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Abstract

Magnetic refrigeration is an option to replace conventional refrigeration. There are many studies that analyze materials with
magnetocaloric effect during the first cooling-heating cycle, without analyzing the influence of cycling (necessary to check
its applicability). In this work, we proceed to analyze the crystallographic structure (X-Ray diffraction) and the thermal (dif-
ferential scanning calorimetry) and thermomagnetic (PPMS cycles and ZFC-FH-FC scans) response after a hundred thermal
cycles of two Heusler alloys, NijoMn,Sn,,Pd, and Ni;sMnSn,,Pd, (at.%), that have been produced by melt spinning as
ribbon flakes. In order to check its stability from cycling, these ferromagnetic alloys have been subjected to a hundred of
thermal cycles (heating/cooling to provoke the austenite to martensite reversible transformation. The comparison before and
after cycling behavior allow us to state that the reduction of the crystallographic defects favors higher atomic order. Like-
wise, the thermodynamic parameters (entropy and enthalpy) and the magnetic response have been reduced at about 10-12%.
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Introduction

Conventional shape memory is given by applying pressure
and/or temperature. In the case of magnetic alloys with shape
memory (MSM), this phenomenology occurs not only under
pressure and temperature changes, but also when an external
magnetic field is applied to the specimens. MSM alloys have
their potential applicability as energy transducers, actuators,
sensors or in magnetic cooling devices [1]. The application
of these materials in magnetic refrigeration needs the study
after cycling. The magnetic transition (commonly from fer-
romagnetism to paramagnetism) must be present. Among
the families of alloys with magnetic shape memory are the
Heusler alloys [2, 3]. These are characterized by being able
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to have, in addition to the magnetic transition, the martensi-
tic structural transformation. Between the caloric effects that
they can present are magnetocaloric [4], elastocaloric [5] or
barocaloric [6]. The martensitic transformation is reversible
and presents thermal hysteresis. The Heusler structure, L2,
is a complex cubic structure with an X,YZ stoichiometry.
Usually, the produced Heusler alloys are non-stoichiometric
[7]. In addition, there are studies that analyzes the minor-
ity addition of a fourth element. It has been found that the
addition of low amounts of Fe [8] or Co [9] causes a sig-
nificant shift of transition temperatures. This displacement
is favored by the modification of interatomic distances and
hybridization. Consequently, it is a good option to design
alloys with transitions in the desired temperature range for
a particular application. For example, magnetic cooling near
room temperature.

Nevertheless, there is a comparative lack of studies
about cycling (heating—cooling). The correct functional-
ity of MSM alloys largely depends on the stability of their
response under the action of cyclic or repetitive processes.
Most studies analyzing the cyclic process usually use only
the first cycle. At most after a heat treatment of the sam-
ple to be analyzed. Among the studies that have analyzed
behavior after multiple cycles are the following [12-14].
In Ni-Mn-Sn base alloys, an improvement in the cyclical
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stability of the mechanical response to compression and the
elastocaloric effect has been noted [12]. The same effects
have been found in Ni-Mn-In base alloys [13]. On the
other hand, in Ni-Mn—-Ga—Co-Cu Heusler microwires,
high stability after cycling has also been noted, retaining a
good mechanical response [14]. The calorimetric analysis,
especially with differential scanning calorimetry (DSC), is
needed to check the thermal stability after cycling. DSC has
been widely used in MSM alloys to determine: a) transfor-
mation temperatures and b) thermodynamic parameters:
enthalpy and entropy [10, 11].

In the present work, two Heusler-type Ni-Mn—Sn (with a
minor addition of Pd) alloys have been subjected to hundred
cycles of heat treatment, inducing the reversible structural
transformation. The analysis of the thermal, structural and
thermomagnetic studies have benn done to compare the
results before and after the thermal cycling process.

Materials and methods

Concerning samples production, two alloys NijgMn;,Sn ,Pd,
and Niy;gMn,Sn,,Pd, have been synthesized with ribbon
shape. The elements Ni, Mn, Sn, Pd (Sigma-Aldrich) have
been used as precursors, with a purity >99.5%. The first step
has been the production of the bulk alloys using the arc-
melting technique (Biihler MAM-1). Casting is carried out
in a controlled atmosphere, argon (with a vacuum prior to
the introduction of argon of 107 torr). This process has been
repeated four times in order to facilitate specimen homog-
enization. Then, the massive ones have been melted (in
argon-controlled atmosphere, 400 mbar) using an induction
system, and their rapid solidification has been carried out in
a melt-spinning equipment (Biihler MSP 10), using a linear
speed on the surface of the equipment wheel of 40 m/s and
an injection pressure of 1000 mbar). The produced ribbons
dimensions are around 1 mm wide and about 20 pm thick.
The crystalline structure at room temperature of the rib-
bons has been characterized by XRD performed at room
temperature (Bruker, D500 S). The analysis of diffraction
patterns has been carried out using the Rietveld’s method
and the MAUD software. The thermal characterization
has been carried out by DSC (DSC822, Mettler-Toledo),
in argon atmosphere and heating/cooling rate of 10 K/min.
Thermal cycles have been carried out between room and
liquid nitrogen temperatures, by introducing/extracting the
samples in a reservoir of liquid nitrogen. In this processing,
the alloys have been 30 s at each temperature. The magnetic
and thermomagnetic analysis has been carried out by mag-
netic hysteresis cycles (at 50 and 300 K), and with zero-field
cooling (ZFC), field cooling (FC) and field heating (FH) pro-
cesses in a PPMS 6000 Quantum Design equipment, from
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Fig.1 XRD diffraction pattern (room temperature) and Rietveld
refinement of the alloy NiygMn;,Sn,,Pd,
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Fig.2 XRD diffraction pattern (room temperature) and Rietveld
refinement of the alloy Ni,sMn;¢Sn, ,Pd,

low temperature to 400 K and applying magnetic fields of
50 Oe and 50 kOe.

Results and discussion
Structural analysis

The characterization of the crystalline structure at room
temperature of alloys produced and subjected to hundred
thermal cycles allows us to state whether its structure cor-
responds to an austenite or to a martensite. Figures 1 and 2,
respectively, show the diffractograms corresponding to the
alloys NijoMn;Sn;,Pd; and Ni,gMn;Sn,,Pd,. The structure
obtained is austenitic, L2,, which means that if there is a
structural transformation, it is below room temperature. It
should be noted that if none of the superstructure peaks typi-
cal of Heusler alloys were detected, indexed crystallographic
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Table 1 Crystalline parameters

btai . Composition Lattice parameter Microstrain ~ Crystalline size L2, order
obtained from Rietveld at.% /nm /nm 1%
refinement and the L2, order
parameter NigMn;Sn,,Pd; (Before cycling) — 0.5993(2) [17] 0.546(8) 101(3) 56
NiyMn;Sn, ,Pd; (After cycling) 0.5989(3) 0.432(6) 108(2) 58
Ni ¢Mn;Sn,,Pd, 0.6001(2) [17] 0.597(7) 109(3) 54
(Before cycling)
Ni gMn;Sn,Pd, 0.5994(2) 0.478(5) 118(2) 67
(After cycling)
12 A . .
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Fig.3 DSC cooling/heating scan at 10 K/min of the alloy
NiyoMn34Sn, Pd;. Cooling up scans, heating down scans

peaks (h k I Miller indexes) suchas 1 11,311,331,51
1 or 5 3 1, the structure would be the cubic B2 with a lower
degree of atomic order [15].

Table 1 shows the crystallographic parameters calculated
using the Rietveld refinement method. There are parameters
before and after cycling. Alloys (before 100 cycle) were
previously partially analyzed [17]. Regarding XRD analy-
sis, only lattice parameters were given in this referenced
manuscript.

The cell parameter increases slightly by adding more Pd,
expected effect as Pd is the atom with the largest atomic
size. The addition of Pd in the crystallographic structure is
in a substitutional form, not forming precipitates, a problem
detected when Tb has been added in alloys of Ni-Mn-Sn
[12]. Regarding the effect of cycles, there is a slight decrease
in the lattice parameter and the microstrain index, together
with an increase in crystal size. The continuous cycles favor
small microstructural changes by decreasing the density of
crystallographic defects (vacancies, dislocations) introduced
during the mechanical process (decreasing the microstrain)
(Figs. 3 and 4).

It is known that the degree of order is one of the param-
eters influencing the martensitic transformation temperature
[17]. The alloys are far from the Heusler 2:1:1 stoichiometry.

T % T % T = T % T ' T . T
173 193 213 233 253 273 293
Temperature/K

Fig.4 DSC cooling/heating scan at 10 K/min of the alloy
Ni gMn34Sn,; Pd,. Cooling up scans, heating down scans

Thus, it is expected a L2, order degree (S;;,) lower than
100%. The L2, order degree has been evaluated using the
Webster model [18], expressed as:

where with subscript ‘111/220” and ‘exp/theo’ is the XRD
peak intensity of 111 or 2200 peaks in the experimentally
XRD patterns or in the theoretical ones for the L2, phase. An
increase in the order parameter is found, specially, in alloy
with 2 at-% of palladium.

Thermal analysis

A small compositional change can cause a significant dis-
placement of transformation temperatures. However, this
displacement is usually associated with the e/a parameter,
which corresponds to the average outer electrons [19]. In this
case, since there are 10 that contribute both the Ni (3d® 4s?)
and the Pd (4d'°), this effect is negligible.

The transition temperatures are given in Table 1, M, and
M; are the martensite start and martensite finish temperatures
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Table 2 Characteristic

. Composition M,/K M;/K AJ/K A/K T /K Ty/K Tys/K

temperatures obtained from at.%

DSC heating/cooling scans
NiMnySn, Pd, (Before cycling) 2069  190.1 2089 2238 2154 1978  215.1
NiguMnsSn,Pd, (After cycling) ~ 203.8 1923 2082 2254 2146 201.1 2163
NigMnySn, Pd, (Before cycling)  230.9 2168 2322 2467 2388 2258 2412
Ni gMn;Sn,,Pd, (After cycling) 2323 2189 2338 2472 2398 227.1 240.3

Table 3 Thermodynamic Composition AH g ASHg'K' ASHg 'K Eyig" W,ig!

parameters obtained or at.%

calculated from the analysis of

the DSC heating/cooling scans NioMn,(Sn, Pd; (Before cycling) 1.44 0.00669 0.28 0112 0.053
NigoMn,Sn, Pd, (After cycling)  1.35 0.0063 0.23 0073  0.0431
Ni gMn,(Sn, Pd, (Before cycling) 2.99 0.0125 0.41 0.177  0.0895
Ni gMnsSn, ,Pd, (After cycling) — 2.86 0.0119 0.34 0.160  0.0799

(cooling scan) and A, and A; are the austenite start and aus- ]

tenite finish temperatures (heating scan). Values are higher 30+ Ni,Mn,Sn, Pd,

in alloy with 2 at.% of palladium. These temperatures are —— M-HT=50K

only slightly shifted after cycling. The equilibrium Gibbs T *°] M-H T =300 K

temperature, T, has been calculated, following the proce- ¢ 104

dure described in ref. [20]. This characteristic temperature % 1 /

is Pd content dependent and only slight shift is found after '% 0 j

cycling. Thus, it can be stated that the thermal stability is % _ 10;

not highly affected by cycling. The temperature interval of § ]

the transformation is defined as the difference between the = - 20+

peak temperatures of the austenite to martensite transforma- _aol

tion, Ty, and the reverse martensite to austenite transforma-

tion, Ty;,. The values are reduced about 2 K after cycling ' ' ' :

-80000 - 40000 0 40000 80000

(Table 2).

It is known that the characteristic temperatures are cool-
ing/heating rate dependent and sometimes an apparent acti-
vation energy was calculated [21]. Nevertheless, the general
trend of the temperatures is expected to be similar. By ana-
lyzing the DSC scans, some thermodynamic parameters as
the entropy and the entropy of the transformation have been
calculated by integration [22]. The average values (cooling/
heating) are shown in Table 3. Both enthalpy and entropy
have been increased with the palladium addition. Cycling
provokes a decrease around 10-12% of the values. Indicat-
ing that the heat release after cycling is lower. Probably, the
accommodation of the martensitic phase and the reduction
of microstructural defects favor this reduction.

The thermal and thermodynamic analysis has been
applied to estimate other thermodynamic parameters as the
irreversible entropy change, AS; [23], the elastic energy,
E,, [24] or the irreversible dissipated energy, W [25]. The
procedure and equations involved are described in [23-26].
All these parameters are higher in alloy with 2 at.% Pd and
decreases with cycling. It is the same tendency found in the
enthalpy and the entropy of the structural transformation.
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Fig.5 Ferromagnetic hysteresis cycles at 50 and 300 K of the alloy
NiyoMn34Sn,,Pd,

Thermomagnetic analysis

In addition to the stability of the crystalline structure and
thermal stability, in magnetic alloys with shape memory,
the stability of their magnetic and thermomagnetic response
is decisive in reference to their applicability. Consequently,
it is customary to complement thermal measurements with
thermomagnetic measurements [11, 27].

The magnetic hysteresis cycles of the two alloys have
been carried out, at 50 and 300 K. The curves obtained
are shown in Figs. 5 and 6 for alloys NijoMn;,Sn,,Pd; and
Ni,gMn;Sn, ,Pd,, respectively. The differentiated behavior
at both temperatures is due to the fact that at 300 K, the
phase is austenite, while at 50 K the martensite. Though
it should be taken into account that at 300 K, the sample
is close to the paramagnetic state that also determines the
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Fig.6 Ferromagnetic hysteresis cycles at 50 and 300 K of the alloy
Ni gMn34Sn, ,Pd,

hysteresis loop—low coercivity, M versus H dependence is
approaching to linear. The increment of the palladium addi-
tion provokes an increase in the coercivity. The coercivity
increased from 25 to 39 Oe at 300 K and from 243 Oe to
Oe 351 at 50 K. This behavior is associated with the micro-
strain, higher the microstrain higher the coercivity of the
alloy. The coercivity of samples not subjected to thermal
cycles follows the same tendency. However, after cycling,
the values decrease by around 10% (effect also due to the
reduction in the density of crystallographic defects). The
magnetization of saturation is near to be achieved and it is
lower when measured at 300 K; as expected due to the high
magnetization of the ferromagnetic martensite. The same
tendencies been detected in Ni-Mn-Sn alloys doped with
copper [28]. The main difference is that the magnetization
of saturation lowers also about a 10% after cycling. Probably
palladium atoms tend to occupy Ni atomic sites in the Heu-
sler structure, affecting the total average magnetic moment.

Concerning the thermomagnetic measurements, the FH,
FC and ZFC curves between 10 and 400 K have been meas-
ured following the procedure described in ref. [29]. Fig-
ures 7 and 8 show the magnetic scans performed at 50 Oe
and 50 kOe, respectively. It is known that the FC and ZFC
curves display information about the reversible and irrevers-
ible processes owing to the hysteresis cycle (heating/cool-
ing) associated with the reversible structural transformation
(austenite to martensite). The temperatures associated with
the transformation are similar (at 50 Oe) to those detected
in DSC scans. Slight shift is due to the application of the
external magnetic field. For example, the temperatures of
martensite start are 201.5 K and 221 K for alloys Ni49Mn-
36Sn14Pd1 and Ni48Mn36Sn14Pd2. At high temperature,
it has been detected the magnetization decay due to the fer-
romagnetic to paramagnetic transition.
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Fig.7 Thermomagnetic ZFC-FC-FH scans (at 50 Oe) of the alloys
NiyoMn34Sn, ,Pd; (up) and NiggMn;¢Sn;,Pd, (down)

Upon cooling, we observe a rapid growth from 200 to
250 K for the ZFC, FC and FH processes. This indicates the
martensite’s Curies transition (TCM) [16].

The characteristic Curie temperatures are close to 320 K
in both alloys. The peaks near the Curie temperature are
attributed to the Hopkinson effect [30]. As this temperature
is higher to the structural transformation temperatures, it is
the Curie temperature of the austenite phase. However, the
separation of the ZFC and FC scans at temperatures below
the structural transformation is provoked by the coexist-
ence of antiferromagnetic and ferromagnetic states and/or
a spin glass state [31]. At high field (5 T), the structural
transformation is well defined while at low field (50 Oe) the
separation between FC and FH curve is observed in higher
temperature range from 100 to 300 K that could suggest
existence of usability of the magnetic structure.

As expected, the increase in the external magnetic field
provokes an increase in the magnetization of the samples.
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Fig.8 Thermomagnetic ZFC-FC-FH scans (at 50 kOe) of the alloys
NiyMn;Sn;,Pd; (up) and NiygMnsSn;,Pd, (down)

These values are higher in the alloy with only 1 at.% of
palladium, because of the reduction of nickel content. Fur-
thermore, it is also fund a slight shift of the characteris-
tic temperatures. The martensite start temperatures are
(at 50 kOe) 199 K and 220 K for alloys NiygMn;Sn,,Pd,
and NiggMn;,Sn,,Pd,. This effect can be associated with a
kinetic arrest as previously found in Mn—Co—Sb specimens
[32]. It was expected a higher stabilization of the martensite
phase as increasing the applied magnetic field. Nevertheless,
a high stability of the temperatures under different applied
fields is a key factor for the specimen applicability.
Regarding the comparison with the samples before ther-
mal cycling, the magnetization of saturation is reduced about
10%. Similar tendency to that detected in ferromagnetic
hysteresis cycles. However, the structural transformation is
shifted to low temperatures; at 50 Oe, the martensite start
temperatures were 208.7 and 233.3 K (before cycling) for
alloys NiyyMn;Sn,Pd; and NijgMnsSn,,Pd, [16]. Thus,
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it is found an increase in the stability of the austenite phase,
probably due to the reduction of crystallographic defects in
the parent L2, phase. Likewise, it has been detected a slight
increase in the Curie temperature (310 K before cycling,
320 K after cycling). It indicates a thermal stabilization of
the ferromagnetic phase, probably due to the best ordered
magnetic moments due to the atomic positions in the sam-
ples after reducing the density of crystallographic defects.

Conclusions

The thermal and thermomagnetic stability after cycling
of two nanocrystalline alloys have been checked. Two
nanocrystalline alloys have been produced, of compositions
NiyoMn;Sn,,Pd; and NijgMn,Sn,Pd, (at.%). These fer-
romagnetic alloys have been subjected to a hundred of ther-
mal cycles around the reversible and hysteretic martensitic
transformation.

Concerning the XRD microstructural analysis, the crys-
tallographic structure at room temperature is the cubic
austenite Heusler L2, It has been found that cycles favor a
decrease in the density of crystallographic defects in both
alloys. The microstrain index is reduced from 0.546 to 0.432
and from 0.597 to 0.478. Also, an increase in the order
parameter L2, from 0.56 to 0.58% and from 54 to 67%.
Thus, cyclic processes favor structural ordering.

Thermodynamic parameters (entropy and enthalpy) show
a decrease of around 10-12%. Thus, the heat involved in the
structural transition after cycling has been reduced, probably
by minimizing the heat release provoked by the crystallo-
graphic defects and a non-optimal atomic order. Likewise,
higher enthalpy and entropy have been found by increasing
palladium content.

Regarding the thermomagnetic response, it is reduced by
about 12%. Thus, cyclic processes favor magnetic ordering.
It also provokes a slight increase, about 10 K, in the Curie
temperature, stabilizing the ferromagnetic phase. Effect
probably due to an optimized average magnetic moment
due to the best ordered atoms in the L2, austenite structure.
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