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Abstract: The structure and thermal behavior are key factors that influence the functional response
of Ni-Mn-5n alloys. The present study reports the production as well as the structure and thermal
analysis of melt-spun (solidification rate: 40 ms 1) Nisy Mnsg_,Sny (x = 10, 11, 12 and 13 at.%) alloys.
X-ray diffraction measurements were performed at room temperature. The austenite state has an L.2;
structure, whereas the structure of the martensite is 7M or 10M (depending on the Sn/Mn percentage).
Furthermore, the structural martensitic transformation was detected by differential scanning calorimetry
(DSC). As expected, upon increasing the Sn content, the characteristic temperatures also increase.
The same tendency is detected in the thermodynamic parameters (entropy and enthalpy). The e/a
control allows the development production of alloys with a transformation close to room temperature.

Keywords: Heusler alloys; martensitic transformation; DSC; XRD; rapid solidification

1. Introduction

The main characteristic of the shape memory alloys (SMA) is the existence of a martensitic
transformation. This transformation is shear-dominant, diffusion-less, and it is related to the nucleation
and growth of the martensitic phase from a high ordered austenitic phase. This phenomenon is found
by cooling from the parent austenite phase. The crystallographic structure of the martensite can be
tetragonal, orthorhombic, or monoclinic. The SMA alloys with ferromagnetic behavior (ferromagnetic
shape memory alloys, FSMA) combine (a) the shape memory effect and (b) the ferromagnetic response.
NisoMnys.xZp5-x, (Z = Ga, In, Sn, Sb) Heusler alloys are examples of FSMA with interesting functional
properties: (a) large magnetic field induced strain [1], (b) giant magnetocaloric effect [2], and (c) giant
magnetoresistance [3]. Likewise, calorimetry is useful to determine structural solid-state transformation
temperatures of ferromagnetic alloys [4-8]. The transformation temperatures of SMAs strongly depend
on the composition. Accordingly, their values are spread in a wide range [9]. For these, the accurate
selection of the composition facilitates that the temperature range of the transformation becomes in
the desired range for specific devices and sensors. Likewise, calorimetry checks the occurrence of the
transformation, because sometimes the structural transformation is inhibited.

The Heusler crystallographic structure is the highly ordered L2; cubic crystal structure. In this
type of alloy, off-stoichiometric Heusler NisoMnsq_y Xy (X = In, Sn, Sb) alloys have been identified
as potential candidates for functional applications in sensors, actuators, and magnetic refrigeration.
Heusler NispMnsg_«Sny alloys production with 10 < x < 16.5 was first reported by Sutou et al. [10].
Likewise, NisoMnsg_Sny (y = 5-25 at.%) alloys have been previously investigated by Krenke et al. [11].
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The austenite was observed to be L2;, while the martensitic structure depends on the composition.
Complementary works were performed by Brown et al. [12] and Koyama et al. [13], by reporting on
their magnetoelasticity. Therefore, the Ni-Mn-5n system is one of the most promising Heusler FSMA.
In our present work, we have chosen four alloys in the Ni-Mn-Sn system to be produced and
analyzed (by modifying the Sn—Mn content). Specifically, we chose NisoMnso_xSny (x = 10, 11, 12 and
13 at.%) melt-spun ribbons to develop materials with a martensitic transformation temperature ranging
above, near, or below room temperature. This work focuses on the crystallographic structure and
on the calorimetric characterization. The ribbon shape allows the development of samples with a
higher surface/volume ratio than bulk alloys, favoring the heat transfer if these samples are introduced
in specific devices for applications such as magnetic refrigeration. These alloys can be integrated in
magnetic cooling devices as an alternative to conventional refrigeration systems, usually working near
room temperature. The alloys can be also used to develop magnetic sensors or magnetic actuators.

2. Materials and Methods

As-cast ingots with elemental composition NisgMnso_Sny (x = 10, 11, 12 and 13) (labeled as
Snl10, Sn11, Sn12, and Sn13, respectively) were produced by conventional argon arc melting (elements
purity: 99.98% Ni, 99.98% Mn, and 99.99% Sn, in an arc-melting device (Bithler MAM-1, Bodelshausen,
Germany). The samples were melted four times to ensure a good initial homogeneity. The produced
bulk samples were melted by induction (quartz crucibles with a circular nozzle of 0.6 mm) and then
ejected (by applying an overpressure) onto a copper wheel (surface linear speed: 40 ms™!). Finally, they
are annealed at 600 K for 1 h favoring the homogeneity. The arc melting, melt spinning, and annealing
processes were carried out in an argon environment. The details of characterization and the results of
various experimental measurements in this work are obtained by several techniques.

The microstructure, morphology, and composition of ribbons was determined through Scanning
Electron Microscopy (SEM) in a ZEISS DSM-960A (Oberkochen, Germany) microscope coupled with
EDS microanalysis. X-ray diffraction (XRD, Bruker, Karlsruhe, Germany) patterns were collected at
room temperature in a Siemens D500 X-ray powder diffractometer (Cu-K« radiation). The structure
of samples was refined by applying the Rietveld refinement method using Jana software (Jana 2006,
Jana. Praha, Czech Republic) [14]. The thermal analyses (first cycle) were carried by means of
differential scanning calorimetry (DSC) at a heating/cooling rate of 10 K/min under argon atmosphere.
DSC investigations above room temperature were performed by heating/cooling in the Setaram Setsys
DSC system, and the DSC scans below room temperature were performed by cooling/heating in the
Mettler-Toledo DSC 30 (liquid nitrogen refrigeration, dewar flask, Columbus, Ohio, USA).

3. Results and Discussion

The experimental results of the XRD, DSC, and SEM measurements of NisoMnso_xSny (x = 10, 11,
12 and 13) ribbons are discussed in this paper. To begin with, the martensitic or austenitic structures
have been determined by X-ray diffraction. The crystal structure at room temperature is always
essential to decide the thermal analysis procedure [15]. If the phase detected by XRD is cubic, then the
martensitic transition (if it occurs) must be found below room temperature. However, if the detected
phase is less ordered, then the inverse austenitic transformation (if it occurs) must be found by heating
the sample. Figure 1 shows the room temperature XRD patterns of the samples labeled as Sn10,
Snll, and Sn12. The reflection peaks are identified to correspond to a monoclinic structure with
modulation. Its structural parameters are given in Table 1. Thus, the relative peak intensities are
different. The monoclinic phase is the same, 7M, in Sn10 as in Sn11 alloys. However, it is 10M in
Sn12. It is known that the Heusler alloys may have anisotropy, texture, and/or modulation effects [16].
In contrast, Figure 2 gives the XRD pattern of the sample labeled as Sn13. It shows also a unique
phase—in this case, an austenitic cubic phase. The detection and identification of the (111) and (311)
reflection peaks confirm that the highly ordered L2, structure is obtained. The lattice parameter is
a = 0.59827(5) nm (space group: Fm-3m). However, the alloy Sn13 is in the austenite phase.
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Figure 1. X-ray diffraction patterns (room temperature) for samples labeled as Sn10, Sn11, and Sn12.

The crystallographic structure is identified as monoclinic 7M for Sn10 and Sn11 and 10M for Sn12.
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Table 1. Crystallographic parameters of samples labeled as Sn10, Sn11, Sn12, and Sn13.

Alloy/Sample Crystallographic Structure Lattice Parameters/nm

a = 0.42824(4)

o b = 0.57874(7)
Sn10 Monoclinic 7M ¢ = 0.43426(5)

B =93.86°

a = 0.42806(6)

o b = 0.57277(3)
Snil Monoclinic 7M ¢ =0.43321(8)

B =93.84°

a = 0.43326(2)
b = 0.56412(9)

Sn12 Monoclinic 10M < = 2.11706(7)
B =88.32°
Sn13 Cubic L2; a = 0.59827(5)
5n13 Rp(*) = 11.489
Rwip{%) = 10.236
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Figure 2. X-ray diffraction pattern (room temperature) for NisyMnj3;Sn13 alloy. The crystallographic
structure is identified as cubic L2;.

In the following, the lattice constants calculated in this work are coherent with those found in the
literature [11,15]. It is obvious that the microstructure is sensitive to composition. Thus, the formation
of different phases is plausible. It should be remarked that while substituting the Mn element by Sn,
the transition is displaced to higher temperatures, and the crystal structure (room temperature) of the
alloys evolves from the austenitic structure with high symmetry from a martensitic structure with
low symmetry.

The small variation of the lattice parameters in Sn10 and Sn11 alloys is explained by the different
atomic radius of Mn and Sn. Rapid cooling can induce the retention of the austenite, but in our
work, austenite was not detected in XRD patterns of alloys with a modulated structure. Furthermore,
rapid cooling can also lead the suppression of the ordered phase. This effect has not been detected.
Concretely, the austenite has the L2 structure, not the less ordered B2 structure.

The typical SEM micrographs corresponding to the wheel surface, free surface, and cross-section
of alloys labeled as Sn10, Sn11, Sn12, and Sn13 are presented in Figure 3. Micrographs 3al, 3a2, 3a3,
and 3a4 are obtained in the wheel surface. The micrographs of the Sn10 (al), Sn11 (a2), and Sn12 (a3)
ribbons have the martensitic microstructure (lamellar). On the other hand, the micrograph of the Sn13
(ag) ribbon shows a granular microstructure (Figure 3a4) typical of austenitic grains. These ribbons
are obtained as flakes because they are obtained at a high solidification rate (10° K s~!) and are also
fragile and brittle. The micrographs (free surface) of alloys Sn10, Sn11, Sn12, and Sn13 are shown in
Figure 3b1-b4, respectively These flakes have a coarse granular microstructure (average grain size
value around 1-2 um); the average grain size values are well below those obtained in bulk alloys (10 to
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20 pm) [17]. The micrographs (cross-sections normal to ribbon plane) for Sn10, Sn1l, Sn12, and Sn13
alloys can be observed respectively in Figure 3c1—c4. It shows a collinear granular columnar-type
microstructure (Figure 3c1-c4). The columnar grains are likened to fast crystallization and growth
kinetics (perpendicular to the wheel surface). Furthermore, equiaxed grains were found as a fine layer
close to the wheel surface. The 5n10, Sn11, Sn12, and Sn13 ribbon thickness averages are about 11, 16, 10,
and 9 um. The EDS composition results are Nisp 3Mnsg 55n19.2, Niso5Mnag 4Sn11.1, Nisp.1Mn3y ¢Snia 3,
and Nisp gMngzg 35n13,1 for alloys Sn10, Snl1, Sn12, and Sn3, respectively. Thus, EDS microanalysis
does not show a significant shift on compositions.

Figure 3. Typical SEM micrographs of the different regions: (al-a4). Wheel surfaces, (b1-b4). Free surfaces

and (c1-c4). Fractured cross-sections of samples labeled Sn10, Sn11, Sn12, and Sn13, respectively.

From XRD diffraction patterns analysis, it is clear that if the martensitic transformation is present in
the alloy, the DSC scans of 5n10, Sn11, and Sn12 ribbons should be performed by a heating/cooling cycle
from room temperature. Likewise, the DSC scan of alloy Sn13 should be performed by a cooling/heating
cycle, also from room temperature. As shown in Figure 4, the DSC scans show a well-defined peak
(the exception is alloy Sn13 on heating showing small humps, which were probably due to a local
inhomogeneous composition). Rekik et al. [18] and Zeng et al. [19] have found similar results. In fact,
DSC curves allow all the characteristic first-order transformation temperatures: austenite to austenite
(on cooling) start and finish (Mg and M), and the reversible martensite to austenite (on heating) start
and finish (As and Ag¢). Values are given in Table 2. The beginning and the end of the transformation of
the temperatures have been determined by the procedure described in ref. [18]. Likewise, it is known
that the characteristic temperatures have been reported to depend on outer electron concentration [20].
Another thermal parameter is the width of the hysteresis, AT (AT = As—M). In this work, the values
of this parameter range between 5 and 13 K. Furthermore, the thermal hysteresis range is increased
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upon increasing the elastic and surface energies [15]. Consequently, the nucleation of the martensitic
phase implies super cooling.

Sn10 Snm

Cooling

Heatl Flow {mw j—= Evo

Heat Flow {mw j—=FExo

Hesting

Heating
—_—

T T T T T T T T T T T T T T T T T T T T
50 30 M0 400 450 200 S50 600 %0 TOD TS0 SO0 230 Md MW JO0 450 500 S50 600 630 TOD TED BOO

Temperature (K Temperature (K

Sn13

sn12

Coaling

=} wn

-

Cooling M M,

Heat Now jmw) —= Exo

Heat Mow {mw )

-

Heating

B e L St e T T T T

450 200 400

150 400 Ma .
Temperature (K) Temperature (K)

Figure 4. Differential scanning calorimetry (DSC) cyclic scans for samples labeled Sn10, Sn11, Sn12,
and Sn13 at a heating/cooling rate of 10 K/min. Arrows indicate heating (up: austenite to martensite)
and cooling (down: martensite to austenite).

Table 2. Characteristic structural and hysteretic temperatures (+1 K): (h) and (c) indicate calculated on
heating or cooling, respectively.

Sample efa Mg /K MK AgK AgK To/K AH/J mol~1 AS/J mol-1 K1

Snl0 820 4185 392 405 427 42275 1326 (h)1334(c)  3.134 (h) 3.156 (c)
Snll 817 380 361 367 391 3855 1112(h)1126(c)  2.855 (h) 2.921 (c)
Snl2 814 345 330 335 361 3532 890 (h) 894 (c) 2. 512 (h)2.531 (c)
Sn13 811 297 284 293 315 306 669 (h) 665 (c)  2.186 (h) 2.173 (c)

In addition, the equilibrium temperature T (the temperature at which the extrapolated Gibbs
energies of martensitic and austenitic phases are equal) gives additional information about the shift of
the structural transformation. Itis obtained from the expression Ty = 1/2(M; + A¢) [20]. The calculated T,
values are about 422.75, 385.5, 353.25, and 306 K for the Sn10, Sn11, Sn12, and Sn13 ribbons, respectively.
It should be remarked that all characteristic temperatures decrease upon increasing/decreasing the
Sn/Mn content.

The transformation temperatures of shape-memory alloys strongly depend on chemical
composition. It has been also previously reported for other Ni-Mn—(In,Sn) Heusler alloys [21,22] that
temperatures are spread over a wide range. Another relation is found with the average number of
valence/outer electrons by atom (e/a). The theoretical values of e/a are calculated: 8.20, 8.17, 8.14,
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and 8.11 for samples with 10, 11, 12, and 13 at. % Sn, respectively. In further analysis, we use the e/a
values calculated from EDS microanalysis: 8.203, 8.182, 8.134 and 8.125 (close to theoretical parameters)
for Sn10, Sn11, Sn12, and Sn13 respectively. There are several pathways to modify the structural
transition temperatures in Heusler alloys: controlled addition, the modification of elemental ratio
contents, annealing [23]. Sanchez-Alarcos et al. [24] have reported the structural temperatures as
dependent on e/a. In the literature, it has been found that sometimes, there is a linear correlation
between e/a and the temperatures. For the phase diagrams, the martensitic start temperature was
selected [25]. We note that all the measured/calculated temperatures decrease with the increase of
Sn content as well as with the decrease of e/a. The current result is coherent with Coll et al. [15],
Rekik et al. [18] and other Ni-Mn-Z (Z = Ga, 5n, In, and Sb) alloys [26].

700
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_ L2,
500 austenite |
paramagnetic
400

Mg / K

I¢

300 \

austenite
ferromagnetic

martensite
paramagnetic

M/ 10M

200
martensite M
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e/a

Figure 5. Phase diagram (martensite start versus e/a). Adapted from reference [27] (squares this work).

Thus, by compositional (and e/a) accurate selection, it is possible to design an alloy with a
desired working temperature range. Nevertheless, the functional properties (magnetocaloric effect,
magnetoresistance, exchange bias, magnetic field-induced strain) do not depend only on e/a. There are
other parameters linked to functional response: magnetic interactions between atoms, the concurrence of
the structural and Curie ferromagnetic transformation, and so on. Likewise, characteristic temperatures
also depend on the production techniques, processing conditions, and ulterior annealing. For it,
different temperatures values and ranges can be found in the literature for alloys with composition
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close to those of this study [28]. In references [22,29], the temperatures are lower/higher for Sn13 and
Sn10 alloys, respectively. It is known that the shape, geometry, and processing parameter (as the
wheel speed) influence the characteristic temperatures [17,30]. For it, it is recommended to compare
alloys produced at the same conditions or to be careful in the comparative analysis. Figure 5 shows a
phase diagram of the martensite start temperature versus e/a. The comparison is performed with data
obtained in bulk alloys [27]. Our values are lower due to the lower dimensionality of the samples.
Nevertheless, the linear trend corroborates the option to produce alloys with the thermal hysteresis
interval at the desired temperature range. Likewise, the crystallographic phases detected at room
temperature are in good agreement with those expected.

The enthalpy and entropy structural changes (AH and AS, respectively) are calculated from
calorimetry data [11]. The calculated values for structural AH and AS are shown in Table 2. The linear
tendency of both parameters as a function of e/a is confirmed by linear fitting (Figures 6 and 7),
where the values are the average of cooling (c) and heating (h) of Table 2.
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Figure 6. Enthalpy of the structural transformation versus e/a.
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Figure 7. Entropy of the structural transformation versus average number of valence/outer electrons
by atom (e/a).
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It is noted that the thermodynamic parameters (enthalpy and enthalpy) decrease with the
increase/decrease of the Sn/Mn content. This phenomenon is also linked to a decrease in e/a
(in Figures 5-7, the e/a values obtained from EDS were used). The same trend (with e/a) was
found by Krenke et al. [11] in Ni-Mn-In and Ni-Mn-Sn; specific reported values are AH = 1642 ] mol !
and AS = 3.7 ] mol™! K1 for Sn10 and e/a = 8.292. Nevertheless, in the Ni-Mn-In system [11],
significant e/a dependence was not found. In our work, a linear fitting dependence was detected (fitting
parameters are given inside Figures 6 and 7). Additional compositions obtained at the same processing
conditions are needed to check if this linear dependence is extended along the Sn composition; it is
probable that as the composition range increases, this behavior disappears.

Complementary studies on the magnetic and magnetocaloric response of these alloys should be
performed to check their potential applicability.

4. Conclusions

To conclude, the most important findings on the structures and martensitic transformation
parameters of the NisoMnsg_Sny (x = 10, 11, 12, and 13) ribbons are in this work are as follows:

(i)  From XRD Rietveld analysis: alloys with Sn10 and Sn11 have a textured monoclinic 7M martensite
structure, while those with Sn12 have a 10M martensite structure. In contrast, the alloy with Sn13
has an austenite cubic L.2; structure.

(ii) The results from calorimetric measurements confirmed that all samples present a reversible
transition (the austenite to martensite), and the change of the composition has an obvious effect
on transformation behavior. With the increase/decrease of Sn/Mn content, the characteristic
transformation temperatures (As, Af, Ms, Mf) drop to low temperature, which is due to the
decrease of e/a. Consequently, Ms increases as the e/a parameter increases. In addition, the e/a
control permits the development of alloys with the desired transformation temperatures. Likewise,
the entropy and enthalpy change related to the transformation decreases as the e/a decreases.
These trends cannot be extrapolated to further studies on functional response.

(iii) Morphological analysis indicated that the SEM observations exhibit a microstructure with
columnar grains and preferential orientation.
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