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Abstract Heusler ferromagnetic shape memory alloys (FSMAs) have received significant
attention due to their magnetocaloric effect. In this study, quaternary FSMAs based on
NiMnSn alloyed with different amounts of Gd are investigated. The caloric, electrical and
magnetic properties of the produced alloys are fully characterised. An increase in Gd alloying
in the NiMnSn FSMAs results in a decrease in the characteristic temperatures. In addition,
it is determined that the ratio of Mn and Ni is effective in changing the transformation tem-
perature. The temperature-dependent electrical resistance measurements denote a sudden
jump during the martensite phase transformation, while a decrease in the resistance value is
observed during the austenite phase transformation. According to the magnetisation hystere-
sis, Gd significantly increases the magnetisation of the NiMnSn-based alloy.

1 Introduction

Smart materials are materials that respond to external physical (e.g. pressure, temperature,
humidity, light and electric and magnetic fields), chemical (e.g. pH and solution) or bio-
logical stimuli by changing their counter quality and/or transforming energy [1-5]. Typical
types of smart materials include piezoelectric materials, shape memory alloys (SMAs), mag-
netic shape memory alloys (MSMAs), magnetostrictive materials, electrostrictive materials,
chromic materials and shape memory polymers [6-9].

Conventional SMAs exhibit both superelasticity and the shape memory effect (SME).
While for superelasticity, the shape change occurs with the applied force, the shape change is
observed with heating in the SME. Some of the conventional SMAs are NiTi, Cu-based, Fe-
based, Co-based, Ni-based and Ti-based alloys [10]. There is considerable demand for NiTi
alloys because they exhibit noticeable superelasticity and a strong SME [11-13]. MSMAs,
unlike conventional SMAs, are expected to recover the original shape not only by apply-
ing force or temperature but also by using a magnetic field and reacting faster [14—17]. In
recent years, MSMAs have received more attention due to their technological importance
and physical properties and have been frequently studied by many researchers [18, 19].
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Ni-Mn-based Heusler alloys occupy an important place among magnetocaloric materi-
als, since their structural phase transition is observed near room temperature and magnetic
moments between two different phases of the material are rearranged. Recently, the demand
for MSMAS that simultaneously display the SME and ferromagnetic behaviour has increased
[20, 21]. Although Ni;MnGa is the most used Heusler MSMA, Ni-Mn-Sn alloys are con-
sidered as alternative to Ni-Mn—Ga alloys. There are many alternatives to this combination,
e.g. using Sn instead of Ga, which is preferred as it reduces costs and is promising for the
future. Ni-Mn—Ga SMAs have low ductility and a martensitic phase transformation that have
limited their application, where the weakness can be improved by substituting Ga with Sn
[22]. For this reason, many studies have recently been conducted on the development of
Ni-Mn—Sn-based alloys [18, 23-26].

Umetsu et al. observed that non-stoichiometric Ni-Mn-Z (Z = In, Sn or Sb) alloys differ
from a traditional Ni-Mn—Ga ferromagnetic shape memory alloy, in which large magne-
tostriction occurs due to rearrangement of the magnetic variant [27, 28]. Kok et al. [29]
added a high proportion of Cr into a Ni-Mn-Sn alloy. They found that Cr addition seri-
ously affected on transformation temperature, crystal structure and magnetic properties of
NiMnSn alloy. Ito et al. recently discovered an unusual type of ferromagnetic shape memory
alloys (FSMAs) that indicates the martensitic transformation from the ferromagnetic parent
phase to the anti-ferrous or paramagnetic martensite phase in the Ni-Mn-In, Ni-Co—Mn-In
and Ni-Co-Mn-Sn Heusler alloy systems and confirmed the magnetic field-induced inverse
martensitic transformation [30].

Rare-earth elements can operate at high temperature, and they are lightweight and have
good wear and corrosion resistance. Moreover, they are also used as additive elements in
MSMAs. For example, Sui et al. added small amounts of Gd into a NiMnGa alloy and
this improved the two-way SME and thermomechanical properties of the alloy [31]. In
another study, Cai and colleagues added Y to a NiMnGa alloy and found that the phase
transformation temperature increased and the additive could improve the ductility of the
alloy with compressive stress [32].

Gd is a moderately flexible, slightly hard, silvery-white rare-earth metal that is highly
stable in air and has magnetocaloric properties. It is the only lanthanide that is ferromagnetic
at near room temperature, with a Curie temperature of 293 K. Above this temperature, Gd
is very strongly paramagnetic. As little as 1% Gd can increase the workability of iron and
chromium alloys and their resistance to high temperatures and oxidation. Benefitting from
this feature, it is also used in alloys to make magnets, electronic components and data storage
discs. There are only limited studies regarding the Gd addition effect on NiMnSn SMAs, in
which the mechanical, magnetic properties and change in the crystal structure of NiMnSnGd
SMAs are investigated [33, 34].

In this study, Gd is chosen as a doping element in NiMnSn MSMAs because of its good
magnetic properties and low curie temperature. The caloric electrical and magnetic properties
of the quaternary alloys are investigated.

2 Experimental

Table 1 lists the appropriate ratios of high purity powders of Ni, Mn, Sn and Gd used to
produce the NiMnSnGd alloys. First, the powders were mixed and then pelletised with a
mechanical hydraulic compressor. The pelleted samples were melted using an arc melting
furnace in a vacuum chamber and then the as-received alloys were homogenised at 900 °C
for 24 h. The phase transformations were determined using a Perkin Elmer Sapphire Differ-
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Table 1 The atomic percentage Alloys’ code Ni Mn Sn Gd
of NiMnSnGd alloys
Gdo 50 38 12 -
Gd4 50 34 12 4
Gdo6 50 32 12 6
Gd44 46 38 12 4
Gd66 44 38 12 6

ential Scanning Calorimetry (DSC) under a pure nitrogen atmosphere with a heating/cooling
rate of 10 C°/min. For the analysis of the chemical composition and microstructure of the
alloys, a Leo Evo-40 x VP scanning electron microscope equipped with energy-dispersive
X-ray spectroscopy was used. The electrical resistivity against temperature was carried out
for the samples using CRYO Industries of America Model No. REF-2261-202HT with a
heating/cooling rate of 2 C°/min. Finally, the magnetisation of the produced alloys was
determined using a Quantum Dizayn PPMS 7 (Physical Properties Measurement Systems)
between -6 and 6 T at room temperature.

3 Result and discussion

Figure 1 shows the DSC curves of the Gd0, Gd4, Gd4, Gd6 and Gd66 samples, which were
obtained at a heating/cooling rate of 10 K/min. The phase transformation temperatures (A,
Ar, Mg and My) are listed in Table 2. The substitution of Ni with Gd generally reduced
the transformation temperatures (TTs) of the NiMnSn alloy. The TTs were diminished by
keeping the Mn constant and reducing Ni in the NiMnSnGd alloy (comparing Gd4 with
Gd44, and Gd6 with G66). In different circumstances, the phase TTs dropped by keeping the
Ni ratio constant. Thus, it can be stated that the change of other elements in addition to the
Gd also affected the TTs.

Coll et al. [35] produced a MnNiSn alloy with a Mn ratio higher than the Ni ratio. They
increased the weight percentage of Sn relative to Ni in three different compositions, whereby
they found that the characteristic temperatures were reduced by decreasing the Ni composi-
tion. Likewise, the results were observed in the current study. Aydogdu et al. substituted Mn
with B in a NiMnSn alloy and observed that the TTs increased with increasing B [36]. Simi-
larly, Kok et al. [29] realised that the addition of Cr instead of Mn could increase the TTs of
a NiMnSn alloy. Consequently, it can be noticed that Gd is a significant element that reduces
the TTs of NiMnSn alloys. Gd is already preferred in magnetocaloric refrigerators because
it is active at low temperatures [37]. In this study, we aimed to reduce the martensite TT of
NiMnSn alloys to below room temperature and to enhance their magnetocaloric properties.
The TTs fell to below 0 °C, indicating that the aim of this study had been achieved.

The enthalpy change refers to the energy required to transfer a solid—solid phase in an
SMA. The enthalpy change values of NiMnSnGd alloys were obtained from the integration
of the troughs and peaks of the martensitic phase transformation, based on the following
equation [38—40]:

Af

dg (dT\ !
AHM”A:/— — ) dr. 1
dt (dt ) )

As
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Table 2 Phase transformation temperatures and enthalpy results of NiMnSnGd HTSMA
Samples Ag Ap Af My Mp My AH Gg
°O) °0) O °0) °0) °C g (/kg)
Gdo 84.9 100.7 123.4 89.3 61.3 42.7 10.35 1375.83
Gd4 294 42.5 58.9 21.7 9.1 —8.1 7.50 846.54
Gd44 27.7 453 62.4 37.4 19.0 6.1 12.35 1483.09
Gdo6 20.1 25.8 36.8 222 10.1 3.1 2.02 232.36
Gd66 5.10 22.7 44.7 —-28 —11.7 —-17.6 5.51 236.64

Using the DSC software, the value of A H for the alloys was achieved and listed in Table 2.
To compare, the alloys were divided into two different categories. In the first category, where
the Gd ratio was constant (Gd4 and Gd44 alloys), the value of AH reduced by increasing
the Mn/Ni ratio; a similar change was observed in Gd6 and Gd66 alloys. While the AH
was decreased in the second category, where the Gd composition was increased in the alloy
(Gd4-Gd6 and Gd44-Gd66). The DSC peak of the Gd6 was less sharp than other alloys. This

result is in agreement with the elastic energy value (Gg) calculated by [39, 41, 42]:

Gg = AG”M(My) — AG*M (My) = (M; — Mg)ASY A
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where AG and AS are the Gibbs free energy and entropy changes of the martensitic phase
transformations. The entropy change was calculated by [43, 44]:

ASA(M)%M(A) _ TOAHA(M)ﬁM(A) 3)

where T, is the equilibrium temperature (= (M s+A f) /2) [45-47].

The compositional analysis of the alloys was accomplished with the mapping results
obtained by EDS. Figure 2 shows the mapping results of the NiMnSn-based alloys. The
distribution of the constituents changed with changing Mn and Ni ratios in the Gd6 and Gd66
alloys. Although Gd and Ni are almost homogeneous, the chemical changes between Mn and
Sn are noticeable, e.g. the Mn ratio is higher in Gd66 than in Gd6. In the Gd6 alloy with less Mn
content, secondary phases were more prominent and Mn-weighted precipitate phases were
formed. Scanning electron microscopy (SEM) analysis was also performed to identify the
microstructures and phases. The SEM analysis displays that the alloys provide both martensite
and austenite phases. The reason for this is explained by the fact that the room temperature is
between A; and M temperatures, which is shown by the DSC measurements. Furthermore,
the austenite phase provides more Mn compared to the martensite phase. Likewise, Saini
et al. [48] obtained similar results for a NigeCusMns5Sns SMA. The SEM image was found
to be a mixture of martensite and austenite phases. Furthermore, they stated that the needle-
like component in the images represented the martensite phase, which is characteristic of the
martensitic transformation.

Figure 3 shows the change of electrical resistance (ER) as a function of temperature for a
complete thermal cycle. The ER measurements were performed for the Gd0, Gd44 and Gd66
alloys. Generally, the ER values of the martensite phase were higher than that of the austenite
phase. In addition, itis indicated that the ER change with temperature for the martensitic phase
transformation exhibits a semiconductor-like behaviour [49], i.e. more electron scattering
is taken place with the formation of martensite variants. Moreover, the difference in crystal
structure between the martensite phase and the austenite phase causes a change in the electron
band structure of the shape memory alloys, which influences the electrical conductivity and
electron scattering around the fermi energy level [50]. The increase in the Gd ratio caused
reducing the hysteresis value of the NiMnSn SMA (ER resistance curves were obtained for
Gd0, Gd44 and Gd66). Additionally, the electrical resistivity analysis of the martensite phase
showed that the increase in the Gd ratio significantly increased the electrical resistivity.

Figure 4 shows the results of magnetisation of the NiMnSnGd alloys at room temperature.
It is seen that none of those alloys attained saturation by applying a magnetic field of £6 T.
However, none of the samples show magnetic hysteresis. Llamazares et al. [51] reported
that there is a critical threshold (H;) of magnetic field for ternary Ni-Mn—Sn magnetic
SMAs, where the magnetisation is completely reversible at field strengths below the H . This
property could be important for magnetic refrigerators. Since the hysteresis of all NiMnSnGd
alloys is very narrow, they can be classified as soft magnetic behaviour SMAs. Heat treatment
[51] and the measuring temperature [52] can also affect the magnetisation saturation.

The elements in an alloy provide information regarding the magnetic properties of
MSMAs. There are three important elements in the NiMnSnGd alloy that affect the magneti-
sation, namely, Ni, Mn and Gd. The magnetic behaviour of materials results from the sum
of the magnetic moments of the atoms. The magnetic moment value per atom is~0.2-0.4
wp for Ni. For Mn, the element is ~2.84—4 g and for Gd, the element is 6.8-8 g [53, 54].
Accordingly, Gd is the most effective element with comparably high magnetisation. The M-H
plots taken at room temperature show that the magnetisation value is raised by increasing
the Gd ratio. Since the magnitude of magnetic moment per atom is Gd>Mn>Ni, so Mn
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Fig. 2 The SEM images for the NiMnSnGd samples (the left- and right-side images are related to Gd6 and
Gdo66 alloys)
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Fig. 3 Electrical resistivity graphs of Gd0, Gd44 and Gd66 samples by changing temperature
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Fig. 4 Magnetisation curves of NiMnSn-Gd alloys at room temperature

has less effect on the magnetisation of the alloy compared to the Gd effect. Therefore, even
though the Mn ratio is lower in Gd66 and Gd6 compared to other alloys, the atomic magnetic
property of Gd has been more determinant.

4 Conclusions

In this study, Ni and Mn were substituted with a different ratio of Gd in Ni-Mn—Sn alloys. The
caloric, electrical and magnetic properties of the alloy were investigated. The main outcomes
can be summarised as follows:

e By fixing the Mn or Ni ratio in the alloy, increasing the Gd ratio reduced the TT values.

e The chemical and microstructure analysis showed that the NiMnSn-Gd alloy provided both
martensite and austenite phases. The dominant phase was martensite with the friction of
undissolved austenite phases. Additionally, it was found that the austenite contains more
Mn compared to the martensite phase.

e Itis known that SMAs exhibit a different crystal structure in the martensite and austenite
phases. This change in crystal structure significantly affects the electron band structure
of the alloy. Therefore, it was observed that the electrical resistance value of NiMnSnGd
alloys increased in the martensite phase compared to the austenite phase. Furthermore, the
hysteresis range of the NiMnSnGd alloy has decreased with the effect of Gd.

e It was observed that the magnetisation value of the NiIMnSnGd alloy grew with an increas-
ing Gd ratio. Because the atomic magnetic moment of Gd is higher than that of other
alloying elements.
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