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Abstract Ferromagnetic shape memory alloys are character-
ized by both the structural austenite to martensite transforma-
tion and also by the magnetic transition from ferromagnetic to
paramagnetic. The set of properties makes them candidates for
use in several applications such as sensors, actuators, or mag-
netic refrigeration systems. Among the Heusler-type alloys
that exhibit this behavior, the most studied system is the Ni—
Mn—Ga. However, to overcome the high cost of Gallium and
the generally low martensitic transformation temperature, the
search for Ga-free alloys has been recently attempted, partic-
ularly, by introducing Sn. The martensitic transformation and
the solidification structures of MnsoNiso—Sn, (x = 7, 8.7 and
10.5) ribbons prepared by melt-spinning were investigated by
means of scanning electron microscopy, X-ray diffraction, and
differential scanning calorimetry. While the As-spun alloys
MnsNiy3Sn; and MnsgNiy 3Sng 7 displayed a single-phase
(14-M monoclinic martensite) structure at room temperature,
the As-spun and MnsNiszg sSn;g s displayed a single-phase
cubic Heusler L2;. The martensitic transformation tempera-
tures were noted to decrease with the increase of Sn
concentration.
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1 Introduction

Heusler-based ferromagnetic shape memory alloys Mn—
Ni-Z (Z = In, Sn, Sb) have received increasing atten-
tion due to their ability to undergo a reversible first-
order martensitic transformation (FOMT) from a high-
temperature cubic austenite phase to a structurally mod-
ulated martensitic phase [1-3], the structure of which
can be 10 M, 14 M, and L1, depending on the compo-
sition and manufacturing conditions.

Melt-spinning technology is an efficient and fast prepara-
tion technique of polycrystalline ribbons. It is capable of pro-
ducing materials with a high degree of structural uniformity
and fine grain structure [4, 5]. The rapid solidification of al-
loys by the melt-spinning process can lead to better mechan-
ical properties compared to those obtainable by conventional
casting [6].

In addition, rapid solidification from the liquid phase
can result in atoms being located in a non-equilibrium
state. This allows for a modification of the atomic order,
and thus it is of great interest to investigate melt-spun
ribbon materials. Recently, some interesting reports on
the physical properties of Ni-Mn—X alloy ribbons have
been published. Hernando et al. [7, 8] found that the
crystal structure of martensite phase formed in Ni-
Mn-X ribbons is different from that of bulk arc-melted
materials.

In ternary Ni-Mn—X (X = In, Sn, Sb) FSMAs, the MT
temperatures can be tuned by alloy composition, preparation
condition, and external parameters (magnetic field and hydro-
static pressure [9]). Several factors have been proposed to
affect the value of MT temperatures. MT temperatures can
be tuned by changing the valence electron concentration (e/
a) through composition variation or 3D transition metal sub-
stitution such as Cr, Fe, Co, and Cu [10-13]. The
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Fig. 1 Melt-spinning technique
mechanism

copper wheel

rotating at high speed

compositional dependence of the phase-transition temperature
is also attributed to the change in electron concentration and
the Mn—Mn interatomic distance [14, 15].

Fig.2 Typical SEM micrographs
of the different regions: (al, a2,
a3) the wheel surfaces, (b1, b2,
b3) the free surfaces, and (cl, ¢2,
¢3) the cross-section
microstructure of the As-spun
ribbons MnsoNiy3Sns,
Mn50Ni41_3Sn8_7 and

MnsoNiszg sSnyg 5, respectively
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Now, most FSMAs are Ni-Mn-based and can be obtained
by the substitution of some main group elements (Ga for ex-
ample) for Mn or Ni in NiMn alloys [16]. This substitution
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lowers the martensitic transformation temperature of NiMn
effectively and results in a highly ordered Heusler-type struc-
ture. This makes it possible to predict the martensite transfor-
mation by first-principle calculations in Ni-Mn-based Heusler
alloys. Further, Bachaga et al. [17] reported that melt-spinning
processing parameters such as the linear surface speed of the
copper wheel rotating, the injection overpressure, and the dis-
tance between wheel and injection quartz tube influence the
microstructure of ribbons. In fact, transformation entropy was
found higher when increasing linear surface speed or the dis-
tance from injection point to wheel. Also, a strong dependence
of ribbon thickness on processing parameters was found. The
average grain size varied between 1.6 and 6.6 um, while the
start temperature of the martensitic temperature varied from
394 to 430 K.

In this paper, we report the structural properties of
MnsoNigo- Sn(x = 7, 8.7 and 10.5) Heusler alloys. The
change in Sn concentration was found to affect the martensitic
transition temperatures of these alloys.

2 Experimental procedure

As-cast ingots with a nominal composition of MnsoNiso—,Sn,
(x =17, 8.7 and 10.5) were labeled as Sn7, Sn8.7, and Sn10.7,
respectively. The ingots were prepared by arc-melting tech-
nique in argon atmosphere from high purity (99.99 %) ele-
mental metals, using Bithler MAM-1 compact arc melting.
These alloys were melted four times to ensure a good starting
homogeneity. The samples were induction melted in quartz
crucibles with a circular nozzle of 0.5 mm and ejected apply-
ing an argon overpressure on the polished surface of copper
wheel rotating at a linear speed of 48 ms ™" (see Fig. 1a-b). The
obtained As-quenched ribbons were flakes of 1.2-2.0 mm in
width and 4-12 mm in length (see Fig. 1c).

Thermal and structural analyses were performed by apply-
ing several techniques: The microstructure and elemental
compositions were examined by using a scanning electron
microscope (SEM) equipped with an X-ray energy dispersive
spectroscopy (EDS) microanalysis system. The structural
characterization of the samples was performed at room tem-
perature (RT) by X-ray diffractograms (XRD), using a
Siemens D500 X-ray powder diffractometer with Cu-K« ra-
diation (\ = 1.5418 A). The structures of the samples were
refined using Maud program [18].

The austenite—martensite structural transformation was
checked by calorimetry. The cyclic experiments (heating—
cooling) were recorded at 10 K/min under Argon atmosphere.
DSC scans above room temperature were performed in the
DSC modulus of the Setaram Setsys system. The DSC mea-
surements were carried out to examine the characteristic tem-
peratures of MT, and the phase-transition activation energy
was calculated on the basis of the DSC measurements.

3 Results and discussion

The typical SEM images of the wheel surfaces of alloys with
Sn7, Sn8.7, and Sn10.5 are presented in Fig. 2al, a2, and a3,
respectively. The wheel surfaces of the Sn7 and Sn8.7 ribbons
clearly present the lamellar microstructure of the martensite
structure (Fig. 2al, a2). While the wheel surface of the Sn10.5
ribbons is characterized by a granular microstructure of the
austenite structure (Fig. 2a3). These ribbons are mechanically
fragile and brittle and cleave easily along this normal
direction.

Energy (Kev) 8 0

Fig. 3 ED’s analysis of the As-spun ribbons MnsoNis3Sns,
Mn50Ni41_3Sn8_7 and Mn5oNi39_5Sn10_5 I'ibel’lS, reSpeCtiVely
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Fig. 4 X-ray diffraction pattern a

at room temperature for (a) 10
MnsoNiysSns, (b) 09
MnsoNiy; 3Sng 7, and (¢) 0s

MnsoNizo sSnjg.5 samples,
respectively

~
~
-
f\w
R o e AR R nL S SLTLERE o b T LIT LTSRN TR AR R R

90 40 40 QO 40 MO B0 HO 60

Intensity (a.u)
geResLe s

o.

-

40 500 600 700 800 9.0 1000 1100 1200
2 Theta (Degrees)

A A LL ob A LI (UL S E L L bl

Intensity (a.u)
IR EEEEEEEEE

40.0 $0.0 60.0 200 20.0 900 1000 1100 1200

2 Theta (Degrees)
c
- Rp (%) = 11.273
~ Rwp (%) = 10.221
T e GOF=1.10
[\
oy
[72]
c
[
€ ) -
- o ~
- L T e T mm =
-n e T & noem S Ia "
L as }[a:. J 2 2 3a % 32 a
L21|- ' ) , S v o |
C . - . el
50.0 75.0 100.0
2-Theta [Degrees]

@ Springer



Int J Adv Manuf Technol (2017) 90:291-298

295

Table1 Crystallographic parameters of MnsoNisoSn, (x = 7, 8.7 and
10.5) alloys
Alloys Crystalline structure Lattice parameters (nm)
Sn7 Monoclinic 14 M a =0.4301
b =0.5610
¢ =2.9967
8 =93.37°
Sn8.7 Monoclinic 14 M a=04315
b =0.5797
¢ =3.0245
[ =93.84°
Snl10.5 Cubic L2, a=0.599

The free surfaces of alloys Sn7, Sn8.7, and Sn10.5 are
presented in Fig. 2b1, b2, and b3; these samples obtained at
high-quenching rates were fully crystalline and with a granu-
lar microstructure. The average grain size value was around 1—
2 um. Ribbons are mechanically fragile and brittle, and cleave
easily along this normal direction. Further, average grain size
values are well below the obtained value in bulk alloys
exhibiting coarse grained microstructures with grain sizes
varying from 10 to 100 um [2].

The cross-sections for Sn7, Sn8.7, and Sn10.5 alloys nor-
mal to ribbon planes can be observed in Figs. 2¢1 and 1¢2 and
c3, respectively. They demonstrate that the samples were fully
crystalline, and their fracture surfaces revealed a fast crystal-
lization and growth kinetics of the alloy. It also showed a
collinear granular columnar type microstructure (Fig. 2c1—
¢3). The Sn7, Sn8.7, and Sn10.5 ribbon thickness were around
10, 15, and 8 um, respectively. The thin layer of small
equiaxed grains crystallized through the whole ribbon thick-
ness, with the longest axis being aligned perpendicular to the
ribbon plane.

Some EDX measurements were performed on each ribbon
surface in order to check the homogeneity of the final compo-
sition. The EDX analysis of the As-spun ribbons is shown in
Fig. 3al, a2, and a3. The results confirm the presence of the
mixed metallic elements. The composition analysis was found
to be in good agreement with the nominal compositions of the
As-spun ribbons ((49.7 at.% Mn-43.5 at.% Ni-6.8 at.% Sn),
(50.3 at.% Mn-41.2 at.% Ni-8.5 at.% Sn) and (50.2 at.% Ni-
39.5 at.% Mn-10.3 at.% Sn)). Compositions are shifted from
the original. It is habitual in these alloys obtained by a two-
step procedure: arc melting and melt spinning.

The knowledge of the crystal structure at room temperature
is often essential to determine thermal analysis conditions
[19]. If a cubic phase is detected, the martensite—austenite
transition must be below room temperature. If, on the other
hand, the phase is orthorhombic, monoclinic, or tetragonal,
the same transition could be obtained by heating the alloy at
room temperature. Figure 4 (a, b, ¢) shows the XRD patterns
172 of Sn7, Sn8.7, and Sn10.5 ribbons analyzed at room

Heat flow ex0 (2.1) ———pp>

3&0 400 450 500 550 600

Heat flow ¢x0 (2.1) ——pp

Heat flow ¢x0 (3.9) =———ifp»

240 260 280 300 320 340 360
T(K)

Fig. 5 DSC cyclic scan for the alloys: a MnsoNiy3Sn;, b
MnsoNig; 3Sng 7, and ¢ MnsgNizg sSnjg s samples at a heating/cooling
rate of 10 K/min. Arrows indicate heating (up: austenite to martensite)
and cooling (down: martensite to austenite)

temperature. Miller indexes were assigned using the Maud
software package.

The XRD patterns of Sn7 and Sn8.7 ribbons illustrates a
martensite phase of monoclinic 14-M structure with lattice
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parameter a = 0.4301(3) nm, b = 0.561(4) nm,

c =2.996(7) nm, and # = 93.37° for Sn7 and
a = 0.4315 nm, b = 0.5797 nm, ¢ = 3.0245 nm, and
8 = 93.84° for Sn&.7 ribbons. The inset of Fig. 3 (al, a2)

corresponds to the range of 39° <260 <47°. This may indicate
that the temperature of the martensitic transformation (MT) is
in the vicinity of room temperature. However, for Sn10.5 rib-
bons, the UDX patterns indicate that the crystalline austenite
phase was the highly ordered cubic Heusler L2, with lattice
parameter a = 0.599(1) nm (Fig. 2a3).

In recent work, Wu et al. [20] reported the crystal structure
of Mns(Niy»Sng alloys at room temperature and they revealed
the martensite with a non-modulated body-centered tetragonal
structure with lattice parameters ¢ = b = 0.545 nm, and
¢ =0.697 nm.

XRD lattice parameters are given in Table 1. The mono-
clinic phase is the same in Sn7 and Sn8.7 alloys. Nevertheless,
the relative peak intensity is different. It is known that Heusler
alloys sometimes present texture effects [4]. This effect is
easier to be detected in alloys with ribbon shape due to the
formation of columnar grains in the rapid solidification pro-
cess. However, in Sn10.5 ribbons, the peak reflections
indexed as (3 1 1), and (3 3 1) confirm the existence of the
highly ordered cubic Heusler L2 structure with lattice param-
eter @ = 0.599 nm (Fig. 4c3).

On the basis of the XRD results, it is clear that the DSC
scans of Sn7 and Sn8.7 ribbons should be performed by
heating from room temperature in order to detect the martens-
ite—austenite transition. While the DSC scan of Sn10.5 alloy
could be performed by cooling from room temperature.

Recently, some interesting reports on the physical proper-
ties of Mn—Ni—Sn Heusler alloy have been published. Coll
et al. [19] found that Mn—Ni—Sn alloys are fully single-phase
with a cubic structure austenite phase at room temperature and
this thermally transforms into structurally modulated ortho-
rhombic martensite upon cooling.

From XRD diffraction patterns, it is clear that DSC scans of
alloys Sn7 and Sn8.7 should be performed by heating from
room temperature in order to detect the martensite—austenite
transition (Fig. 5al and a2). Likewise, DSC scan of alloy
Sn10.5 should be performed by cooling from room tempera-
ture Fig. 5a3. The characteristic transformation temperatures
(martensite start and finish and austenite start and finish

temperatures are Mg, My, A, and Ay, respectively) are deter-
mined from the DSC curves and are collected in Table 2.
Moreover, it can be clearly seen that the small humps of alloys
Sn8&.7, possibly due to a local inhomogeneous composition
beyond the resolution of ED’s measurement, emerge in the
MT temperature region during cooling in the case of As-
spun ribbons, as indicated by arrow in Fig. 5. The same reso-
lution is reported by H. Zeng et al. [21].

The hysteresis is due to the increase of the elastic and
surface energies during the martensite formation. Thus, the
nucleation of the martensite implies supercooling. The width
of the hysteresis, AT (AT = Ac—My), is determined as the
difference between the temperatures corresponding to the
peak positions. The values obtained upon cooling and heating
were about 174.10 and 14 K for Sn7, Sn8.7, and Sn10.5 rib-
bons, respectively. The start and end of the transformation
temperatures have been determined by noting the intersection
of a baseline and the tangents to each peak. This clearly indi-
cated the first-order nature of the structural transformation
from the austenite to the martensite phase upon cooling and
reverse transformation upon heating. In addition, the transfor-
mation region can be characterized by the martensite transfor-
mation temperature 7 (the temperature at which the Gibbs
energies of martensitic and parent phases are related to the
M and A parameters by the equation: T = 1/2(M + Ay
[22]). The values of T, were calculated; T, values are 482 K,
383.7 K, and 305 K for alloys Sn7, Sn8.7, and Sn10.7,
respectively.

The transformation temperatures of shape memory alloys
strongly depend on the composition and their values spread in
a very wide range. Similar results were found in other NiMn
(In, Sn) Heusler alloys [8, 23]. To further characterize this
alloy, the average number of valence electrons by atom (e/a)
parameter was introduced. The calculated value of e/a is equal
to 8.08, 7.97, and 7.87 for Sn7, Sn8.7, and Sn10.7 alloys,
respectively.

Structural transition temperatures in Heusler alloys can be
altered by changing the composition or by doping [24].
Sanchez-Alorcos et al. [25] have reported the martensitic tran-
sition temperature is dependent on the valence electron con-
centration (e/a ratio).

The dependence of transition temperatures on Sn concen-
tration can be explained in terms of the valence electron

Table 2 Transformation

temperatures and thermodynamic ~ Ribbons M, (K)  M;(K)  AK)  AK) T, K)  AHUghH ASJg'k) e
parameters: h and ¢ indicates data
obtained by heating or cooling Sn7 394 374 548 570 482 21.206 (h) 0.043 (h) 8.08
DSC scans, respectively 19.484 (c) 0.04 (c)
Sn8.7 380 345 355 387.5 383.7 12.42 (h) 0.33 (h) 797
10.8 (¢) 0.029 (c)
Snl10.5 300 275 293 310 305 6.63 (h) 0.021 (h) 7.87
7.8 (¢) 0.026 (¢)
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concentration (e/a). All the transition temperatures decrease
with the decrease in the value of the outer electron concentra-
tion (e/a) (with increase in Sn concentration). This behavior of
dependence of martensitic transition temperatures on e/a ratio
was observed for Ni-Mn—Z (Z = Ga, Sn, In, and Sb) alloys
[16].

In a recent work, from the results of DSC measurements,
Jyoti Sharmaa and K.G. Suresh [26] have reported the char-
acteristic temperatures of martensitic transformation which
were found to be (Mg =223 K, M;= 182 K, A, =190 K, and
Ap = 227 K) for ternary MnsoNigoSn;( ribbons. Zhida Han
et al. [27] have also determined the transformation tempera-
tures (Mg = 300 K, My=280 K, A; =290 K, and As= 320 K)
for ternary MnsoNiy;Sng ribbons.

The entropy and enthalpy changes (AS and AH, respec-
tively) of the structural transformations are calculated from the
baseline calorimetry data [2]. The calculated values of enthal-
py (AH) and thermal entropy (AS) changes obtained from
cooling (heating) curve are collected in Table 2. It is to be
noted that both the enthalpy and entropy changes decrease
with the decrease in e/a ratio, caused by the increase of Sn
concentration. Krenke et al. [2] have previously reported that
both AS and AH increased with the increase of e/a concen-
tration for Ni-Mn—In and Ni-Mn-Sn ternaries. It has, for
instance, been reported that the concentration value of e/
a = 8.292 corresponded to AH = 3500 J mol ' and
AS =4.6 Jmol ' K. Recently, Wu et al. [28] reported the
enthalpy (AH) and entropy (AS) changes of the MnsoNiggln,
alloy and they found the values of 9.7 J/g and 25 J K 'kg ™',
respectively. Moreover, they found that both the enthalpy and
entropy changes increased continuously with increasing of (e/
a) ratio values.

The Sn added instead of MnsoNiso_Sn, has a marked ef-
fect on martensitic transition temperatures. In MnsoNiso—,Sn,
the substitution of Sn by Ni significantly affects Mg and Mg,
determined from the results of DSC measurements. It is re-
ported that Sn doping in MnsoNisoSn, increases the M. The
substitution of Sn by Ni changes the value of e/a, which can be
explained in terms of e/a (e/a increase — Mj increase).

4 Conclusion

In the present paper, we have investigated the structures and
martensitic transformation properties of the MnsoNiso_,Sn,
(x="7, Sn8.7, and 10.5) ribbons based on the obtained exper-
imental results and some conclusions may be drawn.

1. The results from calorimetric and X-ray diffraction pattern
analysis at room temperature confirmed that M T occurred
above room temperature for 7 and Sn8.7 and near room
temperature for Sn10.5. Columnar grains and preferential
orientation were obtained from morphological analysis.

2. As determined from the analysis of X-ray diffraction pat-
terns at room temperature, alloys with Sn5 and Sn7.5 has
a textured monoclinic 14-M martensite structure whereas
alloy with Sn10 has an austenite cubic L2 structure.

3. The austenite to martensite reversible transformation was
found in all samples. As expected, My increases as in-
creasing e/a (valence electron by atom). Thus, 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 decreasing e/a.
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