and magneto-structural properties in Ni-Mn-Sn metamagnetic shape memory 
alloys, Intermetallics 94 (2018) 133–137, https://doi.org/10.1016/J. 
INTERMET.2017.12.028.

[42] Rodríguez-Carvajal, J. FullProf. 2001.
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