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1. Materials and methods Ingots of Fe43.5Mn34Al15Ni7.5 were prepared by induction melting in an argon atmosphere. The ingots were then hot-rolled at 1200 ºC and finally cold-rolled.



Thin sheet specimens



were sandwiched between Mo sheets and solution-treated at 1200 ºC followed by air cooling, the process being repeated to obtain coarse grains with a mean size of about 3.8 mm and a bamboo structure to provide good superelastic properties (Fig. S5).



Here, the



specimens have no strong texture. They were finally quenched from 1200 °C into water and were subsequently aged at 200 ºC for 15min, 3 hours, 6 hours or 24 hours to obtain fine CsCl-type ordered bcc (B2) precipitates where the aging temperature was selected on the basis of the experimental result that the aging treatment at higher temperature than 300 °C results in the decrease in ductility.



Magnetic properties were examined using a



superconducting quantum interference device (SQUID) for lower temperature range at a cooling and heating rate of 2 K min-1 and by a vibrating sample magnetometer (VSM) for temperatures higher than about 50 °C.



Superelasticity was evaluated by a tensile testing at
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various temperatures using a sheet specimen of 0.25×1×50 mm with a gauge length of 20mm.



The temperature dependence of the superelastic stress was determined using one



specimen for each aging condition, but for 24 hours shown in Fig. 2B another piece with the same composition was used for the tests at -196 °C and 20 °C. Here, the strain was limited to 1% at each temperature so as to avoid the influence of the cycle on the stress in Fig. 2B.



Thermodynamic analysis was carried out by the CALPHAD approach using the



software package Thermo-Calc.



The input parameters were partially modified from those



in ref. 18 and the fcc (A1) and disordered bcc (A2) phases were considered in the calculation.



2. Supporting online text 2.1. Transformation entropy and the temperature dependence of superelasticity Tensile tests were conducted at temperatures between -60 °C and 210 °C using a Fe43.5Mn34Al15Ni7.5 single crystal, which was obtained by grain growth, aged at 200 °C for 3 hours.



Figure S1A shows the tensile cyclic curve at 30°C.



The transformation strain ε



evaluated from the plateau region during loading is 9.7%. The superelastic stress σc is plotted as a function of temperature T in Fig. S1B, where the slope (dσc/dT) is determined to be 0.60 MPa/°C.



Using these experimental values and the molar volume Vm = 7.366 ×



10-6 (m3 mol-1), the transformation entropy change ΔS is estimated by Clausius-Clapeyron relation (Eq. 1) as being -0.43 (J mol-1 K-1). The ΔS, superelastic strain εSE (= transformation strain ε – residual strain after removal of strain εr) and dσc/dT for various superelastic alloys including single crystals are
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summarized in Table S1 (15,16,23,28-36).



The ΔS and dσc/dT of Fe-Mn-Al-Ni are very



low compared with other alloy systems.



2.2 Microstructure and crystal structure of Fe-Mn-Al-Ni superelastic alloy Superelasticity is obtained due to a thermoelastic martensitic transformation. Fe-Mn-Al alloy shows a non-thermoelastic martensitic transformation, but the addition of Ni changes the transformation feature to the thermoelastic type.



Figure S2A shows the



dark field image of transmission electron microscopy (TEM) taken from the (100)B2 super-lattice reflection in Fe43.5Mn34Al15Ni7.5 that had been aged at 200 ºC for 6 hours. Nano-sized particles with the B2 phase (ordered bcc structure) are observed in the A2 (α phase: disordered bcc) matrix phase.



This kind of two-phase microstructure of disordered



matrix and coherent ordered precipitate has been reported in Fe-Ni-Co-Ti and Fe-Ni-Co-Al alloys (8,9), which show a thermoelastic martensitic transformation, although the crystal structure is different. Figure S2B shows the TEM bright field image and the corresponding selected area diffraction pattern (SADP) taken from the as-solution-treated Fe43.5Mn34Al15Ni7.5 alloy. Martensite plates were partially observed in this specimen.



While plane defects were



hardly observed in this sample, the SADP indicates that the martensite phase has the 8M stacking layered structure, showing n/8{110}A2 extra-spots.



However, the extra-spots



were often unclear and observed with streaks, and the fundamental reflections show the fcc structure. Since only a small region is observed in the TEM, the XRD experiment was also carried out.



Figure S3 shows the XRD profile of Fe43.5Mn34Al15Ni7.5 alloy aged at
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200 °C for 3h, subsequently deformed up to about 4% in tension at room temperature and unloaded. The XRD pattern includes reflections from a fcc phase, besides ones from the bcc parent phase, and the lattice parameters of the bcc and fcc phases are abcc = 0.2903 nm and afcc = 0.3672 nm, respectively. as-solution-treated specimen.



The similar result has been obtained in the



From these results, it can be concluded that the martensite



phase basically has the fcc structure and the transformation strains are estimated from lattice correspondence as being 26.5% in the  direction, which is much larger than that in conventional superelastic alloys (Table S1), 9.5% in the  direction and 3.3% in the  direction.



This suggests that as well as the small ΔS, the large



transformation strain also contributes to the small temperature dependence of the superelastic stress according to the Clausius-Clapeyron relation (Eq. 1). Psudoelasticity (i.e. nonlinear elasticity) is known to be originated from several mechanisms including the superelasticity and the rubber-like behavior. In the Fe-based bcc ordered alloys, such as Fe3Al and Fe3Ga, pseudoelastic behavior (37-40) due to superpartial dislocations, with a similar stress-strain response to superelasticity arising from stress-induced martensitic (SIM) transformation, has been reported.



Therefore, we



conducted in-situ observation of the microstructure during tensile testing at room temperature.



Figure S4 shows optical micrographs during loading and unloading in



Fe43.5Mn34Al15Ni7.5 aged at 200 °C for 3 hours.



It is confirmed by magnetization



measurement that although this alloy does not thermally transform to the martensite phase by cooling to 4.2 K, a martensite plate forms in the parent phase by 0.5 % strain and grows almost continuously with increasing applied strain.



During unloading, many parent plates



appear in the martensite domain and the martensite phase finally disappears.
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Thus, the



martensitic transformation in the Fe43.5Mn34Al15Ni7.5 is thermoelastic and the reversible stress-strain response shown in Fig. 2A is the superelasticity due to the SIM transformation.



2.3 Effect of microstructure on superelasticity Superelasticity is strongly influenced by microstructure. Figure S5 shows the shape recovery ratio R of superelasticity defined as R = (εt - εe - εr)/(εt - εe) × 100 for an Fe43.5Mn34Al15Ni7.5 alloy aged at 200 °C for 6 hours with different grain diameters. εt (= 4% in this case) is the applied strain and εe and εr are the elastic strain and the residual strain after removal of stress in the tensile superelastic test, respectively.



It maybe seen



that the superelastic shape recovery is drastically enhanced in the specimens with relative grain sizes d/w larger than 1, where d and w (= 1.0 mm in this case) are the mean grain diameter and the width of the sheet specimen, respectively. A similar dependence of the relative grain size on superelasticity has been reported in Cu-Al-Mn-based shape memory alloys with large anisotropy of transformation (41), where this behavior is explained by grain constraint from neighbouring grains.



In the case of d/w < 1, the grains are



surrounded by many neighbouring grains, and the transformation strain yielded from each grain by external stress is constrained by the neighbouring grains.



This condition makes



the superelastic stress increase and slip deformation is introduced, leading to a deterioration in superelasticity.



The sheet specimen with d/w > 1 has a bamboo structure, where the



grain constraint from neighbouring grains decreases, and the superelasticity is excellent.
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Thus, the microstructural control is also important to bring about an excellent superelasticity in Fe-Mn-Al-Ni.



2.4 Magnetic property Figure S6 shows the magnetization curves of Fe43.5Mn34Al15Ni7.5 aged at 200 °C for 6 hours for various strains at room temperature. Ferromagnetism is observed at zero strain state.



With increasing strain, the spontaneous magnetization decreases, because the



ferromagnetic parent phase gradually transforms to the antiferromagnetic martensite phase. On the other hand, the spontaneous magnetization reversibly increases with decreasing strain due to reverse transformation. This change of magnetization induced by loading is opposite to that found in conventional Fe-based alloys that exhibit an irreversible martensitic transformation from a paramagnetic parent phase to ferromagnetic martensite. This unique property can be applied to a noncontact strain sensor, such as those used for monitoring deformation of buildings by earthquake or of vehicles damaged by accidents.
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Fig. S1 Superelasticity of Fe43.5Mn34Al15Ni7.5 single crystal aged at 200 °C for 3 hours. (A) Cyclic stress strain curve at 30 °C. The specimen was first loaded in tension up to a strain of 2.5% and unloaded and then loaded up to 4.5% and unloaded in the second cycle and so forth, and was finally fractured. The tensile direction of the single crystal is shown in the inset. (B) Temperature dependence of superelatic stress of the single crystal.
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Fig. S2 TEM images of the parent and martensite phases in Fe43.5Mn34Al15Ni7.5. (A) Selected area diffraction (SAD) pattern and dark-field (DF) image around the (100)B2 super-lattice reflection taken from a Fe43.5Mn34Al15Ni7.5 alloy aged at 200 °C for 6 hours. Fine particles with the B2 structure precipitate in the A2 parent phase. (B) SAD pattern and bright-field image of the martensite phase taken for the Fe43.5Mn34Al15Ni7.5 alloy without aging.
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Fig. S3 XRD pattern of Fe43.5Mn34Al15Ni7.5 alloy after deformation in tension. Parent and martensite phases are identified as being bcc (α) and fcc (γ’) structures.
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Fig. S4 In-situ observation, using an optical microscope, of the microstructure during loading and unloading at room temperature in Fe43.5Mn34Al15Ni7.5 after ageing at 200 °C for 3 hours. Stressinduced martensite plates are observed during loading and disappear during unloading. This reversible microstructural change means that this transformation is thermoelastic.
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Fig. S5 The shape recovery ratio of superelasticity vs. relative grain size for specimen width and thickness, d/w and d/t, in Fe43.5Mn34Al15Ni7.5 aged at 200 °C for 6 hours, where d is the mean grain diameter, w (= 1 mm) and t ( = 0.25 mm ) are the width and thickness of sheet specimen, respectively. The strain of 4% was applied in tension at room temperature. The superelasticity is apparently enhanced in the region of the relative grain size for widths of over d/w = 1, owing to the decrease in grain constraint from neighbouring grains during deformation.
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Magnetization curves of Fe43.5Mn34Al15Ni7.5 alloy aged at Fig. S6 200 ° C for 6 hours at various fixed strains in the loading process (solid lines) and unloading process (dashed lines) at room temperature. Due to the superelasticity associated with reversible phase transformations between the ferromagnetic parent and antiferromagnetic martensite phases, spontaneous magnetization decreases on loading and increases on unloading, reversibly.



Table S1 The transformation entropy change ΔS, superelastic strain εSE, temperature dependence of the superelastic stress dσc/dT of various single crystal and polycrystalline superelastic alloys. The εSE and dσc/dT are values taken under tension except for Ni-Mn-Ga single crystal (compression).



Alloy system



Crystal structure



Chemical composition (at%)



ΔS (J mol-1K-1)



εSE (%)



dσc



Ref.



dT dσc (MPa °C-1) ΔS εSE dT



Parent



Martensite



Fe-Mn-Al-Ni



BCC (A2+B2)



FCC



Fe43.5Mn34Al15Ni7.5



-0.43



5.2



0.53



*



*



*



Fe-Ni-Co-Al



FCC



BCT



Fe40.95Ni28Co17Al11.5Ta2.5B0.05



-2.95



13.5



3.1



*



*



*



Ti-Ni



B2



B19'



Ti50Ni50



-4.37



7.3



5.7



23



*



*



Ti-Ni-Cu



B2



B19



Ti50Ni40Cu10



-2.92



3.2



8.4



28



28



28



D03



6M



-1.03



8.6



†



1.5



‡



29



29



D03



2O



-1.20



4.7



†



3.4



‡



29



29



Cu-Zn-Al



D03



6M



Cu67.9Zn16.1Al16



-1.45



8.5



†



2.1



‡



30



30



30



Cu-Al-Mn



L21



6M



Cu71.9Al16.6Mn9.3Ni2B0.2



-1.15



7.5



15



31



15



Ni-Mn-Ga



L21



10M



Ni52Mn24.4Ga23.6



-0.97



4.0



†



3.5



‡



32



33



32



Ni-Fe-Ga



L21



14M



Ni51Fe22Ga27



-0.91



6.2



†



1.9



‡



34



35



35



BCC



Orthorhombic



Ti74Nb26



-1.30



2.3



16



36



16



Cu-Al-Ni



Ti-Nb



Cu68.4Al27.8Ni3.8



* this work † maximum strain in single crystal ‡ calculated or experimental value of minimum temperature dependence in single crystal



2.4



4.4
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