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Extending the concept of Shape Memory Alloys (SMAs), MultiPhysic Memory Alloys (MPMAs) based on Heusler compounds show remarkable properties in terms of multiphysic transitions coupling thermal, structural and magnetic domains. Such characteristics thus unveil new application potentials in the field of actuation or energy harvesting for instance. In particular, one of the most notable features of such materials lies in the presence of a magnetic response in a particular temperature range. In order to further investigate the origin of such characteristics, this study aims at providing qualitative and quantitative theoretical insights for shaping potential future material developments and tailoring, along with experimental investigations supporting the proposed theoretical framework.

Such a development is done by considering that the unique MPMA behavior originates from the combination of a first-order hysteretic structural transition between martensitic and austenite phase with a ferromagnetic behavior of the austenite phase. Comparison of such an approach with experimental magnetic property measurements of a Heusler Nickel-Cobalt-Manganese-Indium alloy shows a good ability to predict the low-field magnetic response, highlighting the main involved parameters for further developments.

Introduction

With the recent trends in the development of smart materials, new applications coupling several physical domains have been envisioned in terms of actuation, sensing and energy harvesting for instance. Typical smart materials include for example piezoelectric effect as electromechanical materials ( [1]), magnetostrictive materials ( [2]) and magnetorheological fluids and elastomers ( [START_REF] Choi | Magnetorheological Fluid Technology: Applications in vehicle systems[END_REF]), both coupling mechanics and magnetism, magnetocaloric devices allowing a magnetic control of the thermal behavior ( [START_REF] Tishin | [END_REF]), and Shape Memory Alloys linking thermal and mechanical domains. Specifically, this last class of materials, also abbreviated SMA, has been the subject of numerous works, due to their unique abilities in providing high stress and strain, reasonable response time, and shape memory capabilities that permit only applying stimuli during changing states ( [5,6,7,8,9]).

SMAs are typically based on temperature-dependent phase transition between austenite and martensitic structural configurations. Such a link between thermal and mechanical domains can therefore be taken into advantage for their application as actuators. This phase transition is triggered by heating up or cooling down the material, for instance through electrical stimulus using Joule's effect or through mechanical solicitation ( [10]); the former being more often considered for the sake of implementation easiness. Then, the hysteresic behavior originating from the firstorder phase transition enables shape memory effect that can be taken into advantage in the target application.

However, similarly to the large majority of smart materials, SMAs only link two physical domains. Recently, the use of particular Heusler alloys ( [11,12,13]) allowed introducing a third physical domain, namely the magnetic aspect, in the SMA coupling, enabling the concept of "MultiPhysic Memory Alloys" (MPMA) as a particular multifunctional material. With the inclusion of this third physical field, new applications can be truly envisioned, such as efficient magnetocaloric devices ( [14,15,16,17,18]) or thermal energy harvesters ( [19,20]). In particular, tailoring the material to obtain several types of phase transitions such as structural and magnetic ones around the same temperature, and preferably close to room temperature, has been successfully achieved by introducing Indium in Nickel-Cobalt-Manganese compounds for instance ([14, 21, 22, 23, 24]). Such materials have shown the remarkable properties of being non-magnetic at low and high temperature (≤ 80 ˚C and ≥ 120 ˚C), while exhibiting magnetic activity in between, enabling applications as actuators such as windowed thermal switch or magnetocaloric device ( [21]), sensors like temperature window detector and thermal energy harvesting from temperature gradients ( [22]). More specifically, in the context of thermal energy harvesting using heat engines as alternatives to thermoelectric modules, MPMAs feature strong interest, as their magnetic properties arising at relatively high temperature permits placing magnets on cold side, which therefore prevents their demagnetization and considerably simplifies the system design (Figure 1). However, the understanding and associated modeling of such MultiPhysic Memory Alloys is still an open question, whose answer would help in giving insights in new material development and/or tailoring for a specific application, including its surrounding environment as well, such as temperature range and typical profile for instance. Hence, the purpose of this paper is to provide a qualitative and quantitative analysis of the mechanisms behind MPMA magnetic behavior. More specifically, the origin of these unique characteristics are considered to arise from the combined structural martensitic-austenite phase transition common to all SMAs along with the ferromagnetic behavior of austenite phase in similar temperature range; the martensitic phase being considered as paramagnetic or non-magnetic in the considered alloy class ( [25]). The paper is organized as follows. Section 2 exposes the elaboration of the material under consideration, consisting in a Heusler alloy based on Nickel-Cobalt-Manganese-Indium compound, along with its lowfield magnetic characterization. These results are then thoroughly interpreted and modeled in Section 3, which ultimately provides a model with physical meaning of the observed magnetic response of the considered material, allowing insights in terms of tailoring and future developments as discussed in Section 4. Finally, Section 5 briefly concludes the paper by recalling the main findings of the present study.

Material preparation & characterization

Synthesis and elaboration

The material under investigation consists in a Nickel-Cobalt-Manganese-Indium compound whose composition is Ni 45 Co 5 Mn 36.6 In 13.4 . The interest in such a composition lies in the phase inversion in the temperature diagram, i.e., showing austenite configuration at high temperature and martensitic phase, that is almost paramagnetic, at low temperature thanks to the use of Indium ( [26,27]) compared to other ferromagnetic compounds such as Nickel-Manganese-Gallium alloys ( [19]) that feature austenite configuration at low temperature. This yields particular properties in terms of magnetic response as it will be devised latter.

First, as deposited MPMA film was obtained through dual magnetron sputtering of Ni 45 Mn 40 In 15 using Radio Frequency (RF) source at 200 W and Cobalt from direct current (DC) source with 8 W power on PolyVinyl Alcohol (PVA) substrate as shown in Figure 2(a). Then the film was peeled of the PVA substrate, resulting in a 5 µm film. Finally, a two-step heat treatment was applied in order to obtained modulated martensitic phase at room temperature through crystallization process (Figure 2(b)), leading to the sample shown in Figure 2(c).

Magnetic property measurements

Prior to magnetic characterization, assessment of the structural integrity of the obtained film has been performed through optical measurements and inspection. SEM image of the film after annealing process is depicted in Figure 3(a), showing quite good surface aspect in spite of small grains in localized areas. Further inspection consisted in crushing the as deposited sample in order to assess regularity along the thickness. Associated SEM image, shown in Figure 3(b), indicates a quite uniform thickness with homogenous powder repartition. Magnetic measurements were performed using SQUID magnetometer with a MPMA temperature varying from 60 to 125 ˚C, while the external magnetic flux density was kept constant and equal to B ext = 50 mT. Obtained results (Figure 4), giving the MPMA sample magnetization M under the considered external flux density, were then converted to magnetic susceptibility χ to assess the intrinsic parameter of the material as:

χ = µ 0 M B ext (1) 
Under constant magnetic flux density (B ext ) and in low-field excitation that yields linear response, the susceptibility is directly proportional to the magnetization. Therefore, susceptibility values have also been reported in Figure 4, using a secondary axis (right axis). Such results demonstrate the ability of the considered MPMA for providing unique magnetic characteristics with a significant magnetic response only in the range of 90 -115 ˚C, confirming the non-magnetic behavior of the martensitic phase at room temperature. Austenite transition start and stop temperatures have been estimated to respectively 99 and 107 ˚C while martensitic ones to 100 and 92 ˚C, respectively. This therefore yields a temperature hysteresis width, defined as the difference between the mean transition temperature of austenite phase (103 ˚C) and martensitic phase (96 ˚C), of 7 ˚C, which is quite adapted for many applications such as actuation or energy harvesting using heat engines. Furthermore, in terms of applications, the negligible magnetization at low temperature provides a significant advantage compared to classical ferromagnetic materials (e.g., Gadolinium - [28,29]) or ferromagnetic SMAs ( [19]) when it comes to device design, as the attracting magnet can be placed on the cold side hence not compromising the magnetization of the latter.

Physical interpretation and modeling

The objective of this section is to provide physical interpretations of the temperature dependence of the magnetic properties, and more precisely the magnetic susceptibility or permeability. The basic idea behind the proposed model lies in the consideration of two mechanisms: a first-order structural martensitic/austenite phase transition corresponding to the shape memory behavior and a second-order ferromagnetic to paramagnetic phase transition in the magnetic domain for the austenite phase; the martensitic phase being paramagnetic or almost non-magnetic in the considered alloy ( [25]).

Structural transition

The structural transition, from martensitic at low temperatures to austenite at high temperatures and conversely, yields a hysteretic behavior due to latent heat. In the following, it will be considered that the temperature variation is slow so that the system is always at the thermodynamic equilibrium and undergoes quasi-steadystate regime, and that the heating and cooling transitions are symmetric so that the temperature difference to go from one phase to another is the same whatever the considered direction. Furthermore, the transition temperatures are also considered constant whatever the starting point, and only the transition amplitude is affected by this starting point. The structural phase transition can be obtained through the consideration of the austenite phase ratio δ A . Note that the system being assumed purely biphasic, the martensitic phase ratio δ M can also be deduced by δ M = 1 -δ A . The austenite ratio δ A can be mathematically derived using two different nondimensional, monotonically increasing functions of the temperature T ( [30,31]). These functions, noted f hyst + (T ) and f hyst -(T ), are defined for all T ∈ IR with values exactly covering the range [0, 1], and correspond to positive and negative temperature variations respectively, leading to:

               dδ A = ∆ + df hyst + dT (T ) dT for dT > 0 dδ A = ∆ -df hyst - dT (T ) dT for dT < 0 dδ A = 0 for dT = 0 (2) 
. ∆ + and ∆ -refer to the magnitude of the reverse transformation at the current point, and can be re-evaluated concomitantly with the phase ratio derivative as:

     ∆ -= δ A f hyst -(T )-f hyst -(-∞) for dT > 0 ∆ + = 1-δ A f hyst + (∞)-f hyst + (T ) for dT < 0 (3)
Note that the positive (resp. negative) temperature variation phase transition magnitude is only re-evaluated during negative (resp. positive) temperature slope. It can also be pointed out that such pre-factors can be only evaluated at cancellation or inversion of the temperature derivative for computational effort savings. We also recall that the function shapes are assumed to remain the same whatever the operating point.

In the followings, shifted and weighted sigmoid-like functions, well adapted to SMAs ( [32,33]), are considered as:

           f hyst + (T ) = 1 2 1 + tanh T - θ A +θ M 2 - θ A -θ M 2 Θ f hyst -(T ) = 1 2 1 + tanh T - θ A +θ M 2 + θ A -θ M 2 Θ ( 4 
)
with θ A the austenite transition center temperature, defined as the mean of temperatures corresponding to the start and the end of the transition, θ M the martensitic transition center temperature that follows a similar definition and Θ the inverse transition slope. Note that the two forward and backward transitions being considered as symmetric, the transition starting and ending temperatures do not explicitly intervene; the symmetry yielding a 3 degree of freedom system instead of 4. It can be drawn from the expression of Eq. ( 4) that the average of the two transition center temperatures, θ A+M = (θ A + θ M ) /2, relates the center of hysteresis behavior, while their half difference, θ A-M = (θ A -θ M ) /2, denotes the hysteresis width. An alternative writing of this expression, more compact but with a slightly different physical interpretation, consists in solely using the mean austenite and martensitic transition center temperatures as:

     f hyst + (T ) = 1 2 1 + tanh T -θ A Θ f hyst -(T ) = 1 2 1 + tanh T -θ M Θ (5) 
as during heating, which corresponds to f hyst + (T ), the transformation goes from martensitic phase to austenite one, and from austenite to martensitic when cooling, where f hyst -(T ) intervenes. Hence, Eq. ( 5) shows that only the final phase can be considered in the transition, namely austenite for heating and martensitic for cooling. Again, such considerations should be balanced with the assumptions regarding the symmetry of the hysteretic behavior.

Previous experiments reported in Section 2.2 allowed deriving the martensitic and austenite transition center temperatures as 96 ˚C and 103 ˚C, respectively, while the inverse slope transition has been obtained as half the transition starting and ending temperature intervals, given as 107 -99 = 8 ˚C for austenite and 100 -92 = 8 ˚C for martensitic phases, which confirms the symmetrical effect. This yields the parameters listed in Table 1, leading to the numerical results for the austenite phase ratio depicted in Figure 5. Hence, the proposed model shows abilities in assessing the hysteretic aspect of the phase transformation, including minor loops. Because of considered assumptions and more specifically the symmetric behavior and modification of the sole magnitude, phase ratios at starting austenite transition and at ending martensitic transition are the same in the major loop. The same observation applies to ending austenite transition and starting martensitic transition as well. Finally, it can be noted that due to the smooth transition function as well as experimental uncertainties, these phase ratios at starting and ending transformations are not exactly 0 or 1.

Ferromagnetic transition

As a unique characteristic of MPMAs, a second phase transition, in the magnetic physical domain, occurs almost simultaneously to the structural phase transition. This phase transition originates from the ferromagnetic nature of the austenite phase yielding a second-order transition, while the martensitic phase is considered as almost paramagnetic. Hence, the expression of the magnetic susceptibility of the austenite phase, noted χ A , is given as:

χ A = X A × f f erro (T -T f erro ) (6)
where X A is the maximal, low temperature susceptiblity of the austenite phase and T f erro the ferromagnetic transition temperature. f f erro (T ) is a non-dimensional, monotically decreasing function with low temperature saturation value of 1, and vanishing towards 0 with increasing temperature. In the following, a hyperbolic saturation function is considered as:

f f erro (T -T f erro ) = 1 2 1 -tanh T -T f erro τ (7) 
where τ denotes the temperature bandwidth coefficient. Using such a function, T f erro can also be seen as the half-transition temperature where the susceptibility equals X A /2. Using the parameters listed in Table 2 obtained by fitting the response in full austenite phase area that starts at 107 ˚C for heating and ends up at 100 ˚C during cooling process, the associated temperature-dependent susceptibility is numerically computed yielding results given in Figure 6. Hence, it can be seen that the ferromagnetic transition actually occurs in a temperature range similar to the structural one (Figure 4). Furthermore, when comparing to experimental results in the full austenite phase region, the choice of the hyperbolic tangent saturation function, along with the considered parameter set, provides a good agreement between theoretical results and experimental measurements. 

Global response

The previous two sections allowed the derivation of the austenite phase ratio δ A , the martensitic one δ M = 1 -δ A as the system is considered as purely biphasic and the magnetic susceptibility of the sole austenite phase. However, since the two phases may coexist during the structural phase transition, the global MPMA relative permeability µ can be obtained considering martensitic and austenite phase permeabilities, respectively referred as µ M and µ A , through a mixing rule. In the following, a Maxwell-Garnett mixing rule is considered, yielding:

µ = (1 + 2δ A ) µ A + 2 (1 -δ A ) µ M (1 -δ A ) µ A + (2 + δ A ) µ M µ M (8) 
where the austenite phase relative permeability µ A is linked to its susceptibility χ A through:

µ A = 1 + χ A (9) 
It can be noted that while Maxwell-Garnett mixing rule is usually used for low volume fraction in dielectric media, it will be considered here valid for the whole range of phase ratio. Finally, the magnetic susceptibility χ of the MPMA can be obtained from its relative permeability µ as:

χ = µ -1 (10) 
Considering that the martensitic phase shows paramagnetic behavior with a constant relative permeability µ M = 1.1 and using parameters from Tables 1 and2 yield the results depicted in Figure 7. As expected, the low temperature permeability is equal to the martensitic one that has very low value. As the temperature increases, the structural phase transition is initiated and the permeability starts increasing as the austenite phase ratio increases. Further increasing the temperature however leads to a decrease of the permeability, as the ferromagnetic behavior of the austenite phase leads to a decrease of the associated magnetic activity. From high to low temperature variations, the permeability first experiences an increase as the magnetic activity of the austenite phase becomes more important, but then decreases due to the structural transition to martensitic phase that exhibits low magnetic permeability. Also, it could be noted that the maximal permeability during cooling phase is higher than when heating, as the hysteretic behavior in the structural phase transition yields a longer lasting presence of the austenite phase. Comparison with values extracted from the experimental analysis are also depicted in Figure 7, which shows very good agreement with theoretical predictions. It can however be noted some discrepancies in the low temperature range of cooling stage, probably due to an asymmetry in the structural phase transition, with the austenite to martensitic phase transition being different from the converse one.

Figure 8 shows the expectable relative permeability of the MPMA considering minor cycles in temperature. Although no associated experiment was performed, the considered model for the first-order transition is quite well-established ( [32,33]) to consider the curves depicted in Figure 8 to be reasonably close to the actual material response. While the global envelope of the permeability profile is not modified in minor loops due to the assumption that the hysteretic function shape is not affected except for its magnitude, decreasing the temperature before the full austenite phase transformation yields a plateau or even an increase for large starting austenite phase ratio, without however reaching the maximal permeability obtained with a full cycle. The same observation can be drawn when the temperature is increased before full martensitic transformation. It can be noted that the permeability peak positions are also changing when performing minor loops, as they are moving towards low temperatures when decreasing the temperature before full austenite transformation and towards high temperatures when increasing the temperature before full martensite transformation. Such changes in the optimal permeability temperature can be of significant importance when the MPMA is operating in relatively limited temperature ranges.

Discussion & tailoring possibilities

Based on the previous model, this section aims at discussing the effect of considered parameters on the MPMA response, in the framework of tailoring/optimizing the material for a specific target application. In that sense, a summary of used parameters, either obtained through experimental analysis for structural properties as per Table 1 or by fitting process for magnetic properties as explained in Section 3.2, are given in Table 3, providing a basis for further considerations. Note that the magnetic response is related to the magnetic susceptibility and permeability, and not directly to magnetization under low external field. This is explained by the fact that the magnetization is not only strongly dependent on external conditions, for instance the magnetic flux density, but also on the structural transition properties of the MPMA. For example, a lower transition temperature would yield higher apparent susceptibility and thus magnetization, with these properties being possibly made 
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varying in the following analysis.

Effect of austenite phase permeability

Because of the combined effect of structural and ferromagnetic transitions, the change of the austenite phase susceptibility does not yield a simple increase or decrease of the global permeability. Instead, the full response is changed. Figure 9(a) depicts the effect of such a change, keeping constant all the other parameters. Hence, it can be observed that the temperature corresponding to the maximum permeability is indeed varying and increases with the initial susceptibility, but in a rather limited way as results indicate variations from 105.12 ˚C to 108.16 ˚C when heating and from 99.84 ˚C to 103.04 ˚C when cooling. A slightly more pronounced effect in heating stage can be found however. Another interesting aspect of this analysis is that the maximal permeability is increased compared to the initial permeability of the austenite phase, which is caused by the mixed phases, where the martensitic phase features low permeability. However, such an increase is less than the sole austenite phase maximal permeability modification. 

Effect of temperature matching

The other effect of interest is the location of the ferromagnetic transition temperature, namely T f erro , with respect to the average of center structural transition temperatures θ A+M = (θ A + θ M ) /2. Results depicted in Figure 9(b) show that increasing the ferromagnetic transition temperature first yields an increase of the maximal permeability along with an increase of the associated temperature, but, after a particular value of this parameter, a plateau appears which is explained by the fact that the austenite phase susceptibility remains constant and equals to its initial value during the whole structural transition process. In this case, and because the two transitions no longer occur simultaneously, the hysteretic structural transition is fully reflected by the magnetic properties.

Effect of structural transition width

Finally, the last considered variable parameter under investigation in this section is the difference between the martensitic and austenite center temperatures in the hysteretic structural transition. Varying such a parameter leads to results shown in Figure 9(c). Unlike previous cases, simultaneously increasing the austenite transition temperature and decreasing the martensitic one not to change the center temperature leads to a decrease (resp. increase) of the peak permeability with an increase (resp. decrease) of the associated temperature in heating (resp. cooling) stage. Such an observation is consistent with the ferromagnetic behavior of the austenite phase, which yields a lower (resp. greater) susceptibility when the transition temperature is increased (resp. decreased). Specifically, the increase of the permeability during cooling may be seen as beneficial in the framework of magnetic field actuated systems, but it should be kept in mind that in this case the latter should operate over a larger temperature range.

Tailoring in the framework of thermal energy harvesting using heat engines

In the framework of thermal energy harvesting using heat engines (Figure 1, [19]), this section aims at giving some indications regarding the material selection and tailoring. More precisely, the following characteristics are desirable to this end: With the application in mind, the transition temperatures should be consistent with the targeted environment. In addition, as shown in Figure 9(b), the ferromagnetic transition temperature of the austenite phase should not be significantly lower than the structural transition temperature, and significantly higher value is actually desirable. Otherwise, the magnetic response would be wiped out by the structural transition, and the device would not be attracted by the magnet. To address these issues, the addition of Cobalt is a way to tune the temperature ( [34]), along with Indium ( [27,35,36]). Although out of the scope of the present study focusing on low-field response, transition temperature may also be slightly changed by the application of a strong external magnetic field ( [21]).

Sharp structural transition:

Ensuring high operating frequency and/or allowing operation over a narrow temperature range necessitates quick transition from martensitic to austenite phase and conversely, which is reflected by the inverse transition slope Θ in the proposed model. In addition of playing with the composition ratio, exploring other components combined with Nickel, Manganese and Cobalt is a possible route. As an example, antimony ( [27]) or tin ([37, 38, 39, 40]) can be considered to this end, although the former solution yields larger structural transition hysteresis and the latter higher transition temperatures.

Reduced hysteresis:

The hysteresis may be an issue in order to ensure device operations, as it either reduces the operating frequency and thus energy exchange and potential output power, or can simply make the device non operating when the experienced temperature range is limited. Hence, ensuring martensitic to austenite and converse transitions as close as possible to each other is of particular importance. Furthermore, as shown in Figure 9(c), increasing the width of transition pushes the austenite response towards high temperature, hence reducing the magnetic response while heating. Then, the device may not be attracted by the magnet (Figure 1, [22]) preventing the correct operation of the device. Ways of limiting such a hysterestic effect lie in avoiding defects in the alloy as well as playing with the composition ratio of each component ( [27]).

4.4.4.

Significant magnetic response: For triggering the thermally-induced vibrations, the MPMA needs to get attracted by the magnet, requiring adequate magnetic properties. In addition of ensuring that the ferromagnetic transition occurs at sufficiently higher temperature than the structural one as discussed in Section 4.4.1, the increase of the austenite low-temperature susceptibility, for instance through the composition ( [34,37]), is also a straightforward way (Figure 9(a)). However, it should be noted that, while the increase of this parameter may have beneficial effect during heating, the even more significant increase of the magnetic response during cooling stage requires going down to lower temperatures for effectively demagnetizing the device, hence possibly compromising the application in the case of limited working temperature range. When possible, changing transition conditions may therefore be preferable. Globally, a change in material morphology, such as thin films or powders, lamination of films, plastic working or heat treatment and so on may also lead to changes in magnetic properties (hysteresis and maximal magnetic response for instance) towards beneficial effects in the framework of the envisioned application.

Conclusion

In order to better understand the underlying mechanisms in the magnetic response of MultiPhysic Memory Alloys (MPMAs) that combine three different physical domains, namely thermal, structural and magnetic, in the framework of energy harvesting device tailoring and optimization, this study proposed a theoretical analysis based on structural and magnetic phase transitions to predict the permeability of the material. The model considers that the material may feature simultaneously a first-order hysteretic structural phase transition, from paramagnetic martensitic phase at low temperature to ferromagnetic austenite phase at high temperature, and a ferromagnetic transition of the austenite phase, exhibiting a decrease in the associated magnetic susceptibility as the temperature increases. Combining these two effects therefore shows a hysteretic behavior of the global MPMA permeability, with a maximum value of the latter occurring both at heating and cooling phases; the maximum permeability value being much larger when temperature is decreased. Comparison of theoretical predictions with experimental measurements conducted on a Nickel-Cobalt-Manganese-Indium compound showed very good agreement.

Finally, the study proposed the investigation of the effect of some parameters on this magnetic response, highlighting some insights in terms of material elaboration for optimizing or tailoring the associated devices in accordance to the target application and environment, particularly in the framework of thermal energy harvesting through heat engines.
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 1 Figure 1. Heat engine using (a) conventional ferromagnetic material (e.g., Gadolinium) and (b) MPMA.
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 2 Figure 2. MPMA elaboration steps and film photograph: (a) film synthesis; (b) free-standing film achievement and annealing process (c) Photograph of obtained sample after 2 step annealing process.
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 3 Figure 3. SEM imaging of MPMA film.
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 4 Figure 4. MPMA magnetization (left y-axis) and associated susceptibility (right y-axis) as a function of the temperature for a 50 mT field.
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 5 Figure 5. Simulated austenite phase ratio for varying temperature. Top figures show the time-domain applied temperature (left) and associated computed phase ratio (right). Bottom figure depicts the phase ratio dependence to the temperature.A s and A f denote the austenite starting and ending phase transition temperatures, respectively. M s and M f denote the martensitic starting and ending phase transition temperatures, respectively. Starting and ending transition temperature have been obtained through the curves tangent to each branch of the main hysteresis loop at half phase ratio. Red curves represent heating process from points shown as red circles. Orange curves represent cooling process from points shown as orange squares.
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 26 Figure 6. Simulated magnetic response of austenite phase and comparison with measurements.
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 78 Figure 7.Calculated MPMA relative permeability vs. experimental measurements.
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 9 Figure 9. Calculated MPMA relative permeability under different conditions: (a) varying maximal austenite susceptibility; (b) varying austenite ferromagnetic transition temperature and (c) varying structural transition width. Plain lines refer to heating case and dashed lines to cooling. Thick red lines denote the maximum permeabilities in both heating and cooling stages.

  (i) Transition temperature matching (structural and magnetic) in the vicinity of the mean working temperature (ii) Sharp structural transition (iii) Reduced hysteresis (iv) Significant magnetic response of the austenite phase 4.4.1. Close transition temperatures in the vicinity of the mean working temperature:

Table 1 .

 1 Parameters for the structural first-order phase transition.

	Parameter	Value
	Martensitic transition center temperature θ M	96	˚C
	Austenite transition center temperature θ A	103	˚C
	Inverse transition slope Θ		

Table 3 .

 3 Main model parameters.

	Parameter
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