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Abstract: Thermal and structural austenite to martensite reversible transition was studied in
melt spun ribbons of NisoMn4oSnsCos, NisoMn37.5Sn7.5Cos and NisoMn3sSnioCos (at. %)
alloys. Analysis of X-ray diffraction patterns confirms that all alloys have martensitic
structure at room temperature: four layered orthorhombic 40 for NisoMn4oSnsCos, four
layered orthorhombic 40 and seven-layered monoclinic 14M for NisoMn37.5Sn7.5Cos and
seven-layered monoclinic 14M for NisoMn3sSnsCos. Analysis of differential scanning
calorimetry scans shows that higher enthalpy and entropy changes are obtained for alloy
NisoMn37.5Sn7.5Cos, whereas transition temperatures increases as increasing valence
electron density.
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1. Introduction

Ferromagnetic shape memory (FSM) alloys are of considerable interest due to their exceptional
magnetoelastic properties. Their potential functional properties include: Magnetic superelasticity [1],
large inverse magnetocaloric effect [2] and large magneto-resistance change [3]. Most of these effects
are ascribed to the existence of a first order martensitic transformation with a strong magneto-structural
coupling. Transformation temperatures of shape memory alloys depend on the composition and their



Metals 2015, 5 696

values spread to a very wide range [4]. These materials are interesting for the development of new
magnetically driven actuators, sensors and coolers for magnetic refrigeration [5].

FSM behavior is found in Heusler alloys, which have a generic formula X2YZ and are defined as
ternary intermetallic systems with L2 crystalline cubic structure. The most extensively studied Heusler
alloys are those based on the Ni-Mn-Ga system. However, to overcome some of the problems related
with practical applications (such as the high cost of Gallium and the usually low martensitic
transformation temperature), Ga-free alloys have been searched and analyzed frequently during the last
few decades, specifically with the introduction of In or Sn. Martensitic transformation in ferromagnetic
Heusler NisoMnso-xSnx bulk alloys with 10 < x < 16.5 was first reported by Sutou et al. [6].
Later, Krenke et al. studied magnetic and magnetocaloric properties and phase transformations in
NisoMnso—Snx alloys with 5 <x <25 [7]. Rapid solidification techniques, such as melt-spinning, are an
alternative to obtain these materials (ribbon shape) [8,9].

Another important factor affecting the magnetic behavior of Ni-Mn-Sn and Ni-Mn-Sn-Co systems is
the annealing process. Some authors have found different magnetic behavior in melt-spun Ni-Mn-Sn-Co
ribbons annealed at temperatures from 973 K to 1173 K [10,11].

In our work, we investigate the structural and thermal behavior of three melt-spun alloys of the
Ni-Mn-Sn-Co system (by modifying Mn and Sn atomic %). These ribbons were not annealed.

2. Experimental Section

Polycrystalline Ni-Mn-Sn-Co alloy ingots were prepared by arc melting high purity (99.99%)
elements under argon environment in a water-cooled quartz crucible. The ingots were melted three times
to ensure a good homogeneity. Thus, ingots were melt-spun on a rotating copper wheel (Buheler,
Lake Bluff, IL, USA) set by controlling process parameters as: Linear wheel speed (48 ms '), atmosphere
(argon, 400 mbar), injection overpressure (500 mbar) and distance between wheel and injection quartz
crucible (3 mm). The as-spun ribbon samples (Alfa Aesar, Heysham, UK) obtained were:
NisoMn40SnsCos, NisoMn37.5Sn7.5Cos and NisoMn3sSnioCos (at. %). The main difference among these
alloys is the partial substitution of Mn by Sn whereas the content of Co and Mn is constant.

Thermal and structural analyses were performed by applying several techniques. Scanning electron
microscopy (SEM) investigations were carried out using a Zeiss DSM 960A microscope (Zeiss, Jena,
Germany) operating at 30 kV and linked to an energy dispersive X-ray spectrometer (EDX; Zeiss, Jena,
Germany). X-ray diffraction (XRD) analyses were performed at room temperature with a Siemens
D500 X-ray powder diffractometer (Bruker, Bullerica, MA, USA) using Cu-K. radiation. Thermal
analyses were performed by differential scanning calorimetry (DSC) using a DSC822¢ calorimeter of
Mettler-Toledo (Mettler Toledo, Columbus, OH, USA) working at a heating/cooling rate of 10 K/min
under argon atmosphere.

3. Results and Discussion

Heusler alloys produced by melt spinning show a typical columnar structure in the fracture cross
section. Figure 1 shows the micrographs of the fracture section of alloys NisoMn4oSnsCos,
NisoMn37.5Sn7.5Cos and NisoMn3sSni0Cos, labeled as A, B and C respectively. All ribbon flakes have a
similar morphology which consists of: fully crystalline and granular columnar type microstructure.
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This is a sign of the quick crystallization and fast growth kinetics of the samples. This suggests that the
heat removal during rapid solidification process induces the directional growth of the crystalline phase.
The ribbons’ width is also similar (between 12 and 15 um).

©

Figure 1. SEM micrographs of the cross section of alloys NisoMn4oSnsCos,
NisoMn37.5Sn7.5Cos and NisoMn3sSnioCos, labeled as (A), (B) and (C) inside the figure.

Crystalline structures at room temperature were determined by analyzing X-Ray diffraction patterns
of the three samples (see Figures 24 for alloys NisoMn4oSnsCos; NisoMn37.5Sn75Cos and
NisoMn3sSni10Cos respectively). X-ray diffraction analysis begins with in an indexation based on the
identification proposed by other authors [7,12,13]. The lattice parameters were first calculated
minimizing the global interplanar spacing (dm«) error; defined as the difference between the values
calculated from the Bragg equation to every identified peak of the XRD pattern compared to the crystal
system geometry equation.

It is found that, at room temperature, all alloys have martensitic structure. This martensitic structure
is confirmed to be four layered orthorhombic 40 for NisoMn4oSnsCos, four layered orthorhombic 40
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and seven-layered monoclinic 14M for NisoMn37.5Sn75Cos and seven-layered monoclinic 14M for
NisoMn3sSni10Cos. Lattice parameters are given in Table 1 (for NisoMn37.5Sn7.5Cos alloy only parameters
from the main phase, 40, are given).

In our work it is found that substituting Mn with Sn favors to the formation of the modulated 14M
monoclinic structure. Thus, the martensitic structure is 40 in samples with higher Mn/Sn ratio and 14M in
samples with lower Mn/Sn ratio. Opposite behavior was found in Ni-Mn-Sn bulk alloys without
Co [14]. Thus, the Co addition probably influences what kind of martensitic phase is more stable.
In Ni-Mn-Sn-Co ribbons, it was found that the addition of Co favors the evolution of the martensitic
crystalline structure from a four-layered orthorhombic (40) to a five-layered orthorhombic (10M) and
finally to a seven-layered monoclinic (14M) [15]. Thus, the addition of Co favors the formation of the
14M structure. This effect was not found in our alloys, probably because Co content is constant.
Furthermore, it has been also found that the martensitic crystal structure changes from 14M in the bulk
alloy to 40 in the melt spun ribbons due to the high oriented microstructure [16]. In summary, the
differences between our results and results from bibliography can be influenced by the combination of
these three factors: Co constant content, Mn/Sn ratio and high oriented ribbons microstructure. More
than three alloys are needed to check the influence of these parameters.

Table 1. Crystalline structure and lattice parameters of NisoMn4oSnsCos, NisoMn37.5Sn7.5Cos
and NisoMn3sSnioCos. The angle of the monoclinic 14M structure is 95.56°, (for
NisoMns37.5Sn7.5Cos alloy only parameters from the main phase are given).

All Crystalline Lattice Parameter Lattice Parameter Lattice Parameter
oy

structure a/nm b/nm c/nm
NisoMnsoSnsCos 40 0.8828 0.5817 0.4274
NisoMn37_5Sn7,5C05 40 0.8922 0.5892 0.4281
NisoMn35Sni0Cos 14M 0.4298 0.5612 2.9441
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Figure 2. X-ray diffraction (XRD) pattern, at room temperature, of NisoMn4oSnsCos ribbon.
The indexation corresponds to a four-layered 40 orthorhombic structure.
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Figure 3. XRD pattern, at room temperature, of NisoMn37.5Sn7.5Cos ribbon. The indexation
of the main phase corresponds to a four-layered 40 orthorhombic structure, whereas peaks

marked with * correspond to a modulated monoclinic seven-layered 14M structure.

e}
v

o
©
- N|50Mn35Sn1OCo5
Ayl
g
. (=]
3
S
>
‘B
C
o
=

40 45 50 55 60 65 70 75 80 85 90 95
20 /degree

Figure 4. XRD pattern, at room temperature, of NisoMn3sSnioCos ribbon. The indexation of
the main phase correspond to a modulated monoclinic seven-layered 14M structure.

At room temperature, XRD show that all samples have a martensitic phase. Thus, the occurrence of the
martensitic transformation should be checked by DSC heating from room temperature (see Figures 5-7).
The reversible austenite—martensite transformation was found in all samples. The absence of any
secondary thermal process suggests that the produced ribbons are homogeneous. From DSC analysis
characteristic transformation temperatures are determined. Start and finishing martensite and austenite

transformation temperatures are referred as Ms, Mrand As, Arrespectively.
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Figure S. Differential scanning calorimetry (DSC) cyclic scan of alloy NisoMn4oSnsCos.

Nig,Mn,, ;Sn, ;Cog

(_

DSC Heat Flow EXO /a.u.

T T T T T
200 300 400

Temperature /°C

Figure 6. DSC cyclic scan of alloy NisoMn37.5Sn7.5Cos.
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Figure 7. DSC cyclic scan of alloy NisoMn3sSnioCos.

The martensitic transformation of Ni-Mn-Sn alloys is athermal in nature although a time-depending
effect is observed through calorimetry interrupted measurements [17]. The thermal hysteresis, AT, exists
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due to the increase of the elastic and the surface energies during the martensitic formation. Thus, the
nucleation of the martensite implies supercooling.

The equilibrium transformation temperature between martensite and austenite, 7o, is usually defined
as (Ms + Ay)/2. All the characteristic temperatures are given in Table 2.

Table 2. Characteristic temperatures and thermal hysteresis as determined from DSC cyclic
scans: NisoMn4oSnsCos, NisoMn37.5Sn7.5Cos and NisoMn3sSnioCos. Start and finishing
martensite and austenite formation temperatures are referred as Ms, My and 4s, Ay
respectively. Thermal hysteresis, AT, and equilibrium transformation temperature between
martensite and austenite, 7o.

Alloy MJ/K M/K AJ/K A/K TJK ATK
NisgMngSnsCos  616.8 4772 723.8 7648 690.8 158.1
NisoMns7sSnzsCos 5933 478.0 677.7 7278 660.6 146.7
NisoMnssSnigCos 4532 3982 4321 4749 4641 255

It is found that substituting Mn by Sn favors the decrease of the phase transition temperatures.
Opposite effect was found in bulk Ni-Mn-Sn alloys without Co [14]. Similarly, the addition of Co in
Ni-Mn-Sn melt-spun alloys increases martensitic transformation temperatures [16]. When doping the
alloys, it is important which atom is substituted. In Ni-Mn-Sn-Fe bulk alloys the partial substitution of
Mn by Fe causes a diminution of the transition temperatures [12]. The same effect is observed in our
alloys by substituting Mn by Co. Likewise, the partial substitution of Mn does not induce a general trend
in the temperatures [13] whereas Co addition in Ni-Mn-Ga alloys increases the temperatures of the
martensitic transformation [18]. Furthermore, annealing also modifies transformation temperatures and
thermal hysteresis [10]. Thus, so many parameters affect structural transformation to assure which
parameter determines the behavior of our samples.

Changes in enthalpy, AH, and entropy, AS, during structural transformation are calculated from the
area of the DSC peaks. Figure 8 shows its evolution as a function of the average valence electron density
(e/a). The shift on the characteristic temperatures and thermodynamic parameters is related to e/a [19].
The valence electrons per atom are 10 (3d34s?) for Ni, 9 (3d’4s?) for Co, 7 (3d°4s?) for Mn and 4 (5s25p?)
for Sn, respectively.

Energy-dispersive X-ray spectroscopy microanalysis has been used to obtain the exact composition
of every sample and to calculate e/a parameter. EDX elemental composition and average valence
electron density are presented in Table 3.

Higher values of enthalpy and entropy are those of NisoMn37.5Sn7.5Cos alloy, probably due to the
coexistence of two crystalline phases.

One of the most typical ferromagnetic shape memory alloy phase diagram is the graphical
representation of the martensitic start temperature as a function of the Z element content or as a function
of the average valence electron density. In Figure 9 we represent M; temperatures obtained in this work
(symbols) and those obtained assuming linear relation in Ni-Mn-Sn bulk alloys [20].
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Figure 8. Enthalpy (AH) and entropy (AS) changes as a function of average valence electron
density. Symbols: Enthalpy (square), entropy (circle). Error: <3%.
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Figure 9. Martensitic start temperature versus average valence electron density. Lines correspond
to bulk alloys [20] whereas square symbols correspond to our samples.

Table 3. Energy dispersive X-ray spectrometer (EDX) compositions of NisoMn4oSnsCos,
NisoMn37.5Sn7.5Cos and NisoMn3sSnsCos, and average valence electron density.

Alloy Ni Mn Sn Co ela
NisoMnsoSnsCos 507  39.12 491 527 8.479
NisoMn37.5Sn7,5C05 49.8 35.99 8.78 5.44 8.339
NisoMnssSnjoCos 4935 3451 1137 4.77 8.235
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Our results show a diminution of the transformation temperatures. The main difference is for alloy
NisoMn40SnsCos. In the literature it was found that the martensitic transformation, in Heusler Ni-Mn-Sn
melt spun ribbons, occurs at lower temperatures than those compared to bulk alloys [15]. Moreover, a
change of the martensitic crystalline structure from 14M to 40 takes place with the decrease of the
martensitic transition temperature. It is proposed that the internal stress was induced due to the
highly-oriented microstructure, which leads to the decrease of the transition temperature because of a
refined martensite plate and the formation of dense martensitic variants with different orientations. These
results were supported by high resolution transmission electron microscopy (HRTEM). Furthermore,
it was also found that the partial substitution of Ni by Co shifts the martensitic transformation to lower
temperatures in Ni-Mn-Sn-Co bulk alloys [21]. If our alloys have the same trend that bulk alloys
(Figure 9), it is not clear the occurrence of the magnetic transformation.

4. Conclusions

Melt-spun ribbon of three alloys of the Ni-Co-Mn-Sn system has been produced: NisoMn4oSnsCos,
NisoMn37.5Sn7.5Cos and NisoMn3sSnioCos. The austenite to martensite reversible transformation was
found in all samples. Transformation temperatures increase as Mn/Sn ratio increases.

Martensitic structure is four-layered orthorhombic 40 in samples with higher Mn/Sn ratio and
monoclinic modulated seven-layered 14M in samples with lower Mn/Sn ratio. These results differ from
other obtained in the bibliography. Probably, these differences are caused by the combination of three
factors: constant Co content, Mn/Sn ratio and high oriented ribbons microstructure. Furthermore,
substituting Mn by Sn favors to the decrease of the austenite-martensite reversible transition temperatures.
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