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a b s t r a c t

We report the magnetocaloric properties of two Fe-containing quinary bulk polycrystalline alloys of
nominal compositions Ni41Co7Fe2Mn40Sn10 and Ni41Co6.5Fe2.5Mn40Sn10 that were determined by indirect
and direct methods. Both samples showed a large refrigeration capacity RC and maximum magnetic
entropy change DSM

peak around room temperature. For a magnetic field change of 2 T (5 T), a large
magnetic entropy change of 18.9 (22.4) J kg�1 K�1 and 11.8 (16.8) J kg�1 K�1 and a refrigeration capacity
of 128 (396) J kg�1 and 99 (313) J kg�1 were found in Ni41Co7Fe2Mn40Sn10 and Ni41Co6.5Fe2.5Mn40Sn10

alloys, respectively. RC for the alloy Ni41Co7Fe2Mn40Sn10, is among the largest value reported so far for Ni
eMn based Heusler alloys. Under a 1.5 T field change, the direct measurements showed the maximum
adiabatic temperature changes DTad

max of �0.8 K and �1.5 K for these two alloys, respectively. The present
findings point out the potential of Fe-alloyed Ni41Co9Mn40Sn10 Heusler alloys as room-temperature
magnetic refrigerants.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The development of magnetic refrigeration, a new solid-state
refrigeration technology that is based on the magnetocaloric ef-
fect (MCE), continues to attract considerable attention worldwide
due to its environmentally friendly nature, higher energy efficiency,
lower mechanical noise and simple mechanical construction,
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compared with conventional technology based on gas compres-
sion/expansion [1e3]. The most important issue for its progress lies
on the continuous search of new solid-state magnetic refrigerants
that could exhibit a large MCE in an appropriate temperature range
as well as the improvement of the existing ones. Up to now hun-
dreds of magnetic refrigeration materials have been synthesized
and their magnetocaloric properties were studied, such as pure rare
earth elements and their solid solutions [1e4], RE-based com-
pounds [5e14], rare earth-free alloys [15,16], multiphase materials
and composites (based on two or more magnetic phases) [17e20],
magnetic amorphous and nanocrystalline alloys [21e24], and
manganites [21]. Since the discovery of the giant and tunable MCE
around room temperature in Gd5Ge2Si2 alloys [5,25], other prom-
ising alloy systems that favorably combine both properties have
been the focus of intensive research. Important families of mag-
netocaloric materials showing a large first-order MCE around room
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Fig. 1. Surface microstructure observed by SEM for the Fe2.5 sample.
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temperature are La(Fe, Si)13-based alloys [21,26,28], (Mn,Fe)2P-type
alloys [21,26,27], MnTX-based alloys (T ¼ Ni, Co, Fe; X ¼ Ge, Si)
[29e33], and Heusler-type NieMn-Z (Z: group IIIA-VA elements)
alloys (with or without Co) [34e48]. Their large, and in some cases
giant, MCE comes from the magnetostructural coupling (i.e., the
strong coupling between the structural and magnetic transitions
[1e3]).

Among NieMn-Z (Z¼ In, Sn, Ga and Sb) Heusler alloys, the large
maximum magnetic entropy change DSM

peak [37,38,49e55], easily
adjustable working temperature [56], low cost [57] and non-
toxicity of raw materials [57] make NieMneSn alloys promising
candidates for their utilization as working substances in commer-
cial cooling devices. However, brittleness and considerable mag-
netic field-induced hysteresis loss HL, still hinder their practical
applications. In a recent work, it was shown that Fe substitution for
Co, equal to or more than 2 at. %, was effective in reducing the
brittleness and magnetic field-induced hysteresis loss in the bulk
Ni41Co9Mn40Sn10 alloy [58]. To go deeper into the potential use of
these Fe-containing quinary alloys as magnetic refrigerants, a more
complete characterization of their magneto caloric properties must
be conducted. With such a purpose, two bulk quinary alloys that
had a nominal composition of Ni41Co7Fe2Mn40Sn10 and Ni41C-
o6.5Fe2.5Mn40Sn10 were prepared, and their magnetocaloric prop-
erties were determined by both indirect (the determination of the
magnetic entropy change curves from isothermal magnetization
measurements) and direct (the measurement of the adiabatic
temperature change) methods. Finally, the alloys that had a higher
at. % content of Fe were not considered because the magnitude of
DSM

peak became considerably reduced [58].

2. Experimental procedure

Bulk polycrystalline alloys with nominal compositions of
Ni41Co7Fe2Mn40Sn10 and Ni41Co6.5Fe2.5Mn40Sn10 were produced by
arc melting from high-purity elements (�99.9%). They will be
referred hereafter as Fe2 and Fe2.5, respectively. The ingots were
flipped and melted several times to reach a good starting chemical
homogeneity. For a definitive homogenization, a thermal annealing
was performed under vacuum at 1173 K for 6 h; in which the
process ended with a water quenching.

The microstructure and elemental chemical composition of
samples were examined in a FEI Quanta 250 scanning electron
microscope (SEM), which was equipped with an energy dispersive
X-ray spectroscopy (EDS) system. After three EDS analyses were
taken in different regions of the matrix for the thermally annealed
samples, the average elemental chemical composition of Fe2 and
Fe2.5 alloys were Ni38.9Co6.6Fe1.9Mn43.5Sn9.1 and Ni38.6C-
o6.1Fe2.7Mn43.5Sn9.3, respectively. The structural phase trans-
formation was studied by a differential scanning calorimetry (DSC)
using the PerkinElmer Diamond DSC system where the heating/
cooling rate was 10 K/min.

Magnetization measurements were carried out with the
vibrating sample magnetometer option fitted to a 9 T Quantum
Design PPMS® Dynacool® system. Samples with the approximate
dimensions of 0.4 � 0.4 � 3.0 mm3 were prepared for magnetic
measurements. Themagnetic field moHwas applied along themajor
length of these parallelepiped-shaped samples in order to mini-
mize the internal demagnetizing field. Due to the strong effect of
the magnetic field on the reverse martensitic phase transition, a
fixed thermal protocol, referred elsewhere as back and forward
[59], was followed prior to the measurement of each isothermal
magnetization M(moH) curve in the phase transition T region. At
zero magnetic field the sample was heated to 400 K to stabilize
austenite, cooled to 300 K to completely form martensite, and then
heated again in no-overshoot mode to the selected measuring
temperature Tmeas. This procedure ensures that before themagnetic
field is applied the sample exhibits the phase constitution that
corresponds to the thermally induced structural transition.

A self-designed experimental setup was used to perform direct
measurements of the adiabatic temperature variation (DTad) under
a magnetic field change of 1.5 T. For this measurement, rectangular
parallelepiped samples with the approximate dimensions of
5 � 5 � 10 mm3 were used. A NdFeB permanent magnet Halbach
array produced the applied magnetic field along the longer direc-
tion of the sample whereas its temperature change was measured
by a thermocouple in intimate contact. The magnetization and
demagnetization conditions were carried out by inserting and
extracting the sample into the uniform magnetic field region that
was created with a Halbach array. For these reasons, the above
operations ensure a near-adiabatic condition.
3. Experimental results and discussion

Fig. 1 shows a room temperature SEM image of the Fe2.5 sample
(293 K). The small dark particles with irregular morphology
appearing in the intra and intergranular regions have been iden-
tified as g phase [53,58]. This suggests that Fe addition favors the
formation of the g phase, as observed in Ni50Mn34In16-yFey (y > 5)
[60], Ni50.5Mn25-xFexGa24.5 (x > 17) [61], and Ni50Mn40-xSn10Fex
(x > 3) alloys [62]. The amount of g phase particles increases from
Fe2 (as reported in our recent work [58]) to Fe2.5. This phase reduces
the amount of the matrix phase with the consequent adverse effect
on the maximum magnetic entropy change DSM

peak [53,58,63], as
described below. In the Fe2.5 sample, there was no evidence of the
martensite phase due to the martensitic transition temperature
was below 293 K and lower than that of Fe2 as well, as inferred from
the DSC curves presented below.

Fig. 2 displays DSC curves and low-field (5 mT) and high-field
(5 T) magnetization as a function of temperature, M(T), curves
measured in both zero-field-cooled (ZFC) and field-cooled (FC)
modes for the Fe2 and Fe2.5 samples, respectively. The M(T) curves
were measured at a heating/cooling rate of 1.0 Kmin-1. The starting
and finishing phase transformation temperatures determined from
the M(T)5mT and DSC curves were in good agreement. By applying
the conventional tangent extrapolation method to the M(T)5mT

curve, the starting (AS) and finishing (Af) temperatures for the
reverse martensitic transition, and the starting (MS) and finishing
(Mf) temperatures for the martensitic transformation were deter-
mined. For the Fe2 sample, AS ¼ 293 K, Af ¼ 303 K, MS ¼ 287 K, and
Mf ¼ 277 K. Upon the application of a 5 T field (Fig. 2(c)) these
temperatures reduced to: AS

5T ¼ 270 K, Af
5T ¼ 290 K, MS

5T ¼ 263 K,
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and Mf
5T ¼ 244 K. This magnetic field-induced temperature shift of

the structural transition temperatures is a well-known common
feature of (NieMn-Z)-based metamagnetic shape memory alloys
(Z ¼ In, Sn and Sb). The ratio between transformation temperature
change andmagnetic field change (DT/moDH) can be obtained when
referring to the equilibrium temperature of the reverse martensitic
transformation, TA, as determined from dM/dT vs. T curve upon
heating shown at the inset of Fig. 2(c). For this sample, TA is reduced
from 300 to 279 K when the magnetic field is increased from 5 mT
to 5 T (i.e., 21 K) giving rise to DTA/moDH ¼ 4.2 K/T. This large field
dependence of transformation temperatures ratio is comparable to
the reported for Ni45Co5Mn36.6In13.4 (DT/moDH ¼ 4.3 K/T) [64], and
larger than that of Ni43Co7Mn39Sn11 (DT/moDH ¼ 3.6 K/T) [65]. Ac-
cording to the Clausius-Clapeyron relation [64], DTA/moDH ¼ DMA-

M/DStr where DMA-M is the magnetization difference between the
austenite and martensite phase. As for this sample DMA-M ¼ 88.2
Am2 kg�1 at moH ¼ 5 T, the estimated DStr associated with the
reverse martensitic transformation was 21.0 J kg�1 K�1. A large
value of DStr means a large magnetic entropy change provided that
the applied magnetic field induces the complete reverse martens-
itic transformation [55,56,66,67], therefore a large DSM

peak was
Fig. 2. DSC curves and temperature dependence of magnetization under a static
magnetic field of 5 mT following ZFC and FC protocols: (a) Fe2 sample, and (b) Fe2.5
sample. (c) M(T) curves under 5 T field measured in ZFC and FC modes for both
samples. Inset: dM/dT vs. T curve upon heating at 5 mT and 5 T.
attained for the present alloy. Besides, the temperature range of the
reverse martensitic transformation (Af - AS) was extended from
10 K at 5 mT to 20 K when the applied magnetic field increased up
to 5 T. Hence, the application of magnetic field not only decreased
the structural transition temperatures, but also widened the
transformation interval as a prerequisite for the attainment of a
large refrigerant capacity.

As determined from Fig. 2(b), for the Fe2.5 sample, AS ¼ 276 K,
Af¼ 291 K,MS¼ 272 K, andMf¼ 253 K. Hence, at room temperature
almost all the martensite had transformed into austenite, in good
agreement with SEM observations (Fig. 1). Besides, the decrease of
transformation temperatures that were caused by the increase of Fe
substitution for Co proved the effectiveness of Fe alloying in
adjusting structural transformation temperatures, which agreed
with other reports related to Fe-containing NieMneSn based alloys
[37,58,62,68e70]. The martensitic transformation temperature
usually decreases with the Fe content when Fe replaces Ni, Mn, or
Co in these NieMneSn based alloys either due to the variation of
the valence electron concentrations per atom e/a [37] or the for-
mation of the second phase [70]. Upon the application of a 5 T
magnetic field, AS

5T ¼ 250 K, Af
5T ¼ 275 K, Ms

5T ¼ 254 K, and Mf
5T ¼ 223 K whereas TA was reduced from 288 to 268 K (as the inset
of Fig. 2(c) shows). Accordingly, DTA/moDH was 4.0 K/T, which is
smaller than the one of the Fe2 sample, and DMA-M at 5 T is 81.2
Am2 kg�1. So, DStr was calculated to be 20.3 J kg�1 K�1, that means a
large DSM

peak must be also expected, although it is slightly smaller
than that of the Fe2 sample. Besides, the temperature range of the
reverse martensitic transformation (Af e AS) was extended from
15 K at 5 mT to 25 K when the applied magnetic field increased up
to 5 T. Hence, just like in the Fe2 sample, a giant refrigeration ca-
pacity can be anticipated.

Notably, increasing the substitution of Co by Fe reduces DMA-M
at 5 T from 88.2 A m2 kg�1 for Fe2 to 81.2 A m2 kg�1 for Fe2.5 alloys.
This indirectly confirms that the incorporation of Co to NieMneSn
enhances the magnetization change across the martensitic trans-
formation, as reported in Refs. [38,71,72]; the enhancement is
obviously higher than the one which was obtained with Fe alloying
[73]. The decrease of DMA-M led to the reduction of Zeeman energy
moDMA-M$H and hence reduced the driving force to induce the
reverse martensitic transformation [74]. Accordingly, the shift of
martensitic transformation temperatures caused by the same
external magnetic field in Fe2.5 was smaller than that in Fe2. In
addition, the influence of DMA-M on the magnetic entropy changes
should not be neglected, as will be discussed below.

Fig. 3(a) and (b) show the isothermal magnetization versus the
magnetic field M(moH) curves through the reverse martensitic
transformation for both alloys (the temperature step between two
successive isotherms is 0.5 K). Within a specific temperature range
(274 K ~ 295 K for Fe2, and 262 K ~ 284.5 K for Fe2.5), the M(moH)
curves exhibit the characteristically metamagnetic-like behavior.
That is, with the increase of the field, the magnetization initially
tends to show a ferromagnetic-like behavior followed by a sudden
increase in the dM/dH slope above a certain critical field value,
moHcr (e.g., moHcr y 2.5 T at 272.5 K estimated by the tangent
method as shown in Fig. 3(b)) due to the magnetic-field induced
reverse martensitic transformation. This metamagnetic feature,
which was firstly reported in Ni50Mn36Sn14 [75] and Ni45C-
o5Mn36.7In13.3 [64], is typical of NieMn-Z Heusler alloys
[56,57,65,76e78], and substantially contributes to their giant MCE
across the reverse martensitic transformation [45]. Therefore, for
both Fe2 and Fe2.5 samples, moHcr gradually decreased with
increasing measuring temperature. The closer the measuring
temperature is to Af, the lower the value of moHcr is. As known, when
the temperature approaches to the Af, the fraction of the remaining
martensite becomes smaller, as a result the magnetic field that was



Fig. 3. Isothermal magnetization curves [(a) and (b)] and DSM(T) curves for selected moDH values [(c) and (d)] for Fe2 and Fe2.5 samples, respectively.
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required to induce the transformation from the martensite to
austenite also gets smaller.

The magnetic entropy change DSM is one of the relevant pa-
rameters that physically describes themagnetocaloric response of a
given material, and its thermal dependence in the phase transition
region can be indirectly estimated from a set of M(moH) curves
through the Maxwell relation (i.e., DSMðT ; m+DHÞ ¼
m+

R m+Hmax

0

�
vMðT ;m+H’Þ

vT

�
m+H’

dH’).
The DSM(T) curves for ten selected moDH values are given in

Fig. 3(c) and (d) for Fe2 and Fe2.5 alloys, respectively. The maximum
value of entropy change DSM

peak was 22.4 J kg�1 K�1 for Fe2 being
larger than 16.8 J kg�1 K�1 obtained for Fe2.5. However, both alloys
show a large magnetic entropy change near room temperature. The
former is very close and the latter is smaller in comparisonwith the
entropy change DStr estimated above using the Clausius-Clapeyron
relation. In addition, the DStr values, determined directly from the
DSC curves in Fig. 2, were 22.5 and 19.4 J kg�1 K�1 for Fe2 and Fe2.5
samples, respectively. The difference between them and the ones
calculated from the Clausius-Clapeyron relation, namely 21.0 and
20.3 J kg�1 K�1, are quite close. The comparison of the entropy
change indirectly estimated from the Maxwell relation and
Clausius-Clapeyron relation, and the ones that were directly ob-
tained from the DSC measurement shows that the magnetic en-
tropy change is limited by DStr. Hence, DStr is deciding the
maximum value of DSM across the first-order magnetostructural
transition for these NieMn-based Heulser alloys. A similar
conclusion has been also pointed out in Refs. [55,56,66,67]. As
known that, the entropy of each phase is determined by their
crystal structure, this means that, for a NieMn-based alloy with a
specific composition, the austenite and martensite phases have
different values of entropy. Nevertheless, the entropy change is
constant during the structural transition which is the DStr directly
measured by the DSC. The magnetic field cannot change the
structure of each phase, instead it only induces the transition from
the martensite to the austenite phase. Therefore, if a magnetic field
is large enough to completely induce the structural transition the
maximum DSM equals to DStr. This may provide a feasible way to
determine the maximum value of DSM in NieMn-based Heulser
alloys, that is, by directly measuring DStr using the DSC under zero
magnetic field. This method is easier and cheaper in comparison
with the indirect methods. However, it should be noted that with
this method we can just determine the maximum entropy change.
For additional information such as the determination of the shape
of the DSM(T) curve, the dependence of maximum magnetic en-
tropy change on the magnetic field change or other parameters
related to DSM(T), such as RC, the indirect methods have to be used.

Besides, the DSM(T) curves showed a wide “hump-like” peak
above 3 T for Fe2 and 4 T for Fe2.5. Particularly in Fe2, a broad plateau
with DSM of about 20 J kg�1 K�1 occurred over a temperature range
from 282 K to 292 K under a 5 T field change. The variation of DSMpeak

between the present two samples may be due to the fact that the
substitution of Co by Fe decreases DMA-M from 88.2 A m2 kg�1 to
81.2 A m2 kg�1 whereas the temperature range of the reverse
martensitic transformation (DT) increases from10 K to 15 K. Indeed,
these two reasons could be readily understood from the Maxwell
relation itself, because DSM is directly proportional to the first de-
rivative of magnetization with respect to the temperature. In
addition, a larger amount of the second g phase forms with the
increase of Fe content. This phase does not participate in the
martensitic transformationwith the consequent decrease of DSMpeak,
as confirmed in Refs. [53,58].

The working temperature range dTFWHM was assessed through
the full-width at half-maximum of the DSM(T) curve, i.e.,
dTFWHM ¼ Thot � Tcold where Thot and Tcold are the temperatures at
which DSM is half of its maximum value. The obtained dTFWHM, Thot
and Tcold are listed in Tables 1 and 2. Under 5 T field, for Fe2, Thot and
Tcold are 298 and 278 K, respectively. For Fe2.5, they are 287 and
265 K, respectively. For both samples, the working temperature
ranges are located around room temperature.

Fig. 4 displays DSM
eak as a function of moDH for Fe2 and Fe2.5,

respectively. In spite of the different values of DSMpeak the trend of
the curves is similar for both samples: the maximum entropy
change DSM

peak
first increases and then tends to saturate with the

increase of the magnetic field change above approximately 3 T for



Table 1
Magnetocaloric properties derived from the DSM(T) curve for Fe2 alloy for selected
magnetic field changes ranging from 1 T to 5 T.

moDH (T) 1.0 2.0 3.0 4.0 5.0

DSM
peak (J kg�1 K�1) 11.4 18.9 21.3 22.2 22.4

RC (J kg�1) 60 128 216 302 396
dTFWHM (K) 7 9 12 16 20
Thot (K) 300 299 298 298 298
Tcold (K) 293 290 286 282 278

Table 2
Magnetocaloric properties derived from the DSM(T) curve for Fe2.5 alloy for selected
magnetic field changes ranging from 1 T to 5 T.

moDH (T) 1.0 2.0 3.0 4.0 5.0

DSM
peak (J kg�1 K�1) 6.7 11.8 14.4 16.0 16.8

RC (J kg�1) 45 99 164 236 313
dTFWHM (K) 8 10 13 17 22
Thot (K) 289 288 287 287 287
Tcold (K) 281 278 274 270 265

Fig. 5. Refrigeration capacity as a function of the magnetic field change for Fe2 and
Fe2.5 samples.
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Fe2 and 4 T for Fe2.5, in good agreement with those magnetic fields
above which a wide “hump-like” peak starts to occur. For the sake
of comparison, the DSM

peak values of some studied NieMneSn
magnetocaloric alloys with transitions around room temperature
(i.e., from 280 to 316 K) were plotted in Fig. 4. It is clear that, for Fe2
the values of DSMpeak under various magnetic fields are comparable
to, or even larger, than most of NieMneSn alloys. The DSM

peak values
and related parameters of the present two alloys for selected moDH
values are given in Tables 1 and 2

Refrigeration capacity RC, which is a physical quantity that
quantifies the amount of heat that might be transferred between
the cold and hot reservoirs through an ideal refrigeration cycle, is
another important parameter that characterizes magnetocaloric
materials [1,79,80]. RC can be estimated as RC ¼ R Thot

Tcold
DSMdT [79].

The dependence of RC on moDH of the present alloys is depicted in
Fig. 5, and the obtained values for different magnetic field changes
are listed in Tables 1 and 2 As Fig. 5 shows, RC monotonically
increased with increasing magnetic field changes for both alloys.
For moDH¼ 5 T, the RC value of Fe2 not taking into consideration the
magnetic hysteresis losses is 396 J kg�1, which is a little smaller
than that in Ni40Co10Mn40Sn10 (426 J kg�1) possessing the largest
Fig. 4. DSMpeak as a function of moDH for Fe2 and Fe2.5 samples. For the sake of com-
parison, the DSM

peak reported for some studied NieMneSn based bulk alloys, with
DSM

peak between 280 and 316 K, is given. The composition of the selected alloys is listed
in the descend order of DSMpeak value: Ni43Co7Mn39Sn11 ribbon [54], Ni40Co8Mn42Sn10

[77], Ni41Ti1Co9Mn39Sn10 [56], Ni43Mn41Co5Sn11 [38], Ni50Mn37Sn13 [34], Ni45C-
o5Mn37In10Si3 [94], Ni47Mn40Sn12Cu1 [82], Ni40Co10Mn40Sn10 [52], Ni50Mn36Co1Sn13

[36], Ni49Co1Mn37Sn13 [37], Ni47Mn40Sn11.75Cu1.25 [82], Ni45.2Mn38.6Sn9.9Fe6.3 [69],
Ni45(Mn39Fe5)Sn11 [95], Ni42Cu2Co6Mn39Sn11 [96], Ni49Mn37.4Sn13.6 [35], Ni49Mn39Sn12

[81], and Ni50Mn36.5Sn13.5 [97].
RC reported in NieMn-Z Heusler alloys before the year of 2014 [52].
The RC values of those NieMn-Z alloys that have been reported
since 2014 up to now are listed in Table 3. It can be seen that, except
for Ni40Co8Mn42Sn10 (RC ¼ 468 J kg�1) [77] and Ni42Co8Mn37.7In12.3
(RC ¼ 450 J kg�1) [78], the current obtained value is larger than the
reported for other NieMn-Z alloys. Fe2.5 has a relatively smaller
value of RC (313 J kg�1) than Fe2 resulting from the reduced DSM

peak

(16.8 J kg�1 K�1) and slightly increased dTFWHM (22 K). The large RC
values of both alloys are consistent with their large DSMpeak (22.4 and
16.8 J kg�1 K�1) and broad DSM(T) curves (dTFWHM ¼ 20 and 22 K).

As the magnetic field-induced hysteresis loss is inevitable, the
effective RC, which is usually referred as RCeff, is more important
from the viewpoint of practical application. For a magnetic field of
2 T (the maximum field that commercial permanent magnet as-
semblies used in magnetic refrigerators prototypes could provide),
the average hysteresis loss <HL> value obtained for Fe2 and Fe2.5
alloys in the temperature interval dTFWHM was 43 and 32 J kg�1,
respectively, that led to RCeff values of 85 and 67 J kg�1. That is,
across the first-order phase transition, the refrigerant capacity
would be reduced approximately 33% for both alloys if an ideal
refrigeration cycle was considered. In spite of the considerable
hysteresis loss, RCeff for Fe2 samples was still higher than the
measured for other NieMn-Z alloys such as Ni49Mn39Sn12
(RCeff ¼ 58 J kg�1 for moDH ¼ 3 T) [81], Ni47Mn40Sn13
(RCeff ¼ 62 J kg�1 for moDH ¼ 5 T) [82], Ni50Mn37Sn13
(RCeff ¼ 54 J kg�1 for moDH ¼ 5 T) [83], and Ni49.8Co1.2Mn33.3In15.5
(RCeff¼ 76.6 J kg�1 for moDH¼ 5 T) [84]. Besides, it can be also found
that the increase of Fe content reduces the hysteresis loss.

To further explore the potential of the present alloys as mag-
netocaloric refrigerants, it is worth performing the direct
Table 3
Comparison of the RC values at 5 T obtained for Fe2 and Fe2.5 alloys with those re-
ported since 2014 for some representative NieMn-Z alloys.

Alloy composition moDH (T) RC (J kg�1) Refs.

Ni40Co8Mn42Sn10 5 468 [77]
Ni42Co8Mn37.7In12.3 5 450 [78]
Ni41Co7Fe2Mn40Sn10 5 396 This work
Ni42Co8Mn38In12 5 334 [86]
Ni41 Mn43 Sn10Co6 5 322 [87]
Ni41Co6.5Fe2.5Mn40Sn10 5 313 This work
Ni48.4Co34.2Mn34.2In13.8Ga1.7 5 312 [88]
Ni40.6Co8.5Mn40.9Sn10 5 302 [76]
Ni40Co10Mn40Sn10 annealed powders 5 279 [89]
Ni45.8Fe4.2Mn38.0Sn12.0 5 237 [90]
Ni43Mn46Sn11C2 5 220 [91]
Ni47Mn40Sn13 5 207 [82]
Ni2MnIn 5 167.5 [92]
Ni50Mn35In13.9B1.1 5 140 [93]



Fig. 6. Adiabatic temperature change (DTad) measured on continuous heating protocol
for an external magnetic field change of 1.5 T.
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measurement of the adiabatic temperature change DTad. The ob-
tained DTad as a function temperature measured under an external
field change of 1.5 T is shown in Fig. 6. Each measurement was
performed in continuous heating mode, i.e., the sample was firstly
cooled down to 270 K (Fe2) and 250 K (Fe2.5) under zero field to
ensure full martensite and then heated to the first measurement
temperature under zero field. After finishing the DTad measure-
ment, the sample was heated to the next temperature to perform a
subsequent measurement. The maximum DTad

peak obtained
was �0.8 K at 298 K for Fe2 and �1.5 K at 285 K for Fe2.5. If it is true
that the absolute DTad

peak values obtained for the studied alloys are
not very large compared to the reported for Ni40Co8Mn42Sn10 (4.4 K
for moDH ¼ 1.5 T) [77], they favorably compare with the values re-
ported for other NieMneSn based alloys such as Ni50Co1Mn36Sn13
(1.1 K for moDH ¼ 1.9 T) [36], Ni46.2Mn36.6Sn12.2Co5.0 (1.4 K for
moDH ¼ 1.9 T) and Ni51.2Mn35.1Sn13.7 (1.1 K for moDH ¼ 1.9 T) [85]. It
should be pointed out that, the present DTad values were attained at
moDH ¼ 1.5 T, a field unable to fully induce the reverse martensitic
transformation (as can be seen from Fig. 3). Secondly, the mea-
surements of DTad were done in the continuous heating mode,
which results in an underestimation on the values [77]. Therefore,
the actual DTad for the present alloys should be somewhat larger
than the measured one.
4. Conclusions

In summary, the magnetocaloric properties of two bulk quinary
alloys of nominal composition of Ni41Co7Fe2Mn40Sn10 and Ni41C-
o6.5Fe2.5Mn40Sn10 were studied by indirect and direct methods. For
a magnetic field change of 2 T (5 T), both alloys exhibited a large
maximum magnetic entropy change around room temperature of
18.9 (22.4) J kg�1 K�1 and 11.8 (16.8) J kg�1 K�1, respectively, giant
refrigeration capacity values of 128 (396) J kg�1 and 99 (313) J kg�1

and a widened working temperature range dTFWHM. A direct mea-
surement of adiabatic temperature changes showed DTad

peak values
of �0.8 K and �1.5 K for Fe2 and Fe2.5 alloys, respectively. The
magnetocaloric properties found revealed the potential of Fe-
containing Ni41Co9Mn40Sn10 alloys as room-temperature mag-
netic refrigerants.
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