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Abstract

The effects of the composition alteration on the magnetization and shape memory behavior
of NisoMnao-xSnio+x (x=0, 1, 2, 3) alloys were systematically investigated by thermal, magnetic and
mechanical experiments. Phase transformation from ferromagnetic austenite to weakly magnetic
martensite was observed during thermal cycling under magnetic field and transformation
temperatures were decreased with increasing Sn (or decreasing Mn). Moreover, the saturation
magnetization of martensite increased with Sn content. NisoMnsoSnio showed the recoverable
strain of 2.1 % during thermal cycling under 300 MPa and the reversible superelastic strain of 2
% at 190 °C. Mechanical experiments exhibited that the largest compressive deformation of about
7 % at 650 MPa occurred in NisoMnssSn11 while NisoMnaoSnio had fractured at 4 % and 390 MPa

at room temperature.

Keywords: shape memory, composition alteration, superelasticity, phase transformation,

saturation magnetization

1. Introduction
NiMn-based Heusler alloys have the ability to undergo a first order magneto-structural
transformation from the ferromagnetic austenite to the weakly magnetic martensite where a large
magnetization difference (AM) between transforming phases can be observed. As a result of this

large magnetization difference and phase transformation, they could demonstrate magnetic shape
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memory effect [1, 2], magnetocaloric effect [3], magnetoresistance [4], magnetothermal
conductivity [5] and the elastocaloric effect [6]. It should be noted that the magnetocaloric

properties of NiMn-based alloys are comparable to those of Gds(GeSe)s alloys [7, 8].

Sutou et al. reported that metamagnetic NiMnX (X= In, Sn and Sb) thermally transforms
from ferromagnetic austenite (cubic crystal structured) to weakly magnetic martensite
(orthorhombic four layered crystal structured) with high mobility of twins, which increases the
possibility of observing large magnetic field induced strain in NiMn-based Heusler alloys [9].
NiMnSn alloys have been studied extensively as an inexpensive alternative to NiMnGa and
NiMnlIn magnetic shape memory alloys. Thus, they can be employed in large scale applications
such as magnetic actuators, high-efficiency sensors, and environment-friendly magnetic

refrigerators.

In MSMA:s, the valence electron concentration (e/a) is frequently used to relate the phase
transition temperatures to composition [10, 11]. In NiMnSn alloys, the crystal structure of the
martensite evolves in a sequence of 40 — 10M — 14M — L1owith increasing e/a[12]. It should
be noted that the magnetic and shape memory properties of NiMnSn alloys are highly martensite
morphology, crystal structure, and lattice parameter dependent [12, 13]. Thus, composition

alteration can be used as a very effective method to tailor the material properties of NiMnSn alloys.

The effects of composition on microstructure, thermal, and magnetic properties of
NiMnSn alloys have been investigated previously [14-19]. Zheng et al. reported that the
transformation temperatures increase dramatically by increasing Mn content in NisoMn37+xSn13-x
and the increase of transformation temperatures is directly related to the change of e/a ratio and
the unit cell volume of high temperature austenite [20]. In addition, Krenke at al. presented that
transformation enthalpy increases with Mn content by increasing the e/a ratio in Nio.s0Mno.50-xSnx
[12]. Han et al. [11] reported that magnetization difference between the transforming phases of
Niso-xMnsg+xSn11 were studied by increased with Mn and large inverse magnetic entropy change
was observed under 1 T which makes these alloys promising for magnetic refrigeration

applications.

In general, other than transformation temperatures, the shape memory properties (e.g
transformation strain, critical stress for phase transformation, hysteresis) of NiMnSn alloys under

stress have not been studied thoroughly even though they are essential for practical applications.



In this study, the effects of composition on the transformation temperatures, microstructure and
magnetization behavior of NisoMnao-xSnio+x alloys were systematically characterized. Then, the
thermal cycling under stress, superelasticity and fracture tests were conducted to reveal shape

memory and mechanical behavior of these alloys to establish a composition-property relationship.
2. Material and Experimental Methods

NisoMnao-xSnio+x (at. %) (x=0,1,2,3) polycrystalline alloys were fabricated by vacuum arc
melting method in a water cooled Cu crucible by using Nickel with purity of 99.8%, Manganese
with purity of 99.9% and Sn with purity of 99.9%. The ingots were melted several times to ensure
homogenization and then they were annealed at 900 °C for 17 hours. Microstructural analysis of
the samples was performed by using Scanning Electron Microscope (SEM; Leo EVO-40 VPX)
and their chemical composition was determined by Energy Dispersive X-ray Spectroscopy (EDS;
Bruker-125eV). The compositions (at. %) of the fabricated alloys were determined as
NizoMn40.4Snioe, NisgsMnszgoeSnize, NisgaMnzsSniz7z and NisesMnssoSnizz. Transformation
temperatures were determined by Perkin Elmer Differential Scanning Calorimetry (DSC) with 10
°C /min heating-cooling rate in a nitrogen atmosphere. In order to reveal the microstructure of the
alloys, specimens were polished and etched with a solution of 20 ml HCI, 5 g FeCls-H20 and 96
ml methanol. Magnetization properties were measured by Physical property measurement system
(PPMS) (Quantum Design 7). Metal-tester Vickers microhardness tester model 900-391D was
employed for hardness measurements. The mechanical experiments were conducted on 3x3x6
mm? compression samples by using MTS Landmark servohydraulic test frame. Thermal cycling
experiments were performed with the rates of 5 and 10 °C/min for cooling and heating,
respectively. The strain was measured by an MTS high temperature extensometer with a gage

length of 12 mm.

3. Results and Discussions

Figure 1a shows the DSC responses of NisoMnao-xSnio+x alloys where reversible martensitic
phase transformation was observed in all alloys. Transformation temperatures (TTs) such as
martensite and austenite start, finish and peak temperatures (Mp and Ap) and transformation
enthalpy were determined from Figure 1a and given in Table 1. Moreover, the e/a ratio and Vickers
hardness measurements of the alloys were also provided in Table 1. TTs were decreased with the

substitution of Mn with Sn. For instance, martensite start (Ms), martensite finish (Ms), austenite



start (As), and austenite finish (Ar) temperatures were 216.9, 181.9, 195.5 and 227.6 °C for
NisoMnsoSnio and 45.5, 2.9, 23 and 66.1 °C for NisoMns7Snis, respectively. It is clear that
substitution of Mn with Sn decreases both the e/a ratio and transformation temperatures as shown
in Figure 1b. The linear relationship between the e/a ratio and the martensite start temperature of
NisoMnao-xSnio+x alloys is consistent with the previous results [21]. In order to determine the effect
of Sn content on mechanical behavior in terms of strength, Vickers hardness measurements were
performed and showed that NisoMnsgSni1 has the lowest hardness and NisoMn4oSnio has the
highest hardness at room temperature. It would worth to mention that the strength is decreased
with increasing Sn content. Furthermore, enthalpy (AH) values were extracted from DSC curves
during phase transformations. AH was increased initially and then decreased with Sn content as

shown in Table 1.

It should be noted that a two-stage transformation was only observed in NisoMnsoSnio. The
second peak of transformation temperatures is referred as Ms?, Mf?, As? and Af? and they were
obtained as 171.2 °C, 87.5 °C, 102 °C and 186.6 °C, respectively. The second peak in
NisoMnsoSnio might be attributed to intermartensitic phase transformation or inhomogeneous

microstructure [9, 20, 22].
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Figure 1. a) DSC response, b) Ms temperature as a function of e/a ratio in of NisoMnao-xSnio+x
alloys

Table 1. Transformation temperatures and enthalpies, e/a ratios and Vicker hardness of NisoMnao-
xSnio+x alloys

Ms Mp Mt As Ap A AHagy e/a Hardness
e (o (6o (O (O (O ) (HV)
NisoMn4Snyp 216.9 195.6 1819 1955 209.9 2276 1265 8.2 451
NisoMn3eSny;  146.8 127.2 108.3 120.3 1399 1546 1996 8.17 309
NisoMnssSniz 83 722  60.3 73 938 1033 1795 8.14 397
NisoMnszSnis 455  26.4 2.9 23 494 66.1 1430 8.11 351

From Figure 1, it is clear that NisoMnaoSnio, NisoMn3eSni1 and NisoMnssSniz are fully
martensite while NisoMn3zSnis can be mixed phase or fully martensite (depending on the cooling
history) at room temperature. Since they were all martensite at room temperature and no second
phase formation was observed, only a representative SEM image of NisoMnssSni2 is shown in
Figure 2. Yellow circles indicate where SEM/EDS composition analysis was performed. The
martensite structures can clearly be seen in the image. Furthermore, XRD experiments were
performed at room temperature on bulk fabricated samples (not shown here) and it was revealed

that the martensite is either 10M or 14M in NisoMnsoSnio and NisoMnssSnii alloys and 40 in



NisoMnssSni2 and NisoMnszSnis alloys. The diffraction patterns were found to be in good
agreement with previous results [20].

SE MAG: 500 x HV:20.0 kV. WD:10.4 mm

Figure 2. SEM image of NisoMnssSna2 alloy

Magnetization versus temperature responses of NisoMnao-xSnio+x alloys under 5 T are
shown in Figure 3. All the samples were heated from 30 °C to 270 °C and then cooled down to 30
°C under constant field of 5 T. During heating of NisoMna4oSn1o, NisoMnzgSni1, and NisoMnzsSni2
alloys, ferromagnetic martensite becomes weakly magnetic as the temperature approaches to the
Curie temperature of martensite. Then, martensite transforms to ferromagnetic austenite which is
evidenced by the sudden increase in the magnetization. With further heating, the magnetization of
austenite decreases as the temperature approaches to the Curie temperature of austenite. The TTS
can be obtained from magnetization results with intersection method. It is clear that TTs were
decreased with Sn content which is in good agreement with the DSC results shown in Figure 1.
Phase transformation upon heating was not observed in NisoMn3zSnis since it was austenite at 30
°C. It should also be noted that NisoMn4oSnio showed two-stage transformation which was also

detected in its DSC response.
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Figure 3. Magnetization versus temperature responses of a) NisoMna4oSnio, b) NisoMnssSnazi, )
NisoMnssSni2 and d) NisoMnszSnis alloys under 5 T

Figure 4 shows the magnetization behavior of NisoMnso-xSnio+x (X=0,1,2,3) alloys at
selected temperatures of -100 °C, 30 °C and 250 °C. At -100 °C, all the alloys are ferromagnetic
and the saturation magnetization was increased with Sn where the saturation magnetization of
NisoMnazoSnio, NisoMnzeSni1, NisoMnzsSni2 and NisoMnszzSniz were determined as 12.4, 16.6, 21.9
and 33.1 emul/g, respectively. The alteration of saturation magnetization can be attributed to the
modification of the exchange interactions of the atoms in the alloy. Mn atoms can be coupled
ferromagnetically or anti-ferromagnetically by altering the composition which in turn affects the
saturation magnetization [23, 24]. Figure 4b shows that the magnetization of NisoMnz7Sniz was
drastically increased and then saturated with magnetic field at 30 °C while the magnetization of
the other alloys showed linear behavior with a low magnetic moment of about 5 emu/g. It should
be noted that NisoMns7Snis can have mixed phases while the other alloys were martensite at 30 °C.

Thus, NisoMn37Sn1s alloy presented higher magnetization of about 24 emu/g due to ferromagnetic



austenite. For all the alloys, the magnetization was increased linearly with the magnetic field at

250 °C, above their Curie temperature of austenite, as shown in Figure 4c.
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Figure 4. Magnetization behavior of NisoMnao-xSnio+x alloys at a) — 100 °C, b) 30 °C, c) 250 °C

In order to obtain information on the shape memory behavior of NisoMnao-xSnio+x alloys,

they were thermally cycled under selected stress levels, as shown in Figure 5. Upon cooling,

austenite transforms to martensite while martensite transforms back to austenite upon heating.

Maximum applied stress was 300 MPa for NisoMnsoSnio and NisoMnsgSni1 samples and 200, 250

MPa for NisoMnssSni2 and NisoMnszSnis samples, respectively. NisoMnsgSni1 and NisoMnszSnis

samples failed during heating under 300 and 250 MPa, respectively. The transformation

temperatures were obtained graphically by intersection method and found to be increasing with

stress. Generally, there is a linear relationship between Ms and applied stress which is known as

Clausius Clapeyron phenomenon [25]. The Ms, M, As and Ar of NisoMn4oSnio were obtained as
177.4,160.8, 170 and 180.3 °C under 5 MPa and 203.8, 169.8, 186.9 and 215 °C under 300 MPa,
respectively. Ms of NisoMnaoSnio, NisoMnseSni1, NisoMnssSniz, and NisoMns7Sniz  were



determined as 177.4, 149.7, 91.3 and 57.1 °C, respectively, under 5 MPa. It is clear that TTs

decreased with Sn content which is good agreement with DSC and magnetization results.

The difference between the Ms obtained from DSC and mechanical tests (about 5 to 15 °C)
can be attributed to several reasons. i) DSC tests were conducted in a fully enclosed environment
with a small amount of material (~20 mg) while thermal cycling tests had been done by conduction
heating on a large sample (~3 g). ii) In mechanical tests, the change in sample length is due to the
formation of reoriented martensite variants and the formation of the self accommodating
martensite cannot be detected. Thus, particularly at lower stress levels (e.g. 5 or 50 MPa) where
the volume fraction reoriented martensite variants is low, the phase transformation may start earlier
than what can be detected. iii) The accuracy of the intersection methods used to determine the TTs

depends on shape of the curves.
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Figure 5. Thermal cycling responses of NisoMnao-xSnio+x alloys under selected stress levels

Recoverable strain, temperature hysteresis and irrecoverable strain of NisoMnao-xSnio+x
alloys were extracted from Figure 5 and plotted as a function of applied stress in Figure 6. The
recoverable strain increased with stress due to the increased volume fraction of favored martensite

variants. The recoverable strain was 0.4 % under 5 MPa and increased to 2.1 % under 300 MPa in



NisoMn4oSnio. In addition, Irrecoverable strain increases with stress. Irrecoverable strain of
NisoMn3szSniz was 0.1 % under 50 MPa and increased to 0.6 % under 200 MPa. The maximum
recoverable and irrecoverable strains were 2.1 and 0.2 % under 300 MPa in NisoMnsoSnio while
they were 1.5 and 0.5 % under 200 MPa in NisoMnszSnis alloy, respectively. It should be noted
from Figure 6b that for the same stress level, irrecoverable strain increases with Sn due to increased
plastic deformation. Temperature hysteresis mainly arises from structural defect formation, such
as dislocations, during transformation and frictional energy spent on the movement of phase fronts
[26]. Hysteresis highly depends on the lattice compatibility between transforming phases which is
dictated by the crystal structure and parameters that can be tailored by composition alteration. In
general, temperature hysteresis increases with increasing applied stress due to increased plastic
deformation, as shown in Figure 6b. The maximum temperature hysteresis of NisoMn4oSnio and

NisoMns7Snas alloys were obtained as 13.3 and 20.8 °C under 300 and 200 MPa, respectively.
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Figure 6. a) Recoverable strain, and b) temperature hysteresis and irrecoverable strain as a
function of compressive stress for NisoMnao-xSnio+x alloys

Figure 7 shows the mechanical responses of NisoMnaoxSnio+x alloys at room temperature.
The alloys were loaded until they failed to observe their compressive strength and ductility. It
should be noted that, according to the DSC results, at room temperature, all samples are martensite
except NisoMnszSniz which is a mixed phase. NisoMns9oSnia alloy has the highest failure stress and
strain among the tested alloys. Failure stress and strain values were 650 MPa and 7 % for
NisoMnseSni1 and 390 MPa and 3.9 % for NisoMnaoSnao, respectively.
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The superelastic response of NisoMnsoSnio is shown in Figure 8. The test temperature of
190 °C was selected to be above Af to observe superelastic behavior. When the stress was cycled
up to 240 MPa, the alloy showed superelasticity where it transformed from austenite to martensite
upon loading and martensite to austenite transformation was observed upon unloading. Further
loading to 360 MPa (with 2% strain) also resulted in superelastic behavior with a higher stress
hysteresis. In both cases, the irrecoverable strain upon unloading was very low, thus, the alloy
showed fully reversible superelastic behavior. Further loading to 400 MPa resulted in brittle
fracture. It should be noted that this alloy is an high temperature shape memory alloy since it shows

superelasticity above 100 °C [27].
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It is known that thermal, magnetic and mechanical experiments showed that shape
memory, magnetic and mechanical properties of NiMnSn alloys are highly composition dependent
[14-19]. Composition variation modifies e/a ratio which alters the transformation temperatures
[28] and the crystal structure of martensite (10M, 14M or 40). Substitution of Mn for Sn in
NiMnSn alloys decreased the e/a ratio and the transformation temperatures [12]. Besides,
composition variation plays an important role in magnetic behavior of NiMnSn alloys since the
magnetic moment is very sensitive to Mn-Mn atom distance in NiMn-based Heusler alloys [29].
In this study, it was revealed that the saturation magnetization of NiMnSn increases with Sn at -
100 °C.

Mechanical experiments were conducted to reveal the shape memory effect and
superelasticity responses of NisoMnaoxSnio+x alloys. There are very limited studies on the
mechanical responses of NiMnSn alloys where they were determined to be brittle [30]. It should
be noted that brittleness is one of the main setbacks of NiMn-based Heusler alloys for practical
applications. Mechanical experiments revealed that strength and ductility can be modified by
composition alteration. The strength and ductility initially increased and then decreased with Sn.
NisoMnsgSni1 has the highest failure stress of 650 MPa and can be deformed until 7 % strain at

room temperature. Thus, it can be concluded that NiMnSn are not extremely brittle. Alloying with



quaternary elements can be used as an alternative method to further improve their ductility [31-
33].

To the authors’ knowledge, there is no systematical study on the shape memory effect and
superelastic properties of NiMnSn alloys. In this study, it was shown that NisoMn4oSnio has a
recoverable strain of 2 % during thermal cycling under 300 MPa and superelasticity at 190 °C.
Since they are metamagnetic, they could recover their large strains (~2 %) upon application of
magnetic field [34]. It should be noted that magnetostrictives can only recover their shape up to
~0.8% with applied magnetic field [35]. Thus, NiMnSn magnetic shape memory alloys with high
recoverable strain, the ability to show superelasticity and shape memory effect, and tunable
transformation temperatures can be considered as promising candidates for magnetic actuator

applications.
Conclusions

Magnetization, shape memory and mechanical properties of NisoMnaso-xSnio+x alloys were
investigated to reveal the effects of Sn content variation. Transformation temperatures decreased
with increasing Sn content which can be attributed to e/a ratio. Second phase formation was not
observed from optical microscopy. Moreover, metamagnetic behavior was determined from
magnetization experiments where ferromagnetic austenite transformed to weakly magnetic
martensite. Saturation magnetization increased with Sn content at -100 °C. NisoMnaoSnio showed
good shape memory effect with 2.1 % recoverable strain and fully reversible superelasticity at high
temperatures (190 °C). NisoMnsgSna1 failed at 650 MPa and 7 % during compressive deformation.
It was concluded that composition alteration is an effective way to tailor transformation

temperatures, magnetization response, and mechanical and shape memory properties.
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