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Abstract V

Abstract 

The world’s rising population as well as environmental and economic changes go hand in 

hand with an increasing need for sustainable and energy-efficient cooling solutions. The most 

promising alternative to currently used vapor-compression technology is solid-state caloric 

cooling which utilizes the giant thermal response to an external field in vicinity of first-order 

phase transitions. However, there are still several limitations such as irreversibilities and 

energy losses during cyclic operation as well as the necessity of a rather large external field 

which hamper its application. The utilization of more than one external field which is known 

as multicaloric cooling, promises to overcome these limitations. For this purpose, materials 

with a pronounced cross-response to multiple stimuli are required. In this work, 

metamagnetic Ni-Mn-based Heusler compounds are investigated with respect to their 

multicaloric properties under magnetic fields and uniaxial stress. Different combinations of 

the two external stimuli are explored and the influence of microstructure on the caloric 

response and mechanical stability is investigated. It is demonstrated that a suitable 

combination of magnetic field and uniaxial stress can enable a significant improvement of the 

magnitude and reversibility of the caloric effect as compared to its single caloric counterparts. 

Moreover, a strong influence of microstructural features like precipitates, grain diameter and 

texture on the functional and mechanical performance is revealed. It is shown that a tailored 

microstructure design in metamagnetic Ni-Mn-based Heusler allows to simultaneously achieve 

excellent caloric and mechanical properties. 



VI Zusammenfassung 

Zusammenfassung 

Das Ansteigen der Weltbevölkerung sowie klimatische und wirtschaftliche Veränderungen 

erfordern nachhaltige und energieeffiziente Kühllösungen. Die vielversprechendste Alternative 

zur aktuell verwendeten Gaskompressionstechnolgie ist die kalorische Festkörperkühlung, 

welche auf der thermischen Antwort gegenüber einem äußeren Feld an Phasenübergängen 

erster Ordnung basiert. Allerdings sorgen irreversible Prozesse und Energieverluste bei 

zyklischer Anwendung sowie die Notwendigkeit eines relativ hohen äußeren Feldes für eine 

erhebliche Beeinträchtigung der Nutzbarkeit. Eine potenzielle Lösung stellt die Verwendung 

von mehr als einem äußeren Feld dar, welche unter dem Begriff multikalorische Kühlung 

bekannt ist. Hierfür werden Materialien mit einer Suszeptibilität gegenüber mehreren 

äußeren Feldern benötigt. Im Rahmen dieser Arbeit werden metamagnetische Ni-Mn-basierte 

Heuslerverbindungen hinsichtlich ihrer multikalorischen Eigenschaften in magnetischen 

Feldern sowie unter einachsiger mechanischer Beanspruchung erforscht. Es werden 

verschieden Kombinationsmöglichkeiten der beiden äußeren Felder untersucht und der 

mikrostrukturelle Einfluss auf die kalorische Antwort und mechanische Stabilität analysiert. Es 

wird gezeigt, dass eine geeignete Kombination von magnetischen Feldern und einachsiger 

mechanischer Beanspruchung zu einer signifikanten Steigerung der Größenordnung und 

Reversibilität des kalorischen Effektes im Vergleich zur Nutzung eines einzelnen äußeren 

Feldes führt. Des Weiteren wird ein deutlicher Einfluss von mikrostrukturellen Merkmalen wie 

Ausscheidungen, Korndurchmesser und Textur auf die funktionelle und mechanische 

Leistungsfähigkeit aufgezeigt. Es wird veranschaulicht, dass mit Hilfe einer optimierten 

Mikrostruktur sowohl hohe kalorische Effekte als auch exzellente mechanische Eigenschaften 

erzielt werden können. 
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1. Introduction and motivation

Cooling became an indispensable part of everyday life in modern society. Whether for food 

storage, air conditioning, medical or industrial applications, cooling significantly contributes 

to a high standard of living. Nowadays, refrigeration and space cooling share together 17 % of 

the electricity consumption worldwide [1]. A drastic increase of the percentage and the total 

energy demand is predicted for the near future due to economic, demographic and climate 

changes [2]. For example, within the next 30 years the global energy needed solely for space 

cooling is expected to be more than triple causing almost a doubling of the associated CO2 

emissions [2]. In less than 50 years, the residential energy demand for cooling is supposed to 

exceed the one required for heating [3]. These scenarios outline the urgent need for energy-

efficient and environmentally friendly cooling solutions.  

For already about 100 years cooling applications primarily utilize vapor-compression 

technology [4]. Even though optimization has taken place, small-capacity devices exhibit low 

thermodynamic efficiencies as a result of irreversible losses of different components [5,6]. 

Besides that, greenhouse, hazardous or explosive gases are utilized as refrigerants causing an 

overall contribution of refrigeration of 7.8 % to the global greenhouse gas emissions [7,8]. 

An energy-efficient and sustainable alternative is solid-state caloric cooling which is based on 

the thermal response of a solid material upon application/removal of a magnetic field 

(magnetocaloric cooling), electric field (electrocaloric cooling), uniaxial stress (elastocaloric 

cooling) or hydrostatic pressure (barocaloric cooling) [9]. In fact, solid-state caloric effects are 

known for a relatively long time. Already in 1805 Gough reported a heating during uniaxial 

stretching of rubber [10]. The thermodynamic principles of the effect were provided in 1855 

by Thompson who also established the theoretical grounds for the magnetocaloric effect five 

years later [9,11–13]. The experimental discovery of the magnetocaloric effect can be 

attributed to Weiss and Picard in 1917 [14]. They observed a reversible thermal response of 

Ni at its Curie temperature upon application of a magnetic field. Shortly thereafter, in 1933, 

Giauque and MacDougall demonstrated that adiabatic demagnetization of paramagnetic salts 

can be utilized to reach ultralow temperatures below 1 K [15]. The first demonstrator at room 

temperature based on solid-state caloric effects was presented in 1976 by Brown, who utilized 

the magnetocaloric effect of Gd near its Curie temperature[16]. A catalyst for research and 

development of solid-state caloric cooling was the discovery of so-called giant caloric effects in 

different materials in recent decades [17–19]. Thus, a significant enhancement of the thermal 

response can be achieved in the vicinity of first-order phase transitions due to the involved 

latent heat.  
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However, there are still several obstacles hindering the breakthrough of solid-state caloric 

cooling. In particular, the inherent hysteresis of first-order transitions causes irreversibilities 

and energy losses which deteriorate the caloric performance under cyclic conditions [20]. 

Moreover, exploitation of substantial caloric effects often requires large external fields. To 

tackle these issues, the utilization of two or more external fields has been proposed [21–23]. 

In analogy to the single caloric effect upon application/removal of one external field, the 

corresponding thermal response is referred to as multicaloric effect.  

A fundamental prerequisite for multicaloric cooling is the availability of materials with a 

cross-response to more than one external field. Especially metamagnetic Ni-Mn-based Heusler 

compounds are ideal candidates as a strong coupling between structure and magnetism upon 

the thermoelastic martensitic transformation gives rise to a substantial thermal response 

under magnetic and mechanical (hydrostatic pressure or uniaxial stress) fields. Although 

several studies have demonstrated that a combination of magnetic and mechanical fields can 

improve the magnitude and reversibility of metamagnetic Ni-Mn-based Heusler compounds, 

there is still a large playground on the conceptional side and a lack of direct measurements 

[21,24–27]. In addition, the influence of microstructure on the response to both, magnetic 

and mechanical fields, has been rarely investigated so far. This is particularly important as Ni-

Mn-based Heusler compounds commonly exhibit a high brittleness and a tailored 

microstructure design is required to prevent functional and structural degradation during 

cyclic operation [28,29]. 

This work explores multicaloric cooling concepts based on the combination of magnetic fields 

and uniaxial stress in metamagnetic Ni-Mn-based Heusler compounds. Multicaloric effects are 

compared to their single caloric counterparts with respect to magnitude and reversibility. 

Moreover, the influence of different microstructural features such as texture, grain diameter 

and precipitates on the caloric response to magnetic fields and uniaxial stress is analyzed. The 

goal is to engineer a microstructure which enables an excellent functional performance and 

high mechanical stability under cyclic conditions. 

In Chapter 2 an overview of single caloric and multicaloric cooling under magnetic fields and 

uniaxial stress will be provided. In addition, the fundamentals of the martensitic 

transformation in Ni-Mn-based Heusler compounds are discussed. After the introduction of 

the experimental methods in Chapter 3, the list of publications included in this cumulative 

dissertation and the corresponding synopsis are presented in Chapter 4 and 5. Subsequently, a 

conclusion and an outlook will be provided in Chapter 6. The statements of personal 

contribution and the full versions of the included publications can be found in Chapter 8. 
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2. Fundamentals

2.1. Solid-state caloric cooling 

Solid-state caloric cooling is based on the caloric effect which is defined as the thermal 

response of a material due to a change of the generalized displacement Xi by application 

or removal of its respective conjugative field yi. The thermal response is characterized by an 

adiabatic temperature change ΔTad or an isothermal entropy change ΔST depending whether 

the external field is applied adiabatically or isothermally. According to the utilized external 

field yi, magnetocaloric (magnetic field H), electrocaloric (electric field E), elastocaloric 

(uniaxial stress σ) and barocaloric (hydrostatic pressure p) effects can be distinguished. The 

respective generalized displacements are magnetization M, polarization P, strain ε and the 

volume V as visualized in Figure 2.1. As in the above-mentioned caloric effects only 

one external field is changed, they are referred to as single caloric effects. Besides 

that, a cross-coupling of the displacements in certain materials allows the application of 

multiple external fields which is denoted as multicaloric effect. 

Figure 2.1:  Different single caloric effects including their generalized displacements Xi 

(magnetization M, strain ε, polarization P, volume V)  and conjugative external fields yi 

(magnetic field H, uniaxial stress σ, electric field E, hydrostatic pressure p). Reproduced from 

[30], Copyright (2017), with the permission of John Wiley and Sons. 

2.2. Thermodynamics of single caloric effects 

In the following, a generalized thermodynamic description of single caloric effects based on 

the generalized displacement {Xi} (i=1,…,n) and their conjugative fields {yi} (i=1,…,n) is 
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provided and used for quantification of ΔTad and ΔST. Particular attention is paid to the 

magnetocaloric (X=M and y=H) and elastocaloric (X=ε and y=σ) effect as both are key 

subjects of research in this work.  

Differential changes of the Gibbs free energy G of a material can be described by 

𝑑𝑑𝑑𝑑 = −𝑆𝑆𝑑𝑑𝑆𝑆 −�𝑋𝑋𝑏𝑏𝑑𝑑𝑑𝑑𝑏𝑏

𝑏𝑏

𝑏𝑏=1

 (2.1) 

with the total entropy S and the temperature T. From Equation (2.1), it follows 

𝑆𝑆 = −�
𝜕𝜕𝑑𝑑
𝜕𝜕𝑆𝑆
�
𝑦𝑦𝑖𝑖

 and  𝑋𝑋𝑏𝑏 = −�
𝜕𝜕𝑑𝑑
𝜕𝜕𝑑𝑑𝑏𝑏

�
𝑇𝑇,𝑦𝑦𝑗𝑗≠𝑖𝑖

 . (2.2) 

According to Schwarz’s mathematical theorem, the second mixed partial derivatives of G are 

equal in case the derivatives are continuous. Hence, the Maxwell relation  
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𝜕𝜕𝑑𝑑𝑏𝑏
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(2.3) 

is obtained. Based on Equation (2.3) and the second law of thermodynamics 

𝐶𝐶 = 𝑆𝑆(𝜕𝜕𝑆𝑆/𝜕𝜕𝑆𝑆)𝑦𝑦𝑗𝑗=1,…,𝑏𝑏 with the heat capacity C, the total differential of S is given by
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(2.4) 

If only one external field yi is varied under isothermal conditions (dT=0), the isothermal 

entropy change ΔST can be obtained by integration of Equation (2.4): 

∆𝑆𝑆𝑇𝑇 =  � �
𝜕𝜕𝑋𝑋𝑏𝑏
𝜕𝜕𝑆𝑆
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𝑦𝑦𝑖𝑖

0
𝑑𝑑𝑑𝑑𝑏𝑏  . (2.5) 

Accordingly, under adiabatic conditions (dS=0) the adiabatic temperature change ΔTad can be 

written as 

∆𝑆𝑆𝑏𝑏𝑎𝑎 =  −�
𝑆𝑆
𝐶𝐶
�
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𝑦𝑦𝑖𝑖

0
𝑑𝑑𝑑𝑑𝑏𝑏  . (2.6) 

In case C is independent of the applied external field yi, Equation (2.6) can be simplified to 
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∆𝑆𝑆𝑏𝑏𝑎𝑎 ≈  
𝑆𝑆
𝐶𝐶
∆𝑆𝑆𝑇𝑇 . (2.7) 

It is important noting that ΔST is an extensive quantity and therefore dependent on the sample 

size [31]. For that reason, the specific isothermal entropy change ΔsT is commonly used to 

compare different materials. The corresponding equations for the magneto- and elastocaloric 

effect in the absence of a secondary external field are given in Table 2.1. However, for the 

sake of clarity the non-specific quantity ΔST is used in the following thermodynamic 

considerations. 

Table 2.1: Generalized displacements Xi and their conjugative external fields yi of the magneto- 

and elastocaloric effect and the corresponding Maxwell relations for determination of the 

specific isothermal entropy changes ΔsT. µ0 corresponds to the magnetic permeability of 

vacuum and ρ to the mass density. 

From Equation (2.5) and (2.6) it is apparent that both key parameters, ΔST and ΔTad, strongly 

depend on (∂Xi/∂T), which is also referred to as response function [32]. For that reason, 

significant caloric changes are obtained in the vicinity of phase transitions 

which are accompanied by large changes of the ferroic properties. In this case, the 

generalized displacement commonly corresponds to the ferroic order parameter.

2.2.1. Classification of phase transitions 

According to Ehrenfest, phase transitions of different order can be classified based on the 

lowest derivative of the thermodynamic potential, here the Gibbs free energy G, exhibiting a 

discontinuity [33]. Particularly important are first- and second-order phase transitions. 

In first-order phase transitions: 

• 𝑆𝑆 = −(𝜕𝜕𝑑𝑑/𝜕𝜕𝑆𝑆)𝑦𝑦𝑗𝑗 and 𝑋𝑋𝑏𝑏 = −(𝜕𝜕𝑑𝑑/𝜕𝜕𝑑𝑑𝑏𝑏)𝑇𝑇,𝑦𝑦𝑗𝑗≠𝑖𝑖 are discontinuous.

• 𝐶𝐶 = −𝑆𝑆(𝜕𝜕2𝑑𝑑/𝜕𝜕𝑆𝑆2)𝑦𝑦𝑗𝑗 diverges.

• Latent heat 𝐿𝐿 = 𝑆𝑆∆𝑆𝑆𝑡𝑡 is involved.

Caloric effect Generalized displacement Xi External field yi Maxwell relation 

Magnetocaloric M H ∆𝑠𝑠𝑇𝑇 = 𝜇𝜇0 � �
𝜕𝜕𝜕𝜕
𝜕𝜕𝑆𝑆
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𝐻𝐻

𝐻𝐻

0
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𝜌𝜌
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ΔSt is the transition entropy change and corresponds to the discontinuity of S [34]. 

In second-order phase transitions: 

• 𝑆𝑆 = −(𝜕𝜕𝑑𝑑/𝜕𝜕𝑆𝑆)𝑦𝑦𝑗𝑗 and 𝑋𝑋𝑏𝑏 = −(𝜕𝜕𝑑𝑑/𝜕𝜕𝑑𝑑𝑏𝑏)𝑇𝑇,𝑦𝑦𝑗𝑗≠𝑖𝑖 are continuous.

• 𝐶𝐶 = −𝑆𝑆(𝜕𝜕2𝑑𝑑/𝜕𝜕𝑆𝑆2)𝑦𝑦𝑗𝑗 is discontinuous.

• No latent heat (𝐿𝐿 = 𝑆𝑆∆𝑆𝑆𝑡𝑡 = 0) is involved.

Hereafter, a detailed description of the caloric effects in the vicinity of second- and first-order 

phase transitions will be provided. 

2.2.2. Second-order phase transitions 

Figure 2.2(a) schematically displays the continuous change of Xi(T) across a second-order 

transition with and without external field yi. In case yi=0, the ferroic order vanishes at a 

critical temperature, whereas for yi>0 still a partial order can be observed. This situation 

appears upon the ferromagnetic-paramagnetic transition at the Curie temperature TC of a 

magnetic material where X=M and is therefore of particular importance for magnetocaloric 

cooling. For example, the rare-earth element Gd exhibits a magnetic second-order 

transformation near room temperature. In elastocaloric cooling, weak first-order martensitic 

transformations with a second-order like behavior have been observed in Fe-Pd [35].  

Figure 2.2: Schematic illustration of (a)   generalized   displacement Xi and (b) total 

entropy S versus temperature T with (yi>0) and without (yi=0) external field in vicinity of a 

second-order phase transition. Figure inspired by [20]. 

The corresponding S(T) diagram in vicinity of a second-order transformation is depicted in 

Figure 2.2(b). From Equations (2.5) and (2.6) it is obvious, that application of an external 

field results in a negative isothermal entropy change ΔST and a positive adiabatic temperature 
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change ΔTad as (∂Xi/∂T) is negative. Such a thermal response is referred to as conventional 

caloric effect. From a phenomenological point of view, the decrease of ΔST upon field 

application can be associated with an increase of the ferroic order as the active entities, e.g. 

the magnetic moments, are partially aligned [36]. Under adiabatic conditions, where dS=0, 

the entropy decrease related to the increasing ferroic order is compensated by a rising lattice 

entropy. As a result, the temperature of the material increases by ΔTad. It is important noting 

that second-order phase transformations exhibit no thermal hysteresis. For that reason, ΔsT 

and ΔTad are fully reversible upon removal of the external field.   

2.2.3. First-order phase transitions 

Figure 2.3(a) depicts a scheme of the discontinuous change of Xi(T) across a first-order 

transition. The discontinuity can be associated with a structural difference between high- and 

low-temperature phase. In case of a first-order transition giving rise to a conventional caloric 

effect, the low-temperature phase exhibits a higher ferroic order. For that reason, the 

application of an external field yi stabilizes the transformation towards higher temperatures 

(dTt/dyi>0). The occurrence of a field-induced shift of the transformation temperature Tt is 

another difference to second-order transitions. First-order transitions with conventional 

caloric effect are present in many magnetocaloric materials such as La(Fe,Si)13-[37] and Fe2P-

based [38] compounds where X=M and y=H. The same holds true for the majority of 

elastocaloric materials, e.g. Ni-Ti- [39,40] and Cu-based [41,42] alloys, where X=ε and y=σ.  

Figure 2.3: Schematic illustration of (a)   generalized   displacement Xi and (b) total 

entropy S versus temperature T with (yi>0) and without (yi=0) external field in vicinity of a 

first-order phase transition giving rise to a conventional caloric effect. Figure inspired by [20]. 

In Figure 2.3(b), the S(T) curve of a first-order transformation with conventional caloric effect 

is illustrated. The discontinuity in S is related to the latent heat L and corresponds therefore to 
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the transition entropy change ΔSt. As application of an external field (yi>0) shifts the low-

temperature phase towards higher temperatures, a transformation from high- to low-

temperature phase can be induced resulting in a negative ΔST under isothermal and a positive 

ΔTad under adiabatic conditions. Therefore, the caloric effect is also termed conventional, as in 

case of a second-order transition. In fact, the conventional effect resulting from the first-order 

transition is complemented by a second-order effect which is indicated in Figure 2.3(b) by 

differing entropy branches in the low-temperature phase. Upon application of the external 

field, the ferroic order of the low-temperature phase is additionally increased as the external 

field opposes thermal fluctuations (see Figure 2.3(a)) [20]. Thus, the entropy is lowered 

further. In the high-temperature phase, the effect is also present, but less distinct. 

Besides first-order transitions with conventional caloric effect there exist transitions with 

inverse caloric effect. A schematic of Xi(T) in vicinity of a first-order transition giving rise to an 

inverse caloric effect is shown in Figure 2.4(a). It is apparent that the high-temperature phase 

exhibits a higher ferroic order. Consequently, the transformation is stabilized towards lower 

temperatures upon application of the corresponding external field (dTt/dyi<0). This type of 

transformation occurs in magnetocaloric materials (X=M and y=H) such as Ni-Mn-based 

Heusler compounds [43] and FeRh [18]. In common elastocaloric materials (X=ε and y=σ) 

first-order transitions with conventional caloric effect are of minor importance. However, it 

will be discussed later that materials with a deformation based on pure dilatation such as 

La(Fe,Si)13 and FeRh can exhibit inverse elastocaloric effects during compressive and tensile 

loading, respectively [44].  

Figure 2.4: Schematic illustration of (a)   generalized   displacement Xi and (b) total 

entropy S versus temperature T with (yi>0) and without (yi=0) external field in vicinity of a 

first-order phase transition giving rise to an inverse caloric effect. Figure inspired by [20].  

The corresponding S(T) diagram in Figure 2.4(b) shows that a field-induced transformation 

from low- to high-temperature phase results in a positive ΔST under isothermal and a negative 
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ΔTad under adiabatic conditions as (dTt/dyi) is negative. The inverse caloric effect also 

overlaps with a second-order effect [20]. This is indicated in Figure 2.4(a) by the additional 

increase of the ferroic order of the high-temperature phase when an external field is applied. 

Accordingly, the entropy curve of the high-temperature phase is lowered (see Figure 2.4(b)). 

In order to understand the inverse caloric effect from a phenomenological point of view, it 

should be considered that the transition entropy change ΔSt equals in a simplified model the 

sum of the magnetic entropy change ΔSmag, the lattice entropy change ΔSlat and the electronic 

entropy change ΔSel: 

∆𝑆𝑆𝑡𝑡 = ∆𝑆𝑆𝑚𝑚𝑏𝑏𝑚𝑚 + ∆𝑆𝑆𝑏𝑏𝑏𝑏𝑡𝑡 + ∆𝑆𝑆𝑏𝑏𝑏𝑏  . (2.8) 

Consequently, the decrease of the entropy of one subsystem due to the increasing ferroic 

order upon the field-induced transformation from the low- to high-temperature phase can be 

compensated by another subsystem and result in a positive ΔSt. This, for example is the case 

upon the magnetic-field-induced transformation near room temperature in various Ni-Mn-

based Heusler compounds [45]. The reduction of ΔSmag is overcompensated by an increase of 

ΔSlat due to structural changes, while ΔSel is negligibly small [46]. However, it should be 

emphasized that exceptions from this phenomenological description exist. For example, the 

inverse magnetocaloric effect in FeRh near room temperature is assumed to have positive 

entropy contributions from all three subsystems [47]. The positive value of ΔSmag originates 

from a reduced entropy of the antiferromagnetic ordered low-temperature phase compared to 

the ferromagnetic high-temperature phase [47]. In general, disentangling the single entropy 

contributions is crucial to understand the origin of conventional and inverse caloric effects at 

first-order phase transitions in different materials.  

Moreover, it is important noting that the caloric effect of ideal first-order transitions cannot be 

computed based on the Maxwell relation (Equations (2.5) and (2.6)) as (∂Xi/∂T) is non-

existent. However, in real materials also first-order transitions occur across a certain 

temperature range which enables the application of the Maxwell relation under special 

consideration of the measurement procedure [48]. Thermodynamically, the caloric effect of a 

first-order transformation can be described based on the coexistence of the low-temperature 

(superscript l) and high-temperature (superscript h) phase. It follows, that the respective total 

differentials of the Gibbs free energy G are equal 



10 Fundamentals 

𝑑𝑑𝑑𝑑𝑏𝑏 = 𝑑𝑑𝑑𝑑ℎ. (2.9) 

Considering Equation (2.1), Equation (2.9) can be rewritten: 

−𝑆𝑆𝑏𝑏𝑑𝑑𝑆𝑆𝑡𝑡 − 𝑋𝑋𝑏𝑏𝑏𝑏𝑑𝑑𝑑𝑑𝑏𝑏 =  −𝑆𝑆ℎ𝑑𝑑𝑆𝑆𝑡𝑡 − 𝑋𝑋𝑏𝑏ℎ𝑑𝑑𝑑𝑑𝑏𝑏. (2.10) 

As Sh-Sl corresponds to the transition entropy change ΔSt and ǀXi
h-Xi

lǀ corresponds to the 

change of the generalized displacement ΔXi, the caloric effect of a first-order transformation 

is given by the Clausius-Clapeyron equation 

∆𝑆𝑆𝑡𝑡 =  −∆𝑋𝑋𝑏𝑏 �
𝑑𝑑𝑆𝑆𝑡𝑡
𝑑𝑑𝑑𝑑𝑏𝑏

�
−1

 . (2.11) 

It is apparent that ǀΔStǀ increases for higher values of ΔXi and lower values of the shift of the 

transition temperature with applied external field (dTt/dyi). This is important as a large shift 

(dTt/dyi) is required to drive the phase transformation. Besides that, Equation (2.11) implies 

that ΔST is negative and ΔTad is positive in case of a conventional first-order transition as 

(dTt/dyi) is positive.  

The Clausius-Clapeyron equations describing the specific transition entropy change Δst for the 

magneto- and elastocaloric effect are summarized in Table 2.2. 

Table 2.2: Generalized displacements Xi and their conjugative external fields yi of the 

magneto- and elastocaloric effect and the corresponding Clausius-Clapeyron equations. 

Another important aspect in first-order transitions which has not been considered so far is 

their inherent thermal hysteresis. First-order transitions are based on nucleation and growth. 

Consequently, the transition doesn’t occur when the respective Gibbs free energies of the 

high- and low-temperature phase are in equilibrium (dG=0). Instead, an energy barrier needs 

to be overcome which requires overheating or undercooling. The respective transition 

temperatures upon heating and cooling are termed Tt
h and Tt

c. Their difference corresponds to 

the thermal hysteresis ΔThys. A schematic of Xi(T) considering thermal hysteresis is illustrated 

Caloric effect 
Generalized 
displacement Xi 

External field yi 
Clausius-Clapeyron 

equation 

Magnetocaloric M H ∆𝑠𝑠𝑡𝑡 = −𝜇𝜇0∆𝜕𝜕 �
𝑑𝑑𝑆𝑆𝑡𝑡
𝑑𝑑𝑑𝑑

�
−1

Elastocaloric ε σ ∆𝑠𝑠𝑡𝑡 = −
1
𝜌𝜌
∆𝜕𝜕 �

𝑑𝑑𝑆𝑆𝑡𝑡
𝑑𝑑𝑑𝑑
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in Figure 2.5(a) and Figure 2.5(c) for a first-order transition with conventional and inverse 

caloric effect, respectively. The associated S(T) diagrams in Figure 2.5(b) and Figure 2.5(d) 

demonstrate that the thermal hysteresis can significantly reduce the reversibility of the caloric 

effect. When the initial material temperature without external field (yi=0) is in the thermal 

hysteresis regime, meaning between Tt
h and Tt

c, ΔST and ΔTad during first field application 

(indicated by green arrows) differ from ΔST and ΔTad during field removal as the thermal 

hysteresis partially hinders the back transformation. Consequently, the reversible caloric 

effect, highlighted by the grey area in Figure 2.5(b) and Figure 2.5(d), is reduced as 

compared to the caloric effect upon the first field application. 

Figure 2.5: Schematic illustration of generalized displacement Xi and total entropy S 

versus temperature T with (yi>0) and without (yi=0) external field in vicinity of a first-

oder transition giving rise to a (a),(b) conventional and an (c),(d) inverse caloric 

effect considering thermal hysteresis. In (b) and (d), the caloric effect upon the first 

application of the external field is indicated by the green arrows and the revsersible 

caloric effect is represented by the gray area. Figure inspired by [20]. 
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While the utilization of the involved latent heat L and large changes of the generalized 

displacement ΔXi across a small temperature range are clear advantages of first-order 

transformations, enabling large caloric effects upon the first application of moderate external 

fields, their thermal hysteresis is a significant drawback compared to second-order transitions. 

In order to achieve a full reversibility in first-order transitions, the initial temperature of the 

material has to be outside of the thermal hysteresis regime. This means above Tt
h for the 

conventional and below Tt
c for the inverse caloric effect. Therefore, the transformation has to 

be shifted at least by the magnitude of the thermal hysteresis to induce the transformation 

which requires much higher external fields. It is apparent that minimizing thermal hysteresis 

is one of the major goals in single caloric cooling. The various intrinsic and extrinsic 

contributions to thermal hysteresis provide a large playground but also set limitations [20]. 

One approach is to manipulate the first-order transition towards a second-order transition to 

benefit from the advantages of both. However, this is typically accompanied by a decrease of 

the caloric effect [49–51]. Another approach is to utilize multicaloric effects which are based 

on the combination of more than one external field [21–23].  

2.3. Thermodynamics of multicaloric effects 

In analogy to single caloric, multicaloric effects describe the thermal response of a material 

upon application or removal of multiple external fields. For this purpose, a cross-coupling of 

the corresponding generalized displacements is required. Depending on the coupling, 

different simultaneous and sequential combinations of field application and removal are 

possible to achieve multicaloric effects. An overview of the proposed combinations is 

presented in Chapter 2.4.2.  

Below, a thermodynamic description of the isothermal entropy change ΔST will be exemplarily 

provided for the simultaneous and sequential application of two external fields y1 and y2 and 

their respective displacements X1 and X2. It should be emphasized that the concept can be 

extended to more fields as generality is still given and that there is thermodynamically no 

difference whether the two fields are applied simultaneously or sequentially as entropy S is a 

state function [23,52]. It follows: 

 ∆𝑆𝑆𝑇𝑇[(0,0) → (𝑑𝑑1,𝑑𝑑2)] =  ∆𝑆𝑆𝑇𝑇[(0,0) → (𝑑𝑑1, 0)] +  ∆𝑆𝑆𝑇𝑇[(𝑑𝑑1, 0) → (𝑑𝑑1,𝑑𝑑2)] . (2.12) 
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In order to distinguish the effect of the constant external field y1 on the caloric effect induced 

by the application of the external field y2, the second term on the right-hand side of Equation 

(2.12) can be expressed by 

∆𝑆𝑆𝑇𝑇[(𝑑𝑑1, 0) → (𝑑𝑑1,𝑑𝑑2)]  =   ∆𝑆𝑆𝑇𝑇[(0,0) → (0,𝑑𝑑2)] + � �
𝜕𝜕𝜒𝜒12
𝜕𝜕𝑆𝑆

𝑦𝑦2

0
𝑑𝑑𝑑𝑑2𝑑𝑑𝑑𝑑1 .

𝑦𝑦1

0
 (2.13) 

A detailed derivation of Equation (2.13) can be found in [52]. Using the Maxwell relation 

(see Equation(2.5)), Equation (2.12) can be rewritten as: 

∆𝑆𝑆𝑇𝑇[(0,0) → (𝑑𝑑1,𝑑𝑑2)] =  � �
𝜕𝜕𝑋𝑋1
𝜕𝜕𝑆𝑆

�
𝑦𝑦1,𝑦𝑦2=0

𝑦𝑦1

0
𝑑𝑑𝑑𝑑1 + � �

𝜕𝜕𝑋𝑋2
𝜕𝜕𝑆𝑆

�
𝑦𝑦2,𝑦𝑦1=0

𝑦𝑦2

0
𝑑𝑑𝑑𝑑2  

+� �
𝜕𝜕𝜒𝜒12
𝜕𝜕𝑆𝑆

𝑦𝑦2

0
𝑑𝑑𝑑𝑑2𝑑𝑑𝑑𝑑1

𝑦𝑦1

0
 . 

(2.14) 

From Equation (2.14) it is apparent, that the multicaloric effect in case of a simultaneous or 

sequential application of two external fields y1 and y2 is not only given by the sum of the 

single caloric effects but by an additional cross-coupling term, where χ12 corresponds to the 

cross-susceptibility: 

𝜒𝜒12 =  �
𝜕𝜕𝑋𝑋1
𝜕𝜕𝑑𝑑2

�
𝑇𝑇,𝑦𝑦1

= �
𝜕𝜕𝑋𝑋2
𝜕𝜕𝑑𝑑1

�
𝑇𝑇,𝑦𝑦2

 . (2.15) 

However, if no significant cross-coupling of the displacements X1 and X2 exists and (∂χ12/∂T) 

becomes zero, the last term in Equation (2.14) vanishes.  

Similar to single caloric effects, the Maxwell relation can be used for the computation of 

multicaloric effects upon second- and first-order phase transitions. Again, special attention 

must be paid to the measurement protocol in the latter case. Besides that, the 

coupling between two generalized displacements Xi and Xj with the respective conjugated 

fields yi and yj upon a first-order transition can be described via a generalized Clausius-

Clapeyron equation when the temperature is constant [52]: 

∆𝑋𝑋𝑗𝑗
∆𝑋𝑋𝑏𝑏

= −
𝑑𝑑𝑑𝑑𝑏𝑏
𝑑𝑑𝑑𝑑𝑗𝑗

  . (2.16) 
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2.4. Solid-state caloric cooling concepts 

In the following, the basic concepts for the application of single caloric and multicaloric 

effects in cooling cycles will be discussed. Again, the focus is geared to the utilization of 

magnetic fields and uniaxial stress. In the discussion of multicaloric cooling, also the 

combination of magnetic fields and hydrostatic pressure is considered as many concepts were 

originally proposed and experimentally demonstrated for these two external fields. However, 

it will be shown that the approaches can be transferred to the combination of magnetic fields 

and uniaxial stress. 

2.4.1. Single caloric cooling concepts 

The functional principle of a conventional single caloric cooling cycle is displayed in 

Figure 2.6. In the first step, a caloric material of temperature T0 is subjected to an external 

field under adiabatic conditions. As discussed in Chapter 2.2, this results in a change of the 

ferroic order which manifests in an increase of the material temperature by ΔTad from T0 to T1. 

In the second step, the additional heat is expelled by a heat-transfer fluid, e.g. water, to a hot 

reservoir under constant field. This way, the temperature of the material is lowered to its 

initial value T0. In the third step, the field is removed adiabatically. Accordingly, the change of 

the ferroic order is reversed and the material cools down by ΔTad to temperature T2. In the 

fourth step, the material absorbs heat via the heat-transfer fluid from a cold reservoir. 

Consequently, the cold reservoir is cooled down further while the material heats up to its 

initial temperature T0. Subsequently, the cooling cycle starts again.  

Figure 2.6: Schematic diagram of single caloric cooling cycle. Figure inspired by [36]. 
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In case a material with an inverse caloric effect is used, the material cools down upon 

application and heats up during removal of the external field. For that reason, heat absorption 

and release are reversed compared to the cycle shown in Figure 2.6. 

Independent of the sign of the caloric effect, its magnitude in practical applications is often 

not large enough to generate considerable temperature spans between the hot and cold 

reservoir [53,54]. One way to increase the temperature span is to cascade multiple caloric 

materials [55,56]. Another possibility is the implementation of active regeneration in the 

caloric cooling cycle. In this case, a single caloric material or a stack of multiple caloric 

materials acts as regenerator through which the heat-transfer fluid is pumped in an oscillatory 

way. The concept was adapted in 1982 by Barclay and Steyert to magnetic cooling where it is 

known as active magnetic regeneration (AMR) [57]. In 2015, it was introduced to 

elastocaloric cooling [42]. The combination of the four-step cycle shown in Figure 2.6 and 

active regeneration is termed Brayton-like active regenerative cycle [58]. Nowadays, it is 

predominantly used in the numerous magnetocaloric and elastocaloric prototypes [53,59]. 

Field application and removal can also be realized under isothermal conditions, which is 

referred to as Ericsson-like active regenerative cycle. Besides that, for example Carnot- and 

Hybrid Brayton-Ericsson-like active regenerative cycles could be utilized [60]. Especially, the 

latter exhibits promising performances in numerical simulations [61].  

2.4.2. Multicaloric cooling concepts 

Multicaloric cooling is still at an early stage. For that reason, no prototypical devices are 

existent yet. However, several basic concepts have been proposed to enhance magnitude, 

reversibility and/or the working temperature window of caloric effects as compared to single 

caloric cooling. 

Multicaloric cooling concepts typically utilize a combination of external field changes which 

drive phase transitions in the same direction [23]. On the one hand, this can be achieved 

when the respective single caloric effects have the same sign during field application (all 

conventional or inverse). In this case, concepts like the single caloric ones presented in the 

previous section could be utilized with the difference that multiple external fields are applied 

simultaneously or sequentially [62]. In fact, it has been demonstrated for Mn-rich Ni-Mn-Ga 

with a conventional magneto- and barocaloric effect upon the first-order martensitic 

transformation, that the application of a constant hydrostatic pressure can significantly 

increase the magnetocaloric effect [63]. In a Ni-Mn-Ga-Co alloy with a conventional magneto- 
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and elastocaloric effect upon the martensitic transformation, similar results have been 

observed for the magnetic-field-assisted elastocaloric effect [64]. Besides that, it has been 

shown that the simultaneous application of magnetic field and hydrostatic pressure near TC of 

Ni-Mn-In can outperform its single caloric counterparts [24]. In this study, magneto- and 

barocaloric effect were also conventional.  

On the other hand, driving the phase transition in the same direction can also be reached by 

the combination of field application and removal when the corresponding single caloric 

effects are conventional and inverse, respectively. Based on this, Liu et al. [21] suggested a 

concept to improve the reversibility of the inverse magnetocaloric effect upon the reverse 

martensitic transformation in Ni-Mn-In-(Co) by utilizing its conventional barocaloric effect.  A 

schematic of this approach is shown in Figure 2.7. 

Figure 2.7: Schematic diagram of the multicaloric cooling concept proposed by Liu et al. [21]. 

Reproduced from [23], Copyright (2018), with the permission of Springer Nature. 

In the first step (AB), the magnetic field is applied resulting in the transformation from low-

temperature, low-magnetization, low-volume martensite to high-temperature, high-

magnetization, high-volume austenite phase. Subsequently, hydrostatic pressure is applied 

under constant magnetic field in a way that the back transformation to martensite is not 

induced (BC). In the third step (CD), the magnetic field is removed under constant 

hydrostatic pressure. Accordingly, the material transforms back to the low-temperature, low-

magnetization, low-volume martensite phase. Afterwards, the hydrostatic pressure is removed 

(DA) and the cycle starts again. The improved reversibility is caused by transferring the 

hysteresis from the magnetic field to the hydrostatic pressure [23]. This approach is generally 

applicable to the combination of conventional and inverse caloric effects. For example, it has 
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been employed to the conventional magnetocaloric and inverse barocaloric effect in 

La(Fe,Mn,Si)13[65], the inverse magnetocaloric and conventional barocaloric effect in FeRh 

[66], and the inverse magnetocaloric and conventional elastocaloric effect in Ni-Mn-Co-Sn-

(Fe) [25,26]. In [25,65,66] it has also been demonstrated that such a combination of external 

fields can extend the temperature window of the caloric effect. Moreover, Qu et al. [25] 

proposed exemplarily for Ni-Mn-Co-Sn to optimize the working temperature of the single 

refrigerants in a stacked AMR by application of individualized constant uniaxial stresses 

during removal of the magnetic field. This way, performance losses due to the evolving 

temperature gradient along the AMR could be avoided. Besides that, assistance of a constant 

secondary external field can increase the magnitude of the caloric effect during application of 

the driving field. Thus, Liang et al. [27] have found an increase of the inverse magnetocaloric 

effect in Ni-Mn-In by 8 % when an additional hydrostatic pressure is applied though the 

magnetization change is decreased by 20 %. The increase could be attributed to the coupled 

caloric effect. Moreover, Samanta et al. [67] observed a doubling of the conventional 

magnetocaloric effect upon the first-order transformation in the MM’X alloy Mn-Ni-Si by 

assistance of hydrostatic pressure (barocaloric effect is of inverse type).  

2.5. Materials 

The application of a material in single caloric or multicaloric cooling cycles is connected to a 

set of requirements which is visualized in Figure 2.8. As discussed earlier, the reversible 

specific isothermal entropy change ΔsT and the adiabatic temperature change ΔTad are the 

crucial material quantities in single caloric and multicaloric cooling. Therefore, a large 

response function (∂X1/∂T) is required according to Equations (2.5) and (2.6). In addition, 

first-order transitions need to exhibit a large shift of the transition temperature (dTt/dy1) to 

drive the transformation and overcome thermal hysteresis by a moderate external field y1. If a 

secondary external field y2 is utilized as in case of multicaloric cooling additionally large 

values for (∂X2/∂T) and (dTt/dy2) as well as a strong coupling of the displacements                

X1 and X2 are required [22]. Accordingly, these requirements must be extended when more 

external fields are used. However, in first-order transitions particular attention must be paid 

to the fact that (dTt/dyi) is inversely proportional to the specific total entropy change Δst (see 

Equation (2.7)). Here, often a compromise between the two quantities must be found. 

Besides that, thermal hysteresis should usually be as small as possible.  
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Figure 2.8: Material and device requirements for the application of single caloric and 

multicaloric cooling. The image was adapted from [68] under the terms of the CC-BY 4.0 

license (http://creativecommons.org/licenses/by/4.0/). 

Moreover, secondary quantities such as a low heat capacity C and high mass density ρ are 

desirable. While the former is required to generate large values of ΔTad (see Equation (2.7)), 

the latter should ensure high volumetric isothermal entropy changes to reduce the size of the 

field source. Especially in magnetocaloric cooling where expensive permanent magnets are 

utilized to provide the external magnetic field, the mass density ρ of the caloric material plays 

a crucial role [68,69]. Besides that, a high thermal conductivity λ is desirable to achieve a 

good heat exchange between the material and the heat-transfer fluid [70]. For the same 

reason and to avoid large pressure drops when the heat-transfer fluid is pumped through the 

regenerator, the material needs to be machinable into a tailored geometry [71]. In a practical 

application the material must operate for long times up to 108 cycles [8]. Therefore, structural 

and functional fatigue as well as corrosion need to be avoided. In addition, realization of high 

operation frequencies requires phase transitions which can follow the external field changes 

without any delay [72]. Further material requirements are non-criticality to ensure cost 

effectiveness and sustainability as well as tunability of the transition temperature to allow the 

utilization of stacked regenerators and an operation in the desired temperature range which is 

in most cases near room temperature [73,74].  

As illustrated in Figure 2.8, besides material also device engineering aspects are important to 

achieve highly efficient and cost-effective cooling systems. For more detailed information on 

device facets in magnetocaloric and elastocaloric cooling it is referred to [8,59,75]. 

http://creativecommons.org/licenses/by/4.0/).
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2.5.1. Magnetocaloric materials 

In this section, an overview on the most relevant magnetocaloric materials will be given. 

Figure 2.9 compares their reversible values of ΔsT and ΔTad in a field change of 2 T which can 

be provided by permanent magnet assemblies. In addition, the criticality of the materials is 

considered.  

The magnetocaloric prototype material is elemental Gd which undergoes a second-order 

phase transition near room temperature. For that reason, it exhibits a small ΔsT of 

about -5 Jkg-1K-1 in 2 T [19]. However, due to its low heat capacity comparably high ΔTad 

values of ca. 5 K can be achieved in a similar field change [68]. A tunability of the Curie 

temperature TC can be realized by alloying Gd with Y [76]. In order to increase ΔsT, first-order 

materials can be utilized. In 1997, Pecharsky and Gschneidner discovered a magnetostructural 

transformation between a high-temperature paramagnetic monoclinic structure and a low-

temperature ferromagnetic orthorhombic structure in Gd5(Si2Ge2) which exhibits a reversible 

ΔsT of ca. -18 Jkg-1K-1 and ΔTad of in 2 T [19]. The transition temperature Tt can be adjusted by 

varying the Si/Ge ratio [77]. However, its high criticality hinders a practical utilization of 

these compounds [68].  

Figure 2.9: Reversible magnetocaloric effect as a function of transition temperature Tt of 

selected magnetocaloric materials in a magnetic field change of 2 T. The reversible 

magnetocaloric effect is represented by the adiababtic temperature change ΔTad on the y-axis 

and the specific isothermal entropy change ΔsT by the area of the circles. In addition, the 

criticality of the respective materials is indicated via a color code. Figure was taken from [68] 

under the terms of the CC-BY 4.0 license (http://creativecommons.org/licenses/by/4.0/). 

http://creativecommons.org/licenses/by/4.0/
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The same holds true for binary FeRh which shows the highest reversible ΔTad (ca. -6 K) near 

room temperature in 2 T of all magnetocaloric compounds [78]. The reversible ΔsT in 2 T 

amounts to about 13 Jkg-1K-1. In contrast to Gd5(Si2Ge2), FeRh displays an inverse 

magnetocaloric effect based on an isostructural transformation (cubic B2 structure) from a 

low-temperature antiferromagnetic to a high-temperature ferromagnetic state [18,79]. The 

transformation is accompanied by a volume change ΔV/V0 of 0.75-1 % [44,80].  

Less critical and currently the most promising first-order magnetocaloric materials are 

La(Fe,Si)13- and Fe2P-based compounds, which both exhibit a conventional magnetocaloric 

effect upon an isostructural transformation. In La(Fe,Si)13-based compounds the 

transformation occurs between cubic phases and comes along with a ΔV/V0 of ca. 1 % [81]. In 

contrast to the magnetocaloric effect, the barocaloric effect is of inverse type [82]. In 

LaFe11.8Si1.2 the transformation takes place at 200 K [49]. Varying the Fe/Si ratio or Co-

doping can increase Tt, however at the expense of the magnetocaloric effect as the 

transformation gets increasingly second order [49,50]. A different approach to increase Tt is 

by hydrogenation [83]. Full hydrogenation results in a Tt of 340 K which is too high for room 

temperature applications. For that reason, Fe is additionally partially substituted by Mn [84]. 

This way, Tt can be adjusted near room temperature with a reversible ΔsT of about -13 Jkg-1K-1 

and ΔTad of 4-5 K in 2 T [68]. Drawbacks of La(Fe,Si)13-based compounds are a low corrosion 

resistance in water and mechanical degradation during cyclic operation [50,85]. In Fe2P-

based compounds, the conventional magnetocaloric effect is associated with a transformation 

between two hexagonal structures which is accompanied by an anisotropic jump of the lattice 

parameters with almost zero volume change [86,87]. In this system, the magnetocaloric effect 

near room temperature has been originally observed in MnFeP0.45As0.55 [38]. However, due to 

its toxicity As is typically replaced by Si [88]. In addition, small amounts of B can be added to 

improve the mechanical integrity of the compounds during cyclic operation [89,90]. The 

reversible ΔsT and ΔTad in MnFe0.95P0.595Si0.33B0.075 amounts to ca. -18 Jkg-1K-1 and 4-5 K in 2 T, 

respectively [68].  

Another interesting class of materials for magnetic cooling are Ni-Mn-Z-(Co) Heusler 

compounds with Z=Al, Ga, In, Sb, Sn. The majority of Ni-Mn-based Heusler compounds 

undergo a martensitic transformation from a high-temperature ferromagnetic cubic L21 or B2 

austenite to a low-temperature, low-magnetization tetragonal, monoclinic or orthorhombic 

martensite and exhibits therefore an inverse magnetocaloric effect [91–93]. For magnetic 

cooling, especially Ni-Mn-In-(Co) Heusler compounds are promising due to large (dTt/dH) 

values near room temperature [21]. Thus, they show giant ΔTad values of up to -8 K during the 
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first application of 2 T. However, the reversible ΔTad is strongly reduced to -3 K due to the 

large thermal hysteresis of these compounds [94]. The corresponding reversible ΔsT amounts 

to ca. 11 Jkg-1K-1 [68]. The transition temperature Tt can be easily tuned by small 

compositional changes [43]. Besides that, the martensitic transformation in Ni-Mn-based 

Heusler compounds gives rise to large elastocaloric effects which will be discussed in the next 

section. 

2.5.2. Elastocaloric materials 

In elastocaloric materials a significant response function (∂ε/∂T) and shift of the transition 

temperature (dTt/dσ) is ensured by large reversible transition strains (see Equations (2.5) and 

(2.11)). It is important noting that strains in first-order materials can be based on pure shear, 

pure dilatation, or a combination of both deformation mechanisms upon the phase transition 

[28]. In case of pure dilatation, the strain ε is given by ε ≈(1/3)x(ΔV/V0). For that reason, it is 

rather small in most materials. In contrast to that, large reversible strains and specific total 

entropy changes Δst can be obtained upon stress-induced martensitic transformations which 

are predominantly based on shear lattice distortion. This type of transformation occurs in 

shape memory alloys, which are therefore the most relevant elastocaloric materials. For a 

detailed description of martensitic transformations, it is referred to Chapter 2.6. Broadly 

speaking, shape memory alloys can be classified into two categories, conventional (non-

magnetic) and magnetic [95]. While in the former strains upon the martensitic transformation 

are based on a pure shear deformation, additional dilatation strains occur in many alloys of 

the latter [28]. However, with few exceptions alloys of both categories exhibit a conventional 

elastocaloric effect due to the stabilization of the low-temperature martensite phase by the 

application of tensile and compressive stress [96].  

In order to compare the reversible elastocaloric effect of the different materials, typically no 

standardized external field is applied. This is in contrast to magnetocaloric materials where a 

comparison is often based on the reversible effect in 1 T or 2 T, the magnetic field which can 

be generated by permanent magnet assemblies [68]. The reason is that the utilized driving 

systems in elastocaloric cooling can provide uniaxial stresses which are high enough to fully 

induce reversible transformation in all relevant materials [75]. In Figure 2.10, literature data 

of directly measured reversible ΔTad values and the corresponding uniaxial stresses are 

summarized for different classes of shape memory alloys. 
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The most intensively studied conventional shape memory alloys are Ni-Ti-based materials. 

Binary (near)-equiatomic alloys undergo a martensitic transformation from a high-

temperature cubic B2 structure to a low-temperature monoclinic B19’ structure which is 

characterized by a large thermal hysteresis of ca. 30-50 K and a significant specific total 

entropy change Δst of about 60-90 Jkg-1K-1 [95,97,98]. It should be noticed that for example 

composition, aging, doping or cold working plus annealing can cause the occurrence of an 

intermediate trigonal R-phase upon the martensitic transformation [99]. The large Δst of the 

B2-B19’ transformation results in combination with moderate transition strains of 5-8 % in a 

low stress sensitivity of the transition temperature (dTt/dσ) (see Equation (2.11)) and with 

this in high stresses to induce the transformation [28]. Under tension, typically 500 MPa to 

650 MPa are required to achieve large reversible ΔTad values of 15-25 K [100,101]. Pieczyska 

et al. [102] observed even higher reversible ΔTad values of almost 60 K in a tensile stress of 

1300 MPa by using an infrared camera. Despite the excellent mechanical properties of binary 

Ni-Ti, it needs to be emphasized that under cyclic operation ΔTad is often reduced due to 

training and/or fatigue [101]. An efficient way to tackle the latter is the application of 

uniaxial stress via compression though higher stresses can be required to induce the 

transformation due to compression-tension asymmetry [40,103]. Another promising approach 

to overcome fatigue and increase the reproducibility of the elastocaloric effect is via Cu-

doping as it improves lattice compatibility, reduces thermal hysteresis and the required stress 

to induce the transformation [104,105].  

Figure 2.10:  Reversible elastocaloric effect (represented by the adiabatic temperature change 

ΔTad) versus transition temperature Tt of Ni-Ti- [100–102,106], Cu- [17,100,107,108], Ni-Fe-Ga- 

[100,109–111], Ni-Mn- [25,26,112–124] and Co-Ni-based [106,125] elastocaloric materials and 

Fe-Pd [35]. The area of the circles corresponds to the applied uniaxial stress σ in compressive 

(solid circles) or tensile (open circles) mode.  
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The second promising class of conventional shape memory alloys are Cu-based materials, in 

which the martensitic transformation occurs from a DO3 or L21 cubic austenite to a monoclinic 

martensite. Most known for elastocaloric applications are Cu-Zn-Al, Cu-Al-Ni and Cu-Al-Mn 

alloys. While the Δst of Cu-based alloys is in the range of 20 Jkg-1K-1 and therefore much 

smaller compared to many Ni-Ti-based alloys, transformation strains are similar or even larger 

[28]. In consequence, (dTt/dσ) is high and rather low stresses are required to induce the 

transformation [28]. Thus, complete transformations with a ΔTad of 13-16 K have been 

reported for uniaxial stresses of 150-200 MPa [17,100]. In addition, Mañosa et al. [107] have 

demonstrated that the elastocaloric effect in Cu-Zn-Al is highly reproducible over a large 

temperature range of 130 K. However, the applicability of Cu-based alloys is limited by 

structural fatigue in tensile and compressive mode which can be mainly attributed to 

intergranular fracture [108,126]. Hence, the utilization of single crystals is advantageous but 

cost-intensive [100,127]. 

Among magnetic shape memory alloys, especially Ni-Fe-Ga- and Ni-Mn-based Heusler 

materials have caught attention for elastocaloric cooling applications. In the former, the 

transition takes place between a high-temperature cubic L21 austenite and a low-temperature 

monoclinic martensite. However, subsequent to the stress-induced martensitic transformation 

an additional intermartensitic transition from a monoclinic to a tetragonal L10 structure can 

occur [128]. In Ni-Fe-Ga single crystals very large strains of almost 13 % have been found for 

the complete transformation from L21 austenite to L10 martensite [128]. As Δst is typically in 

the range of 10-20 Jkg-1K-1, (dTt/dσ) is large and therefore low stresses are needed to induce 

the transformation [28]. For example, in Co-doped Ni-Fe-Ga single crystals a reversible ΔTad 

of 11 K has been observed in a compressive stress of 130 MPa [110].    

Ni-Mn-based Heusler compounds undergo a martensitic transformation from a L21 or B2 

austenite to a tetragonal, monoclinic or orthorhombic martensite as discussed in the previous 

section. Near room temperature, Δst is in the range of 15-40 Jkg-1K-1 in the majority of Ni-Mn-

based Heusler compounds. Together with moderate transition strains of about 1-6 %, this 

results in a medium stress sensitivity (dTt/dσ) [28]. As shown in Figure 2.10, many studies are 

carried out with stresses of about 300 MPa and report a reversible ΔTad of ca. 4-12 K. An 

exceptionally large elastocaloric effect with a ΔTad of 31.5 K in 700 MPa has been observed in 

B-doped Ni-Mn-Ti [112]. Its origin is a high Δst of 60-80 Jkg-1K-1 which results from a large

specific lattice entropy change Δslat and a minor specific magnetic entropy change Δsmag (see

Equation (2.8)). Note that Δsmag usually counteracts the Δslat in Ni-Mn-based Heusler

compounds [45]. Both, Ni-Fe-Ga- and Ni-Mn-based Heusler compounds are much more brittle
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than conventional shape memory alloys [28]. In addition, they are prone to intergranular 

fracture which overall results in significant structural fatigue [126]. This is also the reason 

why studies are predominantly carried out in compressive mode (see Figure 2.10). Again, an 

improvement of the fatigue life can be achieved by the utilization of single crystals [100,110]. 

Other possibilities are the formation of two-phase microstructures via doping, texture [129] or 

grain boundary strengthening [109,118]. 

Moreover, magnetic shape memory alloys on Fe-basis, e.g. Fe-Pd, and Co-Ni-based Heusler 

compounds such Co-Ni-Al and Co-Ni-Ga exhibit elastocaloric effects. Although these 

compounds exhibit an improved mechanical stability, their application is limited by rather 

small reversible ΔTad values of 3-6 K in stresses of 150-200 MPa [28,35,106,125]. It is worth 

mentioning that the structural distortion in Fe-Pd is based on pure shear [28]. 

Besides shape memory alloys, natural rubber exhibits a considerable elastocaloric effect which 

has already been discovered in 1805 [10]. Its elastocaloric effect is based on an alignment of 

molecular chains along the loading direction which causes a decrease of the configurational 

entropy [28]. In addition, latent heat is provided by first-order strain-induced crystallization 

during loading [130]. In comparison with shape memory alloys, extremely large strains of up 

to 600 % are present in natural rubber. Thus, reversible ΔTad values of up to 12 K have been 

observed in small tensile stresses of 2-3 MPa [131]. However, at the same time the very large 

strains and a low thermal conductivity hamper the implementation in elastocaloric cooling 

devices [132]. 

From the viewpoint of criticality, Fe-Pd and Co-Ni-based Heusler compounds can be 

considered as highly critical due to the utilization of expensive Pd in the former and a large 

amount of Co in the latter. Other relevant elastocaloric materials such as Ni-Mn- and Ni-Fe-

Ga-based Heusler compounds utilize smaller amounts of critical and expensive elements, e.g. 

Co, Ga, In. Conventional shape memory alloys like binary Ni-Ti and Cu-based materials as 

well as natural rubber can be considered as not critical [68,73,133].   

2.5.3. Multicaloric materials 

In this chapter, an overview on multicaloric materials with a cross-response to magnetic fields 

and uniaxial stress will be given. A visualization based on the most relevant magnetocaloric 

and elastocaloric materials discussed in the previous sections is provided in Figure 2.11. 
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From the viewpoint of magnetocaloric materials, the phase transition with large (∂M/∂T) and 

(dTt/dH) needs to be accompanied by a significant (∂ε/∂T) and (dTt/dσ) which requires a 

strong magnetostructural coupling. For that reason, second-order magnetocaloric materials 

like Gd don’t play a role for multicaloric cooling. 

Figure 2.11: Schematic diagram illustrating multicaloric materials with a cross-response to 

magnetic fields and uniaxial stress based on the most relevant magnetocaloric and 

elastocaloric materials. Additionally, the structural distortion of the crystal lattice upon the 

first-order transition is considered. Stars label classes of magnetocaloric materials for which an 

elastocaloric effect can be expected but no elastocaloric effect has been reported. Schematic 

inspired by [28]. 

First-order materials in which the phase transition is based on pure dilatation such as FeRh 

(ΔV/V0 ≈ 0.75-1 %) or La(Fe,Si)13-based compounds (ΔV/V0 ≈ 1 %) are supposed to show a 

sensitivity of the phase transition towards uniaxial stress as discussed in the previous section. 

In contrast to martensitic transformations which are predominantly based on shear lattice 

distortion, the sign of the elastocaloric effect in transformations with a purely dilatational 

lattice deformation depends on the loading direction. As the isostructural transition in FeRh 

exhibits a conventional barocaloric effect, the elastocaloric effect is conventional during 

compressive loading and inverse upon tensile loading [44]. Thus, Nikitin et al. [134] have 

observed an irreversible ΔTad of ca. -5 K upon the application of tensile stresses of about 

500 MPa. In the work of Gràcia-Condal et al. [44] it was directly demonstrated that FeRh 

gives rise to multicaloric effects by combining magnetic fields and uniaxial stress. Note that 
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FeRh exhibits an inverse magnetocaloric effect. In La(Fe,Si)13-based compounds the 

barocaloric effect is of inverse type. Accordingly, the elastocaloric effect is supposed to be 

inverse during compressive and conventional upon tensile loading, respectively [44]. In 

contrast to FeRh, the magnetocaloric effect in La(Fe,Si)13-based compounds is conventional.  

However, it should be emphasized that (dTt/dσ) of both, FeRh and La(Fe,Si)13-based 

compounds is approximately one order of magnitude smaller compared with the elastocaloric 

materials presented in the previous section. The reason is a much smaller transition strain, 

which amounts to ε≈(1/3)x(ΔV/V0) in materials with pure dilatation. In Fe2P-based 

compounds the isostructural transition has almost zero volume change. Therefore only a small 

conventional barocaloric effect has been observed [30]. An elastocaloric effect utilizing the 

strong anisotropic change of the lattice parameters in the hexagonal structure has not been 

reported. In Gd5(Si2Ge2), the magnetostructural transition from high-temperature monoclinic 

to low-temperature orthorhombic phase has a martensitic-like character with a combination of 

dilatational and shear lattice distortion [135]. The volume decrease of about 1 % during 

cooling gives rise to a conventional barocaloric effect [28,136]. The a-axis even decreases by 

up to 1.9 % [137]. Although an elastocaloric effect can be expected from the volume change 

and shear deformation, no literature data are available.  

From the viewpoint of elastocaloric materials, a cross-response to magnetic fields requires a 

large (∂M/∂T) and (dTt/dH). Hence, conventional (non-magnetic) shape memory alloys are 

not suitable. Magnetic shape memory alloys can be subdivided into two groups, ferromagnetic 

and metamagnetic [95]. The former includes alloys with a ferromagnetic martensite phase 

such as Fe-based materials (e.g. Fe-Pd) as well as Co-Ni-, Ni-Fe-Ga-, and Ni-Mn-Ga-based 

Heusler compounds. Below the Curie temperature of the austenite TC
A, the martensitic 

transformation takes place between two ferromagnetic phases. For that reason, the change in 

magnetization and (dTt/dH) exhibit relatively low values resulting in a small magnetocaloric 

effect. It is worth mentioning that below TC
A the magnetocaloric effect is commonly inverse in 

small and conventional in moderate and large magnetic fields due to the higher saturation 

magnetization of the martensite phase [138]. An enhancement of the magnetocaloric effect 

can be achieved when the martensitic transformation occurs between paramagnetic austenite 

and ferromagnetic martensite [139]. For Fe-Pd and Co-Ni-Al, a ΔsT of -0.2 Jkg-1K-1 and for Ni-

Fe-Ga a ΔsT of -2.5 Jkg-1K-1 have been observed upon the magnetic-field-induced 

transformation in 2 T, respectively [138,140,141]. The highest magnetocaloric effects in 

ferromagnetic shape memory alloys have been observed in Ni-Mn-Ga. Thus, Devi et al. [142] 

have found a reversible ΔTad of ca. 1 K in 2 T. Based on the combination of conventional 
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magnetocaloric and elastocaloric effect in Ni-Mn-Ga-based Heusler compounds multicaloric 

effects have been reported as discussed in Chapter 2.4.2 [64].  

Conversely, metamagnetic shape memory alloys exhibit a transformation between low-

temperature, low-magnetization martensite and high-temperature, ferromagnetic austenite. 

This type of shape memory alloys mainly includes Ni-Mn-based Heusler compounds such as 

Ni-Mn-Z-(Co) with Z=Al, In, Sb, Sn. As discussed in Chapters 2.5.1 and 2.5.2, large strains 

and changes of magnetization upon the martensitic transformation in these compounds give 

rise to significant conventional elastocaloric and inverse magnetocaloric effects. The large 

cross-response to both, uniaxial stress and magnetic fields, makes them currently the most 

promising multicaloric materials. Different concepts regarding the utilization by multicaloric 

cooling have been shown in Chapter 2.4.2. Due to their relevance for single and multicaloric 

cooling and particularly for this work, more detailed information on the martensitic 

transformation of Ni-Mn-based Heusler compounds will be provided in the following.  

2.6. Martensitic transformation of Ni-Mn-based Heusler compounds 

Generally, the martensitic transformation describes a diffusionless first-order transition from a 

high-temperature, high-symmetry austenite phase to a low-temperature, low-symmetry 

martensite phase based on shear lattice distortion. The transformation takes place along 

specific crystallographic planes, the so-called habit planes which form a lattice invariant 

interface between the two phases (see Figure 2.12(a)). Due to the different crystal structure 

of martensite and austenite large local strains evolve during the transformation which can be 

accommodated by two different lattice invariant shear mechanisms, through slip or twinning 

as shown in Figure 2.12(b), (c). Slip can result in plastic deformation causing irreversibility of 

the transformation and is for example the dominating mechanism in steels [143]. In contrast 

to that, twinning maintains the original atomic bonds enabling reversibility of the 

transformation upon heating which is referred to as thermoelasticity and the main mechanism 

in shape memory alloys like Ni-Mn-based Heusler compounds [144,145].  
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Figure 2.12: (a) Schematic representation of change in crystal structure upon martensitic 

transformation based on shear lattice distortion. The transformation occurs along the habit 

plane (invariant lattice plane). (b),(c) Lattice invariant shear mechanisms resulting in (b) 

slipped martensite and (c) twinned martensite. 

2.6.1. Structural and magnetic properties 

As mentioned earlier, the martensitic transformation in Ni-Mn-Z-(Co) with Z=Al, Ga, In, Sb, 

Sn, takes place from a cubic L21 or B2 austenite to a tetragonal, monoclinic, or orthorhombic 

martensite. The L21 structure (space group:  Fm3�m, no. 225) is also referred to as Heusler 

structure and can be described by four interpenetrating face-centered cubic lattices which are 

shifted along the space diagonal by (¼, ¼, ¼) as illustrated in Figure 2.13. Accordingly, the 

respective origins of the four sublattices A, B, C and D are located at (0, 0, 0), (¼, ¼, ¼), 

(½, ½, ½) and (¾, ¾, ¾) [137]. In ternary, Co-free Ni-Mn-based Heusler compounds with 

2:1:1 stoichiometry, Ni atoms are positioned at the B and D sublattices, while Mn and Z atoms 

occupy the A and C sites, respectively. Frequently an interchange of Mn and Z atoms on the A 

and C sublattices can be observed, e.g. due to heat treatment [146].  In case of a 50 % 

occupation of Mn and Z atoms on their original sublattices the cubic B2 structure (space 

group: Pm3�m, no. 221) is obtained (see Figure 2.13). Depending on Z, the L21-B2 order-

disorder transition in Ni2MnZ can be observed at different temperatures. While for Z=Ga, In, 

the transition occurs at ca. 1080 K, it takes place at about 780 K for Z=Al [147].  
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Figure 2.13: Schematic representation of cubic L21 and B2 structure of stochiometric Ni2MnZ 

Heusler compounds. Adapted from [148] with the permission of Tina Fichtner (Technical 

University of Dresden). 

Figure 2.14: Schematic illustration of martensitic transformation from (a) cubic L21 austenite to 

(b) tetragonal L10 martensite. (c) Structural relationship of two phases from top.

(d) Monoclinic five-layer modulated martensite 5M (10M) and (e) monoclinic seven-layer

modulated martensite 7M (14M) structures obtained via shear of the L10 tetragonal unit cell.

Reproduced from [148] with the permission of Tina Fichtner (Technical University of Dresden).
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The martensite phase in Ni-Mn-based Heusler compounds most commonly exhibits a 

tetragonal L10 (space group), a monoclinic five-layer modulated (5M), or a monoclinic seven-

layer modulated (7M) structure [149]. The underlying lattice distortion (Bain distortion) of 

the martensitic transformation from L21 austenite to tetragonal L10 martensite is visualized in 

Figure 2.14(a), (b). The top view of the structural relationship is depicted in Figure 2.14(c). 

The 5M and 7M structures can be derived from the tetragonal L10 unit cell by a shear of the 

(110) planes along the [11�0] direction (see Figure 2.14(d), (e)). It should be noticed that 5M

and 7M are often designated as 10M and 14M [32].

The resulting martensite structure of Ni-Mn-based Heusler compounds strongly depends on 

the stoichiometry or more precisely on the average valence electron concentration per atom 

e/a which is exemplarily shown for Ni-Mn-Z with Z=Ga, In, Sb, Sn in Figure 2.15. It is 

important mentioning that among the exact stoichiometric Ni2MnZ compounds with Z=Al, 

Ga, In, Sb, Sn, only Ni2MnGa undergoes a martensitic transformation whereas for all other 

systems off-stoichiometry is required. However, for Z=Ga, In, Sn the structural ground state 

of the martensite phase changes in a similar way from L1014M10M with decreasing e/a 

[149]. In Ni-Mn-Sb and Ni-Mn-Sn also orthorhombic four-layered martensite (4O) is observed 

[150,151]. Besides that, occurrence of a 3M (6M) structure is frequently observed in Ni-Mn-In 

[152–154].  

Figure 2.15: Structural and magnetic phase diagrams of (a) Ni-Mn-Ga, (b) Ni-Mn-In, 

(c) Ni-Mn-Sn, and (d) Ni-Mn-Sb [149]. Open circles correspond to martensitic transformation

temperatures. Filled circles represent magnetic transformation temperatures. Reproduced

from [149], Copyright (2011), with the permission of Elsevier.

The e/a has not only impact on the structure but also influences the martensite start 

temperature Ms which strongly increases with higher e/a. Additionally, e/a affects the Curie 
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temperatures of the austenite TC
A and martensite TC

M phase. At this point it is worth having a 

more detailed look at the magnetism of both phases. In analogy to the majority of X2MnZ 

Heusler compounds, the magnetic moment in the L21 austenite structure is carried by the Mn 

atoms [155]. While elementary Mn orders antiferromagnetically, its interatomic distance is 

enlarged in the L21 structure causing a ferromagnetic coupling [156]. Accordingly, the slight 

decrease of TC
A with increasing e/a in off-stoichiometric compounds (see Figure 2.15) can be 

ascribed to a rising number of Mn atoms on the C sublattice of the L21 structure which 

weakens ferromagnetic and enhances antiferromagnetic coupling due to a decreasing Mn-Mn 

distance [32]. In general, the magnetic moment m of Heusler compounds is influenced by the 

number of valence electrons Nv according to the Slater-Pauling rule [157,158]. In case of a 

2:1:1 stoichiometry, it can be estimated by m=Nv-24 as multiples of a Bohr magneton µB 

[159]. In Ni2MnZ with Z=Al, Ga, In, Sb, Sn m typically amounts to about 4 µB [156]. A 

special situation is present in the Ni-Mn-Al system. Due to its rather low L21-B2 order-disorder 

transition temperature, stabilization of a pure L21 austenite is difficult. Instead, the austenite 

typically exhibits a coexistence of L21 and B2 or a pure B2 structure which orders 

antiferromagnetically [160]. In order to enhance ferromagnetic coupling, Ni can be partially 

substituted with Co [161]. Also, in Ni-Mn-Z with Z=Ga, In, Sb, Sn doping with Co (mostly 

about 5 at%) is an effective way to increase the saturation magnetization of the austenite and 

TC
A [162–164]. As a consequence, the magnetization change ΔM upon the martensitic 

transformation can be enlarged for Z=Al, In, Sn, Sb resulting in a higher magnetic field 

sensitivity (dTt/dH) and inverse magnetocaloric effect [165]. For Z=Ga, it was found that in 

some Co-doped compounds the conventional can be turned into an inverse magnetocaloric 

effect [166]. In this case, the saturation magnetization of the austenite exceeds the one of the 

martensite. 

The magnetic state of the martensite phase in Ni-Mn-based Heusler compounds is still under 

discussion. Thus, indications for para- and antiferromagnetism have been found [167–169]. 

The antiferromagnetic coupling is related to the changing Mn-Mn distance upon the 

martensitic transformation. This also explains the strong decrease of TC
M with higher e/a (see 

Figure 2.15) as ferromagnetism is weakened by the antiferromagnetic exchange [149]. An 

exception is Ni-Mn-Ga, where TC
M is supposed to vanish at e/a=8 [32]. In Ni-Mn-Ga-based 

Heusler compounds, the combination of a large magnetocrystalline anisotropy and high twin 

boundary mobility typically superimposes antiferromagnetic exchange [149]. While this is 

disadvantageous to achieve high inverse magnetocaloric effects like in the other Ni-Mn-based 

Heusler compounds, it enables large magnetic shape memory effects. Thus, strains of up to 

12 % have been observed upon the magnetic-field-induced reorientation of martensite 
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variants [170]. As compared to the austenite, Co-doping has a less important impact on the 

magnetism of the martensite in Ni-Mn-based Heusler compounds from the perspective of 

magnetocaloric cooling. Further information on the effect of Co on the magnetism of the 

martensite phase can be found in [164]. 

It has been mentioned earlier that Ni-Mn-based Heusler compounds often exhibit a large 

thermal hysteresis ΔThys and suffer from a high brittleness. While the former can significantly 

reduce reversible caloric effects (see Chapter 2.2.3), the latter can cause premature failure 

during cyclic operation. In the following, these two major limitations of Ni-Mn-based Heusler 

compounds will be discussed. To understand the origin of ΔThys it is important to have a 

detailed look at the thermodynamics of the thermoelastic martensitic transformation. 

2.6.2. Thermodynamic aspects and origin of hysteresis 

Thermodynamically, the thermoelastic transformation between austenite (superscript A) and 

martensite (superscript M) in Ni-Mn-based Heusler compounds can be described using the 

change of Gibbs free energy ΔGAM. When no additional external field such as uniaxial stress 

or magnetic field is applied, ΔGAM has two major contributions according to 

∆𝑑𝑑𝐴𝐴→𝑀𝑀(𝑆𝑆) =  ∆𝑑𝑑𝑐𝑐ℎ𝐴𝐴→𝑀𝑀 + ∆𝑑𝑑𝑏𝑏𝑐𝑐𝐴𝐴→𝑀𝑀 = ∆𝑑𝑑𝑐𝑐ℎ𝐴𝐴→𝑀𝑀 + ∆𝑑𝑑𝑏𝑏𝑏𝑏𝐴𝐴→𝑀𝑀 + ∆𝐸𝐸𝑏𝑏𝑖𝑖𝑖𝑖  . (2.17) 

First, the change in chemical Gibbs free energy ΔGch and second, the change in nonchemical 

Gibbs free energy ΔGnc which can be separated further into the change in elastic energy ΔGel 

and an irreversible energy term ΔEirr. ΔGch corresponds to the difference of the respective 

chemical Gibbs free energies of austenite Gch
A and martensite Gch

M phase in an idealized 

(defect- and strain-free) structural state (see Figure 2.16(a)) [171]. At the equilibrium 

temperature Teq, Gch
A and Gch

M intersect. Accordingly, the martensitic and its reverse 

transformation would occur isothermally at Teq assuming no non-chemical contribution. 

However, due to elastic accommodation of residual strains after the lattice distortion and the 

presence of interfaces, ΔGel is stored upon the martensitic and released during the reverse 

transformation [171–173]. As ΔGel opposes the martensitic transformation undercooling is 

required for its completion. In contrast to that, ΔGel assists the reverse martensitic 

transformation, which would proceed the same thermal path as the forward transformation if 

further nonchemical contributions are neglected [174]. Indeed, additionally ΔEirr must be 

considered which is associated with frictional energy required for interfacial motion as well as 
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the generation of dislocations and other defects during the transformation. ΔEirr opposes the 

martensitic and its reverse transformation. Therefore, undercooling is needed to nucleate and 

grow the martensite phase and overheating is required to induce the reverse transformation 

to austenite causing a thermal hysteresis ΔThys. The corresponding transformation 

temperatures are martensite start Ms, martensite finish Mf upon the forward and austenite 

start As, austenite finish Af upon the reverse martensitic transformation. As illustrated in 

Figure 2.16(b), the transformation temperatures can be determined by the double tangent 

method. ΔThys is given by ((As+Af)-(Ms+Mf))/2.  

Figure 2.16: Schematic illustration of (a) chemical Gibbs free energies of austenite Gch
A and 

martensite Gch
M phase and (b) martensite phase fraction f as a function of temperature T. 

In (b) the double tangent method for determination of the critical transformation 

temperatures is visualized. 

Intrinsically, ΔThys mainly depends on the geometric compatibility of austenite and martensite. 

A measure for the geometric compatibility is the λ2 eigenvalue of the transformation stretch 

matrix U which can be determined from the crystal structures and lattice parameters of the 

two phases [175]. λ2=1 indicates an ideal, undistorted interface. Accordingly, ΔThys grows 

with an increasing deviation from unity Ιλ2-1Ι which has been confirmed by experimental 

studies [176,177]. Besides the major condition for geometric compatibility λ2=1, two further 

conditions exist. First, a·Ucof(U2-I)n=0 and second, trU2+detU2-(1/4)ΙaΙ2ΙnΙ2≥2 where a and n 

correspond to vectors characterizing the twin system. The three conditions are referred to as 

cofactor conditions and described in more detail in [178]. Moreover, microstructural aspects 

such as grain size and precipitates can strongly influence ΔThys. A larger grain boundary 

density provides more nucleation sites. At the same time, the frictional work required for self-

accommodation can increase with a higher grain boundary density causing a growth of ΔThys 

[179]. Precipitates can promote an increase of ΔThys due to increasing frictional work and 

relaxation of ΔGel [174]. 
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In analogy to ΔThys in a thermally-induced transformation, uniaxial stress Δσhys and magnetic 

field ΔHhys hysteresis are present in a stress- and magnetic-field-induced transformation, 

respectively. This is schematically illustrated in Figure 2.17 for a metamagnetic Ni-Mn-based 

Heusler compound exhibiting a conventional elastocaloric and an inverse magnetocaloric 

effect. Accordingly, above Af the stress-induced martensitic transformation and below Mf the 

magnetic-field-induced reverse martensitic transformation are fully reversible assuming no 

irrecoverable processes such as dislocation generation. The corresponding critical stresses and 

magnetic fields are martensite start σMs, HMs, martensite finish σMf, HMf  upon the martensitic 

transformation and austenite start σAs, HAs, austenite finish σAf, HAf during the reverse 

transformation. In contrast to the thermally-induced martensitic transformation at zero stress 

where a twinned martensite evolves due to self-accommodation, the stress-induced 

martensitic transformation results in formation of a detwinned martensite. This can be 

attributed to the growth of specific habit plane variants at the expense of others when an 

external uniaxial stress is applied [180]. The process is typically associated with a stress 

plateau (see Figure 2.17(a)). 

Figure 2.17: Schematic of (a) stress σ as a function of strain ε upon loading and unloading at a 

temperature T above Af and (b) magnetization M as function of magnetic field H upon 

magnetic field application and removal at a temperature T below Mf for a metamagnetic 

Ni-Mn-based Heusler compound. The double tangent method for determination of the critical 

transformation stresses and magnetic fields is illustrated in (a) and (b), respectively. 

2.6.3. Mechanical properties 

Mechanically, Ni-Mn-Z-(Co) Heusler compounds with Z=Al, Ga, In, Sb, Sn are 

characterized by a high brittleness compared to conventional shape memory alloys such 

as Ni-Ti-based materials [28]. It is worth mentioning that also novel all-d-metal Heusler  
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compounds such as Ni-Mn-Ti-(Co) exhibit an enhanced ductility [181]. As a measure for 

the intrinsic brittleness of a material the Pugh’s ratio B/G can be utilized which corresponds 

to the ratio of bulk modulus B and shear modulus G. A Pugh’s ratio B/G smaller than 1.75 

indicates a brittle behavior, whereas B/G larger than 1.75 indicates a ductile behavior 

[181]. For Ni-Mn-Z with Z=Ga, In, Sn, Sb values in the range of 2.2 and 2.8 have been 

determined by ab initio calculations [112]. Although the critical value of 1.75 is exceed, the 

values are low compared to binary NiTi and Ni-Mn-Ti for which a B/G of 4.9 and ca. 3.1 has 

been calculated [112,182]. The discrepancy results from the strong covalent p-d 

hybridization in the majority of conventional Ni-Mn-based Heusler compounds [181]. The 

metallicity of the chemical bonding can be estimated via the Cauchy pressure C12-C44 

where C12 and C44 correspond to elastic constants. While large negative Cauchy pressures 

indicate covalent bonding, high positive values are associated with metallic bonding 

[183]. In fact, for Ni-Mn-Z with Z= In, Sn, Sb values in the range of -1 GPa to 7 GPa and 

for Ni-Mn-Ga values of about 20 GPa have been calculated indicating low metallicity in the 

former [112]. For comparison, in NiTi and Ni-Mn-Ti the Cauchy pressure amounts to about 

30 GPa and 35 GPa, respectively  [112,182].  

Besides intrinsic factors, microstructure plays an essential role for the mechanical behavior of 

Ni-Mn-based Heusler compounds. During both, static and cyclic loading failure in single-

phase polycrystalline compounds is dominated by intergranular fracture [184–186]. The 

reason are large strain discontinuities near grain boundaries due to significant 

misorientations in polycrystalline samples without texture upon the stress-induced 

martensitic transformation [129]. Especially during cyclic loading, this results in the 

nucleation of cracks and premature failure. Improvement of the fatigue life can be 

achieved by using strongly textured or two-phase microstructures [119,129]. Moreover, it 

has been demonstrated for Ni-Fe-Ga Heusler compounds that single crystals are an 

effective way to improve fatigue life [100,110]. Although grain boundaries can lead to 

premature failure, it should be emphasized that grain refinement increases the yield 

strength according to the Hall-Petch relation [126,187]. 
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3. Experimental Methods

3.1. Alloy preparation 

Ni-Mn-In-(Fe) alloys were synthesized by two techniques, arc melting and suction casting, in a 

Buehler Arc Melter MAM-1.  

Initially, arc melting was utilized for the synthesis of all compounds. For this purpose, high 

purity elements (>99.9 %) were arc molten to ingots of 10 g on a water-cooled Cu crucible 

plate in Ar atmosphere. To ensure chemical homogeneity, the ingots were remolten multiple 

times and turned after each melting step. Mn evaporation losses were compensated by adding 

2.5-4 wt% of extra Mn to the nominal mass of 10 g which corresponds to the desired sample 

stoichiometry. 

Suction casting was performed for some ternary Ni-Mn-In and all quaternary Ni-Mn-In-Fe 

alloys. Therefore, pieces of about 2.5 g were extracted from the arc-molten ingots in as-cast 

state by a diamond blade saw. In addition, the Cu plate used for conventional arc melting was 

replaced by a two-piece Cu crucible with a cylindrical cavity of 3 mm diameter and 30 mm 

height being connected to a vacuum reservoir. The pieces of 2.5 g were shortly remolten in Ar 

atmosphere and sucked into the cavity by a pressure difference of ca. 0.9 bar. In comparison 

to conventional arc melting, suction casting promotes much higher cooling rates due to the 

smaller sample size and larger contact area between the molten material and the cavity walls.  

Subsequently, arc-molten and suction-cast Ni-Mn-In-(Fe) alloys were annealed in a quartz 

tube under Ar atmosphere. For all samples, an annealing temperature of 900 °C and an 

annealing time of 24 h was chosen, followed by rapid quenching in water. 

3.2. Crystallographic characterization 

Room-temperature x-ray diffraction (XRD) was conducted using a Stoe Stadi P diffractometer 

in transmission and Bragg-Brentano geometry with Mo Kα1 radiation. Scans were performed in 

a 2θ range from 5 to 50° with a step size of 0.01°. Temperature-dependent XRD was executed 

in a custom-built diffractometer which operates in transmission mode and Debye-Scherrer 

geometry using Mo Kα radiation and a 2θ range from 7° to 58° with 0.009° step size. 

Temperature control is provided by a closed-cycle He cryofurnace. A more detailed 

description of the setup is presented in [188].  
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The measurements in both x-ray diffractometers were carried out on powders of particle 

sizes < 40 µm. Therefore, bulk samples were hand crushed in a mortar. The resulting 

powders were annealed at 850 °C for 7 days and subsequently quenched in water to release 

the deformation-induced stresses. During the thesis, annealing temperature and time were 

changed to 900 °C for 20 min which provides similar results in much shorter time. Besides 

that, the annealed powder was mixed with a Si standard (NIST640d) and glued on a graphite 

sheet for the temperature-dependent measurements. The Si reference powder allows the 

correction of geometric errors. XRD data were refined by the Rietveld method using the 

FullProf/WinPlotr software [189,190] and JANA2006 [191]  in a superspace approach for 

modulated martensite structures [192]. 

3.3. Microstructure analysis 

3.3.1. Optical microscopy 

Room-temperature optical microscopy was accomplished at a Zeiss Axio Scope.A1. Prior to 

the analysis, samples were embedded in an epoxy resin and polished. Temperature-dependent 

light microscopy was carried out in a Zeiss Axio Imager.2Dm which is shown in Figure 3.1. In 

contrast to room-temperature optical microscopy, samples were freestanding and attached to 

the sample holder by Ag paste in order to provide a good thermal contact. Temperature 

control was achieved by adaption of a LN2 flow cryostat to the evacuated sample holder 

allowing an operating temperature range between 77 K and 325 K. For temperature-

dependent measurements, a heating and cooling rate of 2 Kmin-1 was used.  

Figure 3.1: Zeiss Axio Imager.D2m light microscope in cryo-setup. 
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3.3.2. Scanning electron microscopy 

Micrographs in higher resolution were obtained by secondary electron (SE) and backscatter 

electron (BSE) imaging in a TESCAN VEGA3 and a Philips XL30 FEG high-resolution scanning 

electron microscope (SEM). In the latter, additionally energy-dispersive x-ray spectroscopy 

(EDX) was carried out to locally determine the chemical composition of the samples.    

Electron backscatter diffraction (EBSD) was performed in a TESCAN MIRA3-XM SEM to 

investigate grain orientation/texture and grain size of suction-cast and arc-molten Ni-Mn-In 

alloys. Therefore, samples were tilted by about 70° relative to the primary electron beam to 

improve the backscattering yield and the contrast of the Kikuchi diffraction patterns. Besides 

that, polished and stress-free sample surfaces are essential to achieve a good pattern quality. 

For data analysis, the software OIM Analysis v8 was used.  

3.3.3. Transmission electron microscopy 

Transmission electron microscopy (TEM) was performed using a 200 kV JEOL JEM 2100-F for 

nanoscale characterization of a Ni-Mn-In-Fe sample. Therefore, a TEM lamella was extracted 

from a bulk piece via cutting and subsequent thinning with a Gatan 691 Precision Ion 

Polishing System. The ion milling, utilizing Ar ions, was performed with an angle of 8° and an 

ion beam energy of 5.5 keV until a small hole occurred in the lamella. Then, the angle was 

changed to 2° and the ion beam energy was set to 2 keV to remove the defects induced by the 

initial milling procedure. 

3.4. Magnetic and magnetocaloric characterization 

Magnetic measurements were carried out in a Lake Shore vibrating sample magnetometer 

(VSM) and a Quantum Design physical property measurement system (PPMS-14 T) in VSM 

mode. In the Lake Shore VSM, a maximum magnetic field of 2 T is provided by an 

electromagnet and a temperature range between 77 K and 450 K is accessible in the cryostat 

option. In contrast to that, the Quantum Design PPMS-14 T allows the application of magnetic 

fields up to 14 T, generated by a superconducting magnet, and an operating temperature 

range between 1.9 K and 400 K. 

Isofield curves of magnetization M(T)H were measured in both setups with a heating and 

cooling rate of 2 Kmin-1. In the Lake Shore VSM, an additional stabilization time of 0.5 min 

per data point was applied. M(T)H curves were used to determine the martensitic and its 

reverse transformation temperatures, i.e. martensite start Ms, martensite finish Mf and 
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austenite start As, austenite finish Af, in various magnetic fields by the double tangent method 

(see Figure 2.16(b)). In addition, M(T)H measurements in field steps of 0.2 T and with a 

maximum field of 2 T were used for the computation of specific isothermal entropy changes 

ΔsT(T,H) by a numerical approximation of the Maxwell equation: 

∆𝑠𝑠𝑇𝑇(𝑆𝑆,𝑑𝑑) =  𝜇𝜇0 � �
𝜕𝜕𝜕𝜕(𝑆𝑆,𝑑𝑑)

𝜕𝜕𝑆𝑆
�
𝐻𝐻

𝐻𝐻

0
𝑑𝑑𝑑𝑑 ≈ 𝜇𝜇0 �

𝜕𝜕�𝑆𝑆𝑏𝑏+1,𝑑𝑑𝑗𝑗� −𝜕𝜕�𝑆𝑆𝑏𝑏,𝑑𝑑𝑗𝑗�
𝑆𝑆𝑏𝑏+1 − 𝑆𝑆𝑏𝑏

𝑗𝑗𝑚𝑚𝑚𝑚𝑚𝑚

𝑗𝑗=1

�𝑑𝑑𝑗𝑗+1 − 𝑑𝑑𝑗𝑗�. (3.1) 

Isothermal curves of magnetization M(H)T were solely measured in the Quantum Design 

PPMS-14 T setup and also used for the determination of ΔsT according to Equation (3.1). For 

this purpose, a field-sweep rate of 0.005 Ts-1, temperature increments of 2 K and a 

discontinuous measurement protocol were chosen. The latter is visualized in Figure 3.2. After 

field application and removal at the initial measurement temperature Tm1, the sample is 

heated well above Af and subsequently cooled well below Mf before the next measurement 

temperature Tm2 is approached. This way, the history of the first-order phase transition is 

erased and an overestimation of ΔsT(T,H) is prevented [193,194]. For comparison, in a 

continuous measurement protocol the sample would be heated or cooled continuously from 

one field application temperature to another without additional overheating and 

undercooling.  

Figure 3.2: Schematic of discontinuous measurement protocol used for isothermal curves of 

magnetization M(H)T. The thermal cycling is performed in zerofield.  

3.4.1. Simultaneous measurement of magnetization, strain and resistivity 

In addition to the conventional magnetic measurements described in the previous section, an 

arc-molten Ni-Mn-In sample was investigated in a purpose-built insert [195] for the Quantum 
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Design PPMS-14 T (VSM option) providing simultaneous information of magnetization M, 

strain ε, and resistivity (see Figure 3.3). While the magnetization is measured via the VSM 

option, the additional strain signal is obtained by a strain gauge on the sample surface. For 

compensation of temperature and magnetic field effects on the gauge resistance, which are 

not related to the material response, a reference strain gauge is attached to the sample holder. 

The resistivity signal is obtained by a current source and a nanovoltmeter under consideration 

of the samples’ cross section and length. Besides that, the temperature is directly determined 

on the sample surface via a resistive temperature sensor. As shown in Figure 3.3, Keithley 

multimeters are used to read the additional signals.  

In this work,  the setup was used for simultaneous isofield measurements with a heating and 

cooling rate of 2 Kmin-1. For the strain measurement, a linear pattern strain gauge with a 

gauge length of 0.79 mm and a grid width of 1.57 mm was glued to the sample surface. In 

contrast to Figure 3.3, the gauge direction was perpendicular to the applied magnetic field. 

Figure 3.3: Schematic representation of purpose-built insert for simultaneous measurement of 

magnetization M, strain ε and resistivity in a Quantum Design PPMS-14 T (VSM option). 

Courtesy of Alexey Karpenkov (Technical University of Darmstadt). 
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3.4.2. Simultaneous measurement of adiabatic temperature change and strain 

Simultaneous measurements of the magnetic-field-induced adiabatic temperature change ΔTad 

and strain ε were carried out in two systems, a pulsed-field setup [196] at the Dresden High 

Magnetic Field Laboratory (HLD) and a purpose-built Halbach setup [197]. 

Pulsed-field setup 

In the pulsed-field setup at HLD, magnetic pulses of 2 T, 5 T and 10 T were generated by a 

solenoid magnet. The pulses have a characteristic time profile which is shown in 

Figure 3.4(a). Independent of the applied magnetic field, its maximum is reached after 13 ms 

and the total pulse duration amounts to 150 ms. As a consequence, the magnetic-field-sweep 

rate µ0(dH/dT) increases with higher maximum magnetic fields during field application (see 

Figure 3.4(b)). This allows studying kinetic effects of magnetic-field-induced transformations. 

For 2, 5 and 10 T, the maximum field-sweep rate is about 316, 865, and 1850 Ts-1, 

respectively. Upon field removal, as it takes considerably longer, the field-sweep rates 

coincide. The magnetic field is measured near the sample via a pick-up coil.  

Figure 3.4:  (a) Time profiles of magnetic field pulses of 2, 5, and 10 T. (b) Corresponding 

magnetic-field-sweep rates as a function of magnetic field. 

For the measurement of ΔTad, a thin differential T-type thermocouple of 25 µm single wire 

thickness was fixed between two parts of the sample by a conductive epoxy. The small wire 

thickness was chosen to reduce the thermal mass and thus potential time delays of the 

thermocouple. In addition, the thermocouple was twisted to minimize induction. The absolute 

sample temperature was determined via a Pt100 temperature sensor. The strain was detected 

analogously to the simultaneous isofield measurements (see Chapter 3.4.1) on the sample 

surface by a linear pattern strain gauge of  0.79 mm gauge length and 1.57 mm grid width 

and with the gauge direction perpendicular to the applied magnetic field.  
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Figure 3.5 shows a schematic of the sample setup for an arc-molten and suction-cast sample. 

For the latter, it is worth mentioning that the suction-cast rod was initially cut along the 

cylinder axis and the strain gauge was then attached to the cutting plane of a half cylinder as 

it provides a large and flat surface. The gauge resistance was determined via a function 

generator and a digital lock-in technique. Simultaneous measurements in the pulsed-field 

setup were performed on arc-molten and suction-cast Ni-Mn-In with a discontinuous 

temperature protocol in analogy to the determination of the specific isothermal entropy 

change ΔsT(T,H) (see Chapter 3.4). 

Figure 3.5: Schematic setup of an arc-molten and suction-cast sample for simultaneous 

measurements of adiabatic temperature change ΔTad and strain ε in pulsed fields. The suction-

cast sample setup was also used for simultaneous measurements in the Halbach array. 

Halbach setup 

Simultaneous measurements of adiabatic temperature change ΔTad and strain ε for suction-

cast Ni-Mn-In were also carried out in a purpose-built Halbach setup which is schematically 

shown in Figure 3.6. An array of two nested Halbach magnets generates a sinusoidal magnetic 

field of up to 1.9 T with a variable field-sweep rate between 0.1 Ts-1 and 1.2 Ts-1. In this work, 

the field-sweep rate was set to 1 Ts-1. The applied magnetic field strength is detected via a 

Hall probe and a LakeShore gaussmeter. Temperature control of the sample is realized by an 

enclosing resistive heater on the sample holder which is then surrounded by a LN2 dewar. To 

achieve adiabatic conditions, the sample holder is placed inside a vacuum tube and the 

sample is wrapped with Pyrogel insulation. To ensure comparability of the measurements in 

both setups (pulsed-field and Halbach), the determination of ΔTad and strain was carried out 
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on the same suction-cast sample including attached thermocouple and strain gauge with the 

gauge direction perpendicular to the external magnetic field (see Figure 3.5). The 

temperature of the sample holder is determined by a reference thermocouple which  is 

measured against ice water or by a Pt100 temperature sensor. The gauge resistance is 

determined via a Wheatstone bridge. To capture the strain signal simultaneously with sample 

temperature and magnetic field a Yokogawa oscilloscope is used. The simultaneous 

measurements were performed using a discontinuous temperature protocol in analogy to the 

determination of the specific isothermal entropy change  ΔsT (see Chapter 3.4). 

Besides that, the Halbach setup was used for the measurements of ΔTad of suction-cast Ni-Mn-

In and Ni-Mn-In-Fe alloys without a simultaneous strain signal. In this case, a thicker T-type 

thermocouple of 80 µm single wire thickness was soldered to a single, fully cylindrical sample 

piece. The measurements were also carried out discontinuously.  

Figure 3.6:  Schematic of purpose-built Halbach setup for simultaneous measurement of 

adiabatic temperature change ΔTad and strain ε. Courtesy of Alexey Karpenkov (Technical 

University of Darmstadt). 
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3.5. Mechanical and elastocaloric characterization 

3.5.1. Isothermal and quasi-adiabatic stress-strain measurements 

Isothermal and quasi-adiabatic stress-strain σ(ε) measurements were carried out in 

compressive mode using an Instron 5967 30 kN universal testing machine equipped with a 

temperature chamber (see Figure 3.7). For this purpose, cylindrical samples of about 5 mm 

height and 3 mm diameter were prepared from suction-cast rods. Arc-molten samples were 

prepared as cuboids of 5 mm x 2.5 mm x 2.5 mm from the corresponding ingots. The sample 

strain along the loading axis is measured by an Instron 2620 strain gauge extensometer which 

is attached to the compression platens. The force F is detected by a load cell. Stress σ and 

strain ε were determined based on Equation (3.2) and (3.3) 

𝑑𝑑 =  
𝐹𝐹
𝐴𝐴0

(3.2) 

𝜕𝜕 =  
∆𝑙𝑙
𝑙𝑙0

(3.3) 

where A0 is the initial cross-sectional area, Δl is the change in length and l0 is the initial length 

of the sample and therefore correspond to the engineering stress and engineering strain, 

respectively. The sample temperature is measured by a K-type thermocouple which is soldered 

to the center of the sample using In. The thermocouple thermoelectric voltage is converted 

into a 0-10 V signal serving as input for the machine control unit. This way, the thermoelectric 

voltage can be simultaneously measured with the strain ε and force F by the machine software 

Bluehill 3. The signal-converter was built and installed together with Bernd Stoll. 

Isothermal σ(ε)T measurements were performed with a strain rate of 3x10-4 s-1 and utilized for 

compressive strength tests as well as for the determination of critical stress-temperature phase 

diagrams. For the compressive strength tests, the sample was loaded until fracture occurred. 

Moreover, no thermocouple was attached to the sample. Instead, the test temperature was 

stabilized for at least 10 minutes prior to loading.  For establishing critical stress-temperature 

phase diagrams, σ(ε)T was measured upon loading and unloading at various temperatures 

with a K-type thermocouple attached to the sample. Before the measurements, the sample was 

trained by five superelastic cycles to ensure a reproducible material response. The σ(ε)T curves 

were measured using a discontinuous temperature protocol. In contrast to the magnetic 

characterization described in Chapter 3.4, the discontinuous protocol included only heating 
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well above Af between each measurement. The critical stresses of the martensitic and its 

reverse transformation stresses, i.e., martensite start σMs, martensite finish σMf and austenite 

start σAs, austenite finish σAf, were determined from the σ(ε)T curves via the double tangent 

method (see Figure 2.17(a)).  

Quasi-adiabatic σ(ε) measurements were carried out upon loading and unloading with a 

strain rate of 3x10-2 s-1 at a starting temperature well above Af. According to the isothermal 

measurements, the sample was trained by five superelastic cycles prior to the experiments and 

the sample temperature was controlled by a K-type thermocouple. To account for the 

adiabatic temperature change ΔTad upon the stress-induced martensitic and its reverse 

transformation, a holding time of at least 15 s was introduced in the loaded and unloaded 

state of the sample for thermal relaxation. 

Figure 3.7:  Schematic of Instron 5967 30 kN universal testing machine equipped with a 

temperature chamber and a purpose-built signal converter. The latter is used to convert the 

thermocouple thermoelectric voltage into a 0-10 V signal which can be processed by the 

machine control unit and the software. 

3.5.2. Isostress strain-temperature measurements 

Isostress strain-temperature ε(T)σ measurements in compressive mode were performed at the 

University of Barcelona in a purpose-built device which is schematically shown in Figure 3.8. 
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The load is applied using a compression arrangement which is connected to a water barrel. 

The load is controlled by the water level in the barrel. This way, about 1000 N can be 

reached. The load is recorded via a load cell. For the measurement of the  sample strain, a 

strain gauge extensometer (Instron 2620) is mounted at the compression platens. 

Temperature control is achieved by an Instron temperature chamber and the sample 

temperature is detected by a K-type thermocouple which is attached to the center of the 

sample by a thermally conductive paste and polytetrafluoroethylene (PTFE) tape. The load 

and strain signal are amplified and measured by a Keithley multimeter, respectively. In 

contrast to that, the temperature signal is directly read by a Keithley multimeter. 

Samples were prepared with similar dimensions as for the σ(ε) experiments (see Chapter 

3.5.1). The load was applied well above Af to avoid a stress-induced martensitic 

transformation. The ε(T)σ measurements were conducted in 12.5 MPa steps with a heating 

and cooling rate of 1 Kmin-1 and were used for the calculation of the specific isothermal 

entropy change ΔsT(T,σ) based on a numerical solution of the Maxwell equation 

∆𝑠𝑠𝑇𝑇(𝑆𝑆,𝑑𝑑) =  
1
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In accordance with the σ(ε) measurements, σ and ε correspond to the engineering stress and 

strain, respectively. Besides that, the measurements were used to determine the martensitic 

and its reverse transformation temperatures, i.e. Ms, Mf and As, Af in different stresses by the 

double tangent method (see Figure 2.16(b)). 

Figure 3.8:  Schematic of purpose-built setup for the measurement of isostress strain-

temperature curves.  
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3.6. Calorimetry 

3.6.1. Differential scanning calorimetry 

Calorimetric characterization in the absence of magnetic field and uniaxial stress was 

conducted in a TA Instruments Q2000 (at University of Barcelona) and a Netzsch DSC 404 F1 

Pegasus differential scanning calorimeter (DSC). In both setups, a heating and cooling rate of 

5 Kmin-1 was applied and a baseline correction of the thermograms was performed. In the 

thermograms, the calorimetric peaks associated with the martensitic and its reverse 

transformation were used to compute the corresponding transition entropy changes according 

to   

∆𝑠𝑠𝑡𝑡 = �
1
𝑆𝑆

(�̇�𝑄 − �̇�𝑄𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) �
𝑑𝑑𝑆𝑆
𝑑𝑑𝑑𝑑
�
−1

𝑑𝑑𝑆𝑆 (3.5) 

where �̇�𝑄 is the baseline corrected heat flow per mass unit. Moreover, the thermograms were 

used for the determination of the martensitic and its reverse transformation temperatures, i.e. 

Ms, Mf and As, Af as well as the Curie temperature of austenite TC
A via the double tangent 

method (see Figure 2.16(b)). 

3.6.2. Differential scanning calorimetry under magnetic fields and uniaxial stress 

DSC measurements under magnetic fields and uniaxial stress were carried out in a purpose-

built calorimeter [198] at the University of Barcelona (see Figure 3.9). Sample and 

calorimeter are positioned in the open bore of a cryogen-free magnet, which can provide a 

magnetic field of 6 T (see Figure 3.9(a)). In addition, a constant uniaxial load of up to 1200 N 

can be applied to the sample by lead ingots on a free mobile platform on top of the bore. As 

shown in Figure 3.9(b), the load is transmitted to the sample by a hard aluminum rod. To 

guarantee that the load is applied homogeneously and purely uniaxial, the hard aluminum 

rod is aligned by two centering platforms. The lower platform additionally serves as a thermal 

insulation of the calorimetric components inside the bore. The calorimeter itself is located 

below the sample and consists of a copper block with a sample Peltier module on the top and 

a reference Peltier module on the bottom side, respectively (see Figure 3.9(c)). The sample 

Peltier module is connected thermally to the sample by a hard aluminum disk and a thermally 

conductive paste. It is important to mention that the hard aluminum disk is embedded in a 

polyetheretherketone (PEEK) holder which prevents load transfer to the module. This way, 

the calorimeter is prevented from damage. The reference Peltier module is in contact with a 
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copper piece which serves as a reference sample. The two modules are connected 

differentially. Together with the copper block they are surrounded by an aluminum container. 

Temperature control is provided by a Lauda thermal bath, which pumps a cryofluid through 

the aluminum container. Herewith, a temperature range of 220 K – 360 K can be covered. The 

temperature is measured by a Pt100 temperature sensor in the copper block. Besides the 

calorimetric measurements, the length variation of the sample during a first-order 

transformation can be recorded by a linear variable differential transformer (LVDT). Using 

Equation (3.3), the corresponding strain can be calculated. The stress is determined based on 

Equation (3.2). To read the LVDT, Peltier and Pt100 signals, Keithley multimeters were used. 

Isofield curves were performed in magnetic fields of 0 T – 6 T in 1 T steps with and without 

the application of uniaxial stress. The uniaxial stress was varied from 0 MPa – 50 MPa in 

10 MPa steps. Isothermal curves were measured in 3 K steps up to 6 T with a discontinuous 

temperature protocol (see Figure 3.2). According to the isofield measurements, an additional 

stress of 0 MPa – 50 MPa in 10 MPa steps was applied. For the analysis, solely the isofield 

measurements were used. The transition entropy changes were determined according to 

Equation (3.5). 

Figure 3.9:  (a) Purpose-built calorimeter under magnetic fields and uniaxial stress. The 

calorimeter is positioned in the bore of a 6 T cryogen-free magnet. The uniaxial stress is 

provided by lead ingots on a free mobile platform on top of the bore. (b) Load transmission 

and temperature control components. (c) Calorimeter. Reproduced from [198], Copyright 

(2017), with the permission of John Wiley and Sons. 
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3.6.3. Heat capacity measurements 

Heat capacity measurements were conducted using the heat capacity option of a Quantum 

Design PPMS-14 T. The measurement option is based on the thermal relaxation technique 

which determines the heat capacity under constant pressure via the relaxation time of the 

sample after a heat pulse. In case of a good thermal contact between the sample and sample 

platform, the time-dependent platform temperature T is defined by a differential equation: 

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑏𝑏𝑏𝑏
𝑑𝑑𝑆𝑆
𝑑𝑑𝑑𝑑

= −𝐾𝐾𝑤𝑤(𝑆𝑆 − 𝑆𝑆𝑏𝑏) + 𝑃𝑃ℎ(𝑑𝑑). (3.6) 

In Equation (3.6), Ctotal corresponds to the total heat capacity of the sample and platform, Kw 

is equal to the thermal conductance of the connecting wires, Tb is the thermal bath 

temperature and Ph is the heater power. The differential equation has an exponential solution 

with a time constant τ = Ctotal/Kw. 

In case of a bad thermal contact between sample and sample platform, the two-tau model can 

be applied. The two-model is a trademark of Quantum design [199] and described by 

 𝐶𝐶𝑝𝑝𝑏𝑏𝑏𝑏𝑡𝑡𝑝𝑝𝑡𝑡𝑖𝑖𝑚𝑚
𝑎𝑎𝑇𝑇𝑝𝑝
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= 𝑃𝑃(𝑑𝑑) − 𝐾𝐾𝑤𝑤�𝑆𝑆𝑝𝑝(𝑑𝑑) − 𝑆𝑆𝑏𝑏� + 𝐾𝐾𝑚𝑚�𝑆𝑆𝑏𝑏(𝑑𝑑) − 𝑆𝑆𝑝𝑝(𝑑𝑑)� (3.7) 

𝐶𝐶𝑏𝑏𝑏𝑏𝑚𝑚𝑝𝑝𝑏𝑏𝑏𝑏
𝑑𝑑𝑆𝑆𝑏𝑏
𝑑𝑑𝑑𝑑

= −𝐾𝐾𝑚𝑚�𝑆𝑆𝑏𝑏(𝑑𝑑) − 𝑆𝑆𝑝𝑝(𝑑𝑑)� (3.8) 

with the respective heat capacity of the platform Cplatform and the sample Csample, the 

temperature of the platform Tp and the sample Ts, as well as the thermal conductance between 

both Kg. 

Heat capacity measurements were performed from 1.9 K to 380 in zerofield and from 220 K 

to 380 K in magnetic fields of 0 T – 4 T in 1 T steps. 
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5. Synopsis of publications

In the following, a synopsis comprising the essential findings of the articles listed in the 

previous section is provided.  

5.1. Magnitude of caloric effects under magnetic fields and uniaxial stress 

In multicaloric cooling different concepts have been suggested to increase magnitude and 

temperature window of caloric effects compared to single caloric cooling [23,25]. However, 

experimental studies are still rare and predominantly based on the combination of magnetic 

fields and hydrostatic pressure which can be attributed to a limited availability of the required 

experimental technology [24,27]. In order to explore multicaloric effects under magnetic 

fields and uniaxial stress and directly compare them to their single caloric counterparts, a 

suction-cast metamagnetic Ni50Mn35.5In14.5 prototype sample was analyzed by a purpose-built 

calorimeter (see Chapter 3.6.2) in Publication A. Figure 5.1(a) exhibits the M(T) curves of the 

sample in different magnetic fields. It is apparent that the transformation between high-

temperature, high-magnetization austenite and low-temperature, low-magnetization 

martensite occurs in proximity of the Curie temperature of the austenite TC
A (≈ 303 K) which 

ensures a strong coupling of structure and magnetism. The calorimetric signals are 

exemplarily shown for magnetic fields of 0 T and 4 T and compressive uniaxial stresses of 

0 MPa and 50 MPa in Figure 5.1(b).  

Figure 5.1:  (a) Magnetization M versus temperature T under magnetic fields of 0.1, 1 and 2 T 

and (b) temperature-dependent calorimetric signals VDSC under magnetic fields of 0 and 4 T 

and uniaxial stresses of 0 and 50 MPa of nominally composed Ni50Mn35.5In14.5. The blue bars 

indicate the calorimetric peak positions. The images were adapted from Publication A. 
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The exothermic peaks during cooling and the endothermic peaks upon heating correspond to 

the martensitic and its reverse transformation, respectively. Both, thermomagnetic and 

calorimetric data yield a stabilization of the austenite phase towards lower temperatures by 

the external magnetic field giving rise to an inverse magnetocaloric effect under adiabatic or 

isothermal conditions. In contrast to that, application of uniaxial stress shifts the martensite 

phase to higher temperatures being associated with a conventional elastocaloric effect. 

The calorimetric heating signals under magnetic fields up to 4 T and uniaxial stress up to 

40 MPa were utilized for computation of entropy curves S(T,σ,H) which allow the 

determination of magneto- and elastocaloric effects upon the reverse martensitic 

transformation at constant secondary external field. It is important noting that calorimetric 

data upon cooling and higher external fields were not computed due to a deteriorated signal 

quality in the purpose-built calorimeter. The maximum values of  ΔsT and ΔTad as a function of 

applied magnetic field (at constant uniaxial stress) and released uniaxial stress (at constant 

magnetic field) are displayed in Figure 5.2(a),(b) and Figure 5.2(c),(d), respectively. 

Figure 5.2:  (a) Maximum specific isothermal entropy change ΔsT and (b) adiabatic 

temperature change ΔTad as function of applied magnetic field µ0H under different constant 

uniaxial stresses σ of nominally composed Ni50Mn35.5In14.5. (c) Maximum ΔsT and (d) ΔTad as 

function of applied uniaxial stress σ under different constant magnetic fields µ0H of nominally 

composed Ni50Mn35.5In14.5. The values of ΔsT and ΔTad were obtained from experimental 

S(T,σ,H) curves. The images were adapted from Publication A. 

While both, magnetocaloric and elastocaloric effect exhibit an increase at higher external 

primary fields, the influence of the constant secondary external fields differs. The 

magnetocaloric effect shows no systematic trend regarding the application of an additional 
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constant uniaxial stress. On the contrary, the elastocaloric effect increases significantly with 

higher constant magnetic field which can be attributed to a rising transformed phase fraction. 

Thus, upon removal of a uniaxial stress of 40 MPa, an increase of ΔsT from ca. 10 Jkg-1K-1 to 

14 Jkg-1K-1 and of |ΔTad| from ca. 1.2 K to 2.5 K can be achieved when a constant magnetic 

field of 4 T is applied (see Figure 5.2(c),(d)). Additionally, the constant magnetic field 

broadens the temperature window of the elastocaloric effect. 

In the next step, single caloric and multicaloric effects were determined over the complete 

(T,σ,H) phase space by numerically fitting the experimental S(T,σ,H) curves. For experimental 

and fitted S(T,σ,H) curves and the corresponding caloric effects a good agreement was found. 

Multicaloric effects arising from the simultaneous application of magnetic field and removal of 

uniaxial stress were computed from the fitted data at particular temperatures. It should be 

emphasized that in contrast to a simultaneous or sequential application of two external fields 

no cross-coupling term needs to be considered when one external field is applied and the 

other external field is removed. Hence, computation is possible from the respective single 

caloric effects. The multicaloric ΔsT and ΔTad values are displayed in Figure 5.3(a)-(c) and 

Figure 5.3(d)-(f) as contour plots and reveal a significant enhancement as compared to their 

single caloric counterparts.  

Figure 5.3:  (a)-(c) Specific isothermal entropy change ΔsT and (d)-(f) adiabatic temperature 

change ΔTad of nominally composed Ni50Mn35.5In14.5 for simultaneous application of magnetic 

field µ0H and removal of uniaxial stress σ from initially 40 MPa. The images were adapted from 

Publication A. 
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First, the maximum ΔsT of about 25 Jkg-1K-1 and |ΔTad| of ca. 6 K exceed the corresponding 

single caloric effects with and without constant secondary external field (see Figure 5.2). 

Second, significant values of ΔsT and ΔTad are accessible in much lower external fields. 

Considering the application of a magnetic field of 1 T which can be provided by permanent 

magnets, a ΔsT of about 15 Jkg-1K-1 and a |ΔTad| of ca. 2 K can be achieved when 

simultaneously a uniaxial stress of 40 MPa is removed (see Figure 5.3(c) and (f)). This 

corresponds to more than a doubling of the maximum magnetocaloric effect in 1 T, which 

exhibits a ΔsT of ca. 4-6 Jkg-1K-1 and a |ΔTad| of about 0.5-1 K (see Figure 5.2(a) and (b)). In 

comparison with the pure elastocaloric effect upon removal of 40 MPa (without constant 

magnetic field), additional simultaneous application of a 1 T magnetic field enables almost 

two times larger values of ΔsT and |ΔTad|.  

These results indicate that the combination of magnetic fields and uniaxial stress can 

significantly increase the magnitude and temperature window of caloric effects in 

metamagnetic Ni-Mn-based Heusler compounds. 

5.2. Reversibility of caloric effects under magnetic fields and uniaxial stress 

Besides magnitude and temperature window of caloric effects, their reversibility under cyclic 

conditions is crucial for practical applications [36]. In metamagnetic Ni-Mn-based Heusler 

compounds and other first-order materials, cyclic single caloric effects typically suffer from 

irreversibilities and energy losses due to a relatively large hysteresis [20].  

To enhance reversibility, a secondary external field can be utilized. Liu et al. [21] have 

demonstrated that the magnetic field hysteresis in Ni-Mn-In-Co can be bypassed by 

application of hydrostatic pressure (see Chapter 2.4.2). In Publication A, this concept has 

been adapted to magnetic fields and uniaxial stress for the transformation between martensite 

and austenite in Ni50Mn35.5In14.5. It was estimated that the magnetocaloric effect in 1 T can be 

made fully reversible when an additional uniaxial stress of 125 MPa is utilized in the 

following way. In the first step, a magnetic field of 1 T is applied which induces a partial 

transformation from martensite to austenite. Subsequently, the uniaxial stress of 125 MPa is 

applied at constant magnetic field. In the third step, the magnetic field is removed at constant 

stress inducing the back transformation from austenite to martensite. Finally, the uniaxial 

stress is removed.  

A different multicaloric approach to increase reversibility of metamagnetic Ni-Mn-based 

Heusler compounds was presented in Publication B. In this case, magnetic fields and uniaxial 
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stress are combined in a way that hysteresis is exploited rather than avoided. The functional 

principle of this so-called “exploiting-hysteresis cycle” is illustrated in Figure 5.4(a). In the 

first step, the material is transformed adiabatically from the low-temperature, low-

magnetization martensite to high-temperature, high-magnetization austenite. In the second 

step, the magnetic field is removed. However, due to the thermal hysteresis the material is 

locked in the austenite state and not transforming back. Subsequently, heat is absorbed from 

a cold reservoir by a heat-transfer fluid (step three). To bring the material back to its initial 

martensite phase, uniaxial stress is applied, which results in a temperature increase of the 

material under adiabatic conditions (step four). In Publication C, it was demonstrated that the 

application of uniaxial stress can also be performed under isothermal conditions as its main 

purpose is to ensure the back transformation of the material to its initial phase. In the fifth 

step, the uniaxial stress is removed. In analogy to the removal of the magnetic field, the back 

transformation is hindered by the thermal hysteresis. In the sixth step, heat is expelled to a 

hot reservoir before the cycle starts again. 

Figure 5.4:  (a) Schematic illustration of exploiting-hysteresis cycle. (b) Schematic of 

conventional AMR and (c) potential setup for utilization of the exploiting-hysteresis cycle. The 

images were adapted from Publication B. 

Besides increasing reversibility, the exploiting-hysteresis cycle provides several advantages 

compared to single caloric cooling. On the one hand, the magnitude of the caloric effect can 

be increased as operating temperatures are in the thermal hysteresis region and therefore 

closer to the respective transition temperatures. Accordingly, lower critical external fields are 

required to fully induce the phase transition. On the other hand, the exploiting-hysteresis 
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cycle enables a decoupling of field application/removal and the heat transfer step which is not 

possible in single caloric cooling as the external field needs to be maintained during the heat 

exchange [8]. Compared to magnetocaloric cooling, this allows the utilization of more 

focused magnetic fields and therefore a reduction of the permanent magnet volume as 

illustrated in Figure 5.4(b) and (c). Moreover, the field strength could be increased by 

replacing the permanent with a pulsed or supercounducting magnet. Consequently, the 

transformed phase fraction can be increased even further coming along with a rising 

magnitude of the magnetocaloric effect. In addition, the magnetic-field-sweep rate can be 

increased which is of particular importance for the potential utilization of pulsed magnets as 

demonstrated in Publication C and D.  

Overall, the material requirements for the exploiting-hysteresis cycle are similar to other 

multicaloric applications using magnetic fields and uniaxial stress (see Chapter 2.5). The 

major difference is the necessity of a sufficiently large thermal hysteresis to avoid reversibility 

upon removal of the external fields. 

To prove the exploiting-hysteresis concept experimentally, the prototype Ni50Mn35.5In14.5 

sample was used (see Figure 5.1(a) for the corresponding M(T) curves). In Figure 5.5 the 

temperature change of the sample is shown during alternating application of a magnetic field 

of 1.8 T and a uniaxial stress of 80 MPa while sweeping the absolute temperature of the 

sample holder. This way an irreversible magnetocaloric effect of -1.2 K could be achieved at 

ca. 295 K which corresponds to the reversible effect in the exploiting-hysteresis cycle. In 

contrast to that, a negligibly small reversible magnetocaloric effect of about -0.1 K was 

observed upon the first-order transition during magnetic field cycling in 1.9 T. 

An even higher reversible exploiting-hysteresis effect of -4.1 K was estimated for suction-cast 

Ni49.8±0.1Mn35.6±0.3In14.6±0.2 upon the application of a magnetic field of 1.9 T and a subsequent 

uniaxial stress of 55 MPa in Publication C. For comparison, in the same sample a reversible 

magnetocaloric effect of -1.2 K was found during magnetic field cycling in 1.9 T. Besides that, 

it should be emphasized that the reversible exploiting-hysteresis effect of -4.1 K exceeds by 

more than one third the highest reversible magnetocaloric effect reported for metamagnetic 

Ni-Mn-based Heusler compounds in similar magnetic fields [94]. In comparison to 

elastocaloric cooling, a significant reduction of the critical stresses was experimentally 

demonstrated in Publication C which will improve fatigue resistance. The excellent 

performance of suction-cast Ni49.8±0.1Mn35.6±0.3In14.6±0.2 was related to its microstructure. The 

impact of microstructural features on the multicaloric performance will be discussed in detail 

in the next chapter. 
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Figure 5.5:  (a) Temperature-time T(t) profile of nominally composed Ni50Mn35.5In14.5 during 

alternating application of  a magnetic field of 1.8 T and a uniaxial stress of 80 MPa. 

(b) Corresponding magnetic field µ0H(t) and uniaxial stress σ(t) profiles. Image (a) was

adapted from Publication B.

It is worth noting that the application of the exploiting-hysteresis cycle is not limited to 

metamagnetic Ni-Mn-based Heusler compounds. Thus, other first-order materials with an 

inverse magnetocaloric and conventional elastocaloric effect such as Fe-Rh could be utilized 

[44]. Besides that, also materials with a conventional magnetocaloric and an inverse 

elastocaloric effect such as La(Fe,Si)13-based compounds are usable [44]. However, in the 

latter case the material heats up during magnetic field application and cools down during 

uniaxial loading which complicates device implementation as the loading unit needs to be in 

contact with the cold heat exchanger.  

Overall, the results demonstrate how a suitable combination of magnetic fields and uniaxial 

stress can enhance the reversibility of caloric effects compared to the single caloric 

counterparts.  
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5.3. Microstructure design of multicaloric materials 

The performance of multicaloric materials in the cooling concepts presented in Publications A 

and B is closely connected to a large set of material requirements (see Chapter 2.5). 

Especially, the sensitivity of the transformation to magnetic fields and uniaxial stress, 

transition width, tunability of thermal hysteresis and resistance to structural and functional 

fatigue are crucial parameters ensuring large and reversible caloric effects under cyclic 

operation. From single caloric cooling it is known that microstructural features play a key role 

in tuning the aforementioned parameters [118,119,200,201]. The effect of microstructure in 

metamagnetic Ni-Mn-based Heusler compounds when two external fields, magnetic field and 

uniaxial stress, are utilized was studied in Publications C, D and E. For this purpose, 

predominantly samples with similar martensitic transformation temperatures were compared 

as the caloric properties exhibit a distinct temperature dependence [45,46]. 

5.3.1. Influence of texture 

In metamagnetic Ni-Mn-based Heusler compounds, the influence of texture on the 

multicaloric performance is primarily associated with its impact on the stress-induced 

martensitic transformation behavior. Thus, it has been demonstrated for Ni-Mn-In-Co and 

Ni-Mn-Ga that the transformation strain strongly depends on the grain orientation with 

respect to the loading direction [117,202]. Note that the stress sensitivity of the 

transformation (dTt/dσ) increases with higher transformation strains according to the 

Clausius-Clapeyron equation (see Equation (2.11)). In Publication C, a similar study was 

carried out for Ni-Mn-In. For this purpose, Ni49.8±0.1Mn35.6±0.3In14.6±0.2 (nominal composition: 

Ni49.8Mn35In15.2) was used. From the lattice parameters of austenite and martensite, obtained 

via temperature-dependent XRD, transformation strains were computed for various 

crystallographic directions as shown in Figure 5.6(a) and (b). Overall, the computed values 

exhibit a good agreement with the theoretical transformation strains reported for Ni-Mn-In-Co 

[202]. Figure 5.6(b) yields that the highest theoretical transformation strains of 5.8 % can be 

achieved upon compressive loading in [001] direction. In contrast to that, compression in 

[101] direction results in a reduction of the transformation strain to 2.6 %. The example

makes apparent why texture is supposed to significantly influence the stress-induced

martensitic transformation. This could be confirmed experimentally in Publication C by the

correlation of compressive stress-strain σ(ε) measurements and EBSD data of suction-cast and

arc-molten Ni49.8±0.1Mn35.6±0.3In14.6±0.2 samples with similar Ms but different textures. The

inverse pole figure maps and texture plots of the samples are depicted in Figure 5.7. The
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compression direction (CD) is parallel to A3. While the suction-cast and arc-molten I sample 

exhibit a similar texture with the majority of grains having an orientation between [001] and 

[101], the arc-molten II sample shows predominantly grains with a [001] orientation in 

loading direction. The corresponding stress-strain σ(ε) curves are illustrated in Figure 5.8(a). 

In fact, the suction-cast and arc-molten I sample exhibit an excellent agreement of the stress-

induced martensitic transformation with a transformation strain of 3.8 %, whereas the arc-

molten II sample shows a deviating transition with a transformation strain of 4.4 %. The 

resulting increase of the stress sensitivity (dTt/dσ) is associated with a decrease of σMs by 

about 25 MPa. Also related to the deviating texture, a smaller transition slope is observed in 

the arc-molten II sample causing an overall reduction of σMf by ca. 40 MPa. 

Figure 5.6:  (a) Temperature-dependent XRD patterns of Ni49.8±0.1Mn35.6±0.3In14.6±0.2 (nominal 

composition: Ni49.8Mn35In15.2). (b) Theoretical martensitic transformation strains in % (values in 

round brackets) upon compressive loading along different crystallographic directions. The 

color coding of the inverse pole figure in (b) corresponds to the one used for the EBSD data.  

Moreover, texture affects the stress hysteresis and fatigue life during cyclic loading. Lu et al. 

[120] have demonstrated that the stress hysteresis in Ni-Mn-In-Co can be minimized via a

<100> texture in loading direction. As shown by Huang et al. [129] for Ni-Mn-In, an

improvement of the fatigue life can be achieved by reducing misorientations between

neighboring grains in polycrystalline samples. The reason is a decrease of stress

concentrations at grain boundaries which are responsible for intergranular fracture in Ni-Mn-

based Heusler compounds. Besides that, it was shown in Publication C by static loading

experiments that grain boundaries in loading direction can lead to premature failure. Thus, a

significant reduction of the average compressive strength σcomp by about 40 % was observed

for arc-molten II compared to arc-molten I while both samples have a similar grain size (see

Figure 5.8(b)).
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Figure 5.7:  (a), (d), (g) Inverse pole figure maps of suction-cast and arc-molten 

Ni49.8±0.1Mn35.6±0.3In14.6±0.2. Arc-molten samples were prepared along longitudinal plane (arc-

molten I) and transversal plane (arc-molten II). (b), (e), (h) Corresponding texture plots 

and (c), (f), (i) inverse pole figures in compressive direction (CD) including theoretical stress-

induced martensitic transformation strains in % along different crystallographic directions. 

Figure 5.8:  (a) Stress-strain σ(ε) curves of suction-cast and arc-molten Ni49.8±0.1Mn35.6±0.3In14.6±0.2 

upon compressive loading. (b) Corresponding average compressive strength σcomp. 
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In contrast to the stress-induced martensitic transformation, the magnetic-field-induced 

reverse martensitic transformation in metamagnetic Ni-Mn-based Heusler compounds is not 

largely affected by texture/grain orientation which can be attributed to a small 

magnetocrystalline anisotropy of austenite and martensite [202]. This is significantly different 

from ferromagnetic Ni-Mn-Ga-based Heusler compounds where the ferromagnetic martensite 

phase exhibits a large magnetocrystalline anisotropy [149].  

5.3.2. Influence of grain diameter 

The grain diameter is known to be an important factor for the mechanical and functional 

properties of materials undergoing thermoelastic martensitic transformations. Its impact on 

different multicaloric cooling parameters was investigated in Publications C, D and E and will 

be discussed in the following. As in Publication C, D and E predominantly columnar grain 

morpholohies were observed for the studied metamagnetic Ni-Mn-Heusler compounds, the 

average diameter of the columnar grains is hereinafter referred to as grain diameter. 

Effect on mechanical properties 

In Publication C, it was demonstrated that a refinement of the grain diameter leads to an 

increase of the compressive strength σcomp by a comparison of suction-cast and arc-molten 

Ni49.8±0.1Mn35.6±0.3In14.6±0.2 with similar texture (see Figure 5.8(b)). While in the arc-molten I 

sample with an average grain diameter of about 675 µm the compressive strength amounts to 

446±122 MPa, an enhancement to 607±60 MPa has been observed for the suction-cast 

sample having a grain diameter of 41 µm. In Publication E, a similar trend was observed for 

single-phase samples of suction-cast Ni-Mn-In-(Fe). Doping with small amounts of Fe (<4.5 

at%) can cause significant grain growth during heat treatment. Thus, an enlargement of the 

average grain diameter from 110 µm in Fe-free to 822 µm in Fe-doped Ni-Mn-In was 

observed. For the corresponding σcomp a decrease from 705±39 MPa to 444±3 MPa was 

found. It should be emphasized that exceeding the solubility limit of 4.5 at% Fe in the Heusler 

matrix results in formation of a secondary γ-phase. The influence of the secondary phase on 

the mechanical properties and the martensitic transformation behavior will be discussed in 

detail in Chapter 5.3.3. 

A summary of the compressive strength data of Ni-Mn-In and Ni-Mn-In-Fe as function of the 

average diameter d is provided in Figure 5.9(a). The increase in compressive strength with 



62 Synopsis of publications 

smaller average grain diameter in the single-phase samples follows a Hall-Petch-like 

relationship and literature data for metamagnetic Ni-Mn-based Heusler compounds 

[200,203]. In accordance with that, an increase of the cycles to failure with smaller grain 

diameter was found for single-phase samples in Publication E (see Figure 5.9(b)). 

Figure 5.9:  (a) Compressive strength σcomp and (b) number of cycles upon compressive cyclic 

loading as a function of grain diameter d of Ni-Mn-In (filled symbols) and Ni-Mn-In-Fe (half-

filled symbols). The grain diameter d corresponds in single- and dual-phase samples to the 

average diameter of the columnar grains of the Heusler phase. In single-phase samples the 

number of cycles corresponds to the cycles to failure. 

Effect on thermally induced martensitic transformation 

Regarding the thermally induced martensitic transformation no distinct influence of grain 

diameter was found in Publications C and E. Thus, in the studied grain diameter range 

between 41 µm and 822 µm, the thermal hysteresis ΔThys in single-phase Ni-Mn-In-(Fe) varies 

only between approx. 8 K and 10 K as illustrated in Figure 5.10(a). The same holds true for 

the thermally induced transition width. However, it was noticed that the formation of a fine-

grained chill zone at the edge of suction-cast samples can cause a broadening of the transition 

width. Besides that, it is worth mentioning that an enlargement of ΔThys and temperature-

induced transition width has been observed in Ni-Mn-In-Co and Ni-Mn-Ga at grain diameters 

of 15 µm [200,203]. Similar trends have been observed with decreasing grain diameter-to-

thickness ratio in Ni-Mn-Sn-Co melt-spun ribbons [204]. In accordance with that, La Roca et 

al. [179] found in Cu-based shape memory alloys an increase of ΔThys at grain sizes smaller 

than 20 µm which can be attributed to a rising energy barrier for the martensitic 

transformation. The latter is supposed to be proportional to the grain  boundary area and can 

cause complete suppression of the thermally induced martensitic transformation [175]. It is 
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important noting that grain boundaries play an ambiguous role for the martensitic 

transformation as they also serve as nucleation sites for martensite [205]. 

Figure 5.10:  (a) Thermal hysteresis ΔThys and (b) adiabatic temperature change ΔTad upon 

compressive loading up to 300 MPa as a function of grain diameter d of Ni-Mn-In (filled 

symbols) and Ni-Mn-In-Fe (half-filled symbols). The grain diameter d corresponds in single- and 

dual-phase samples to the average diameter of the columnar grains of the Heusler phase. 

Effect on stress-induced martensitic transformation 

The comparison of suction-cast and arc-molten Ni49.8±0.1Mn35.6±0.3In14.6±0.2 with respective 

grain diameters of 41 µm and 675 µm but similar texture in Publication C shows no difference 

in the stress-induced martensitic transformation behavior (see Figure 5.8). In Publication E, a 

slight increase of the stress-induced transition width was observed at very large grain 

diameters in single-phase Ni-Mn-In-Fe. Accordingly, a decrease of the elastocaloric effect from 

about 8 K to 6 K was observed during loading up to 300 MPa (see Figure 5.10(b)). However, 

the increase of the stress-induced transition width is not supposed to be related to the grain 

diameter but rather to changes in texture resulting from abnormal grain growth during heat 

treatment. Considering studies of conventional NiTi-based shape memory alloys a deviating 

stress-induced martensitic transformation behavior can be expected at very small grain 

diameters. Thus, Ahadi et al. [206] observed at grain diameters smaller than 60 nm a drastic 

reduction of the stress sensitivity, stress hysteresis and latent heat of the transformation, while 

the stress-induced transition width increases. 



64 Synopsis of publications 

Effect on magnetic-field-induced reverse martensitic transformation 

In Publications C, D, and E, it was found that the effect of grain diameter on the magnetic-

field-induced reverse martensitic transformation strongly depends on the utilized magnetic-

field-sweep rates. Figure 5.11 exhibits the specific isothermal entropy change ΔsT and 

adiabatic temperature change ΔTad as a function of grain diameter d in magnetic fields of 2 T 

and 1.9 T, respectively (data taken from Publications C and E). While the isothermal M(H) 

measurements used for computation of ΔsT were carried out with 0.005 Ts-1, adiabatic 

measurements were performed with approx. 1 Ts-1. From Figure 5.11 it is apparent that for 

the utilized sweeping rates the magnetocaloric effect and therefore the reverse martensitic 

transformation is not influenced by the grain diameter d in single-phase Ni-Mn-In-(Fe).  

Figure 5.11:  (a) Adiabatic temperature change ΔTad and (b) specific isothermal entropy 

change ΔsT in respective magnetic fields of 1.9 T and 2 T as a function of grain diameter d of 

Ni-Mn-In (filled symbols) and Ni-Mn-In-Fe (half-filled symbols). The grain diameter d 

corresponds in single- and dual-phase samples to the average diameter of the columnar grains 

of the Heusler phase. 

Significantly different observations were made at higher magnetic-field-sweep rates. In 

Publication D, simultaneous strain ε and ΔTad measurements of coarse-grained arc-molten 

Ni49.8±0.1Mn35.6±0.3In14.6±0.2 (nominal composition: Ni49.8Mn35In15.2) revealed the occurrence of 

dynamical effects when the magnetic-field-sweep rate exceeds 865 Ts-1. Thus, a pronounced 

delay at the end of the reverse martensitic transformation was found causing an increase of 

HAf and of the magnetic field hysteresis. By complementary optical microscopy, the delay 

could be attributed to the annihilation of retained martensite. In contrast to that, no kinetic 

effects on the onset of the reverse martensitic transformation were observed in the strain 

signal in magnetic-field-sweep rates up to 1850 Ts-1. This agrees with the observations of 

Planes et al. [207] that the reverse martensitic transformation in shape memory alloys 

requires no nucleation of austenite. In the ΔTad signal, the increase of HAs at higher sweeping 
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rates could be related to a rising delay of the thermocouple. The latter is caused by the 

thermal conductance and mass of the thermocouple as demonstrated by Cugini et al. [208].  

Figure 5.12: Simultaneous measurements of strain ε and adiabatic temperature change ΔTad of 

(a),(b) arc-molten and (c),(d) suction-cast Ni49.8±0.1Mn35.6±0.3In14.6±0.2 (nominal composition: 

Ni49.8Mn35In15.2) upon the reverse martensitic transformation in different magnetic-field-sweep 

rates. The magnetic-field-sweep rates correspond to the maximum values during field 

application. 

In accordance with the results for the coarse-grained arc-molten microstructure, strain 

measurements in Publication C revealed no kinetic effects on the onset of the reverse 

martensitic transformation in fine-grained suction-cast Ni49.8±0.1Mn35.6±0.3In14.6±0.2 (nominal 

composition: Ni49.8Mn35In15.2). However, also no kinetic effects on the end of the reverse 

martensitic transformation were found in the fine-grained sample. The difference was related 

to the higher grain boundary density of the fine-grained sample which facilitates the 

annihilation of retained martensite. 

5.3.3. Influence of precipitates 

In analogy to the grain diameter, precipitates play an important role for the mechanical and 

transition properties of shape memory alloys. The influence of precipitates on different 
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aspects of multicaloric cooling was studied in Publication E by Fe-doping of Ni-Mn-In. As 

mentioned earlier, exceeding the solubility limit of 4.5 at% Fe in the Heusler matrix causes 

formation of a coherent, Fe-rich and In-depleted secondary γ-phase with a fcc A1 structure. 

Overall, two samples with 5.2 wt% and 11.5 wt% of secondary γ-phase but similar grain 

diameters were synthesized. Figure 5.13 exhibits the corresponding micrographs. The γ-

precipitates of about 3-4 µm length and 1.5 µm width occur predominantly at grain 

boundaries in the former, whereas a considerable amount can also be found within the grains 

of the Heusler matrix in the latter.  

Figure 5.13: Micrographs of suction-cast Ni-Mn-In-Fe with (a) 5.2 wt% and (b) 11.5 wt% of 

secondary γ-phase. The grey and black contrast corresponds to the Heusler matrix and the 

secondary γ-phase, respectively. 

Effect on mechanical properties 

In Publication E, it was demonstrated that the secondary γ-phase significantly enhances the 

compressive strength σcomp and cyclic stability compared to single-phase samples with similar 

grain diameter (see Figure 5.9). Thus, an increase of σcomp from about 600-700 MPa in single-

phase Ni-Mn-In to 1000 MPa and 1200 MPa in dual-phase Ni-Mn-In-Fe samples with 5.2 wt% 

and 11.5 wt% of secondary phase was found. Even more pronounced improvement was 

observed for the fatigue resistance upon superelastic cycling up to 300 MPa. While single-

phase Ni-Mn-In failed after 15 cycles, no structural or functional degradation after 16000 

cycles was found in the dual-phase samples. This corresponds to an increase of the cyclic 

stability by more than three orders of magnitude. In accordance with literature, improved 

mechanical strength upon static and cyclic loading could be attributed to the presence of 

precipitates at grain boundaries which increase the resistance to intergranular fracture, the 

main failure mechanism in Ni-Mn-based Heusler compounds [184–186,209,210]. Moreover, it 
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is worth mentioning that the coherent nature of the precipitates can improve cyclic stability as 

demonstrated by Chluba et al. [211] for TiNiCu shape memory alloys. 

Effect on thermally induced martensitic transformation 

With respect to the thermally induced martensitic transformation, Publication E revealed that 

precipitates at grain boundaries have no distinct influence on thermal hysteresis ΔThys and 

thermally induced transition width. Thus, dual-phase Ni-Mn-In-Fe with 5.2 wt% of secondary 

γ-phase has a ΔThys of about 10 K which is similar to the one in the single-phase samples. In 

contrast to that, the additional presence of precipitates within grains can cause a drastic 

increase of thermal hysteresis and thermally induced transition. The former increases to 

almost 25 K in dual-phase Ni-Mn-In-Fe with 11.5 wt% of secondary γ-phase (see 

Figure 5.10(a)). The reason is that precipitates within the grains hamper nucleation and 

propagation of martensite which gives rise to higher frictional work dissipation. In addition, 

hysteresis growth can result from a rising elastic strain energy dissipation with increasing 

phase fraction of precipitates as shown by Hamilton et al. [174] for NiTi-based shape memory 

alloys. As a consequence, the phase fraction of precipitates within the grains could be an 

appropriate parameter to tune ΔThys, in particular for the exploiting-hysteresis cycle where 

relatively large values of ΔThys are required. 

Another important aspect is the influence of precipitates on the thermal response. The γ-

precipitates don’t undergo a martensitic transformation. The same holds true for the majority 

of precipitate phases reported in Ni-Mn-based Heusler compounds [184–186,209,210]. 

Consequently, the transition entropy change Δst is reduced with increasing phase fraction of 

non-transforming precipitates. Note that a reduction of Δst corresponds to a decrease of the 

maximum caloric effect under external field. 

Effect on stress-induced martensitic transformation 

In general, the influence of precipitates on the stress- and thermally-induced martensitic 

transformation behavior can be significantly different. In Publication E a slight increase of the 

critical stress σMs and the stress-induced transition was found with rising secondary phase 

fraction. Similar observations were made in dual-phase Ni-Fe-Ga Heusler compounds by Xu et 

al. [109]. The reasons are internal stress fields and dislocation generation at the 

precipitate/matrix interface during loading which hinder the propagation of martensite 

[212,213]. Note that this holds also true when precipitates are solely present at grain 
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boundaries as for Ni-Mn-In-Fe with 5.2 wt% of secondary γ-phase. As a consequence, higher 

critical stresses are required to fully induce the transformation to martensite. Accordingly, in 

similar external stresses the transformed phase fraction is reduced with increasing amount of 

secondary phase. This explains the reduction of the elastocaloric effect upon loading to 

300 MPa from ca. 8 K in single-phase Ni-Mn-In to 5.5 K and 4 K in dual-phase Ni-Mn-In-Fe 

with 5.2 wt% and 11.5 wt% secondary phase, respectively (see Figure 5.10(b)). However, 

even though higher uniaxial stresses are required to achieve similar elastocaloric effects, the 

cyclic stability is significantly enhanced in the dual-phase samples. For comparison, while in 

single-phase Ni-Mn-In an elastocaloric effect of -4.5 K (during unloading) was observed for 

194 cycles upon superelastic cycling in 200 MPa, Ni-Mn-In-Fe with 5.2 wt% of secondary 

phase exhibited a similar effect for 16000 cycles during superelastic cycling in 300 MPa. The 

corresponding temperature-time profile of the dual-phase sample is shown in Figure 5.14(a). 

The cyclic elastocaloric performances of the Ni-Mn-In-Fe dual-phase samples are also superior 

to other Ni-Mn-based Heusler compounds. In comparison with literature values reported for 

Ni-Mn-Al- [214] , Ni-Mn-Ga- [115–117,215], Ni-Mn-In- [118,119,121,122,129,216,217], Ni-

Mn-Sn- [25,26,123] and Ni-Mn-Ti-based [114] Heusler compounds, the cyclic stability could 

be increased by about one order of magnitude while the cyclic elastocaloric performance 

remains essentially unchanged (see Figure 5.14(b)). 

Figure 5.14: (a) Temperature-time profiles during superelastic cycling up to 300 MPa of 

suction-cast Ni-Mn-In-Fe with 5.2 wt% of secondary γ-phase. (b) Cyclic elastocaloric ΔTad versus 

number of cycles in Ni-Mn-In-Fe with 5.2 wt% and 11.5 wt% of secondary γ-phase compared 

to literature data reported for Ni-Mn-Al- [214] , Ni-Mn-Ga- [115–117,215], Ni-Mn-In- 

[118,119,121,122,129,216,217], Ni-Mn-Sn- [25,26,123] and Ni-Mn-Ti-based [114] Heusler 

compounds. In (b) cycles correspond to the maximum number reported in literature 

independent of failure and ΔTad corresponds to the cyclic values upon unloading. 



Synopsis of publications 69

Effect on magnetic-field-induced reverse martensitic transformation 

In Publication E it was demonstrated that the presence of precipitates can affect different 

aspects of the magnetic-field-induced martensitic transformation. On the one hand, an 

increasing phase fraction of non-transforming precipitates dilutes the overall magnetization 

change of the sample upon the reverse martensitic transformation. In the corresponding 

temperature range, the Fe-rich and In-depleted γ-precipitates are paramagnetic [218]. On the 

other hand, the increase of the thermally induced transition width when precipitates are 

present within the grains results in a rising magnetic-field-induced transition width. Hence, 

higher magnetic fields are needed to fully induce the transformation. As mentioned earlier, in 

Publication E similar thermally induced transition widths were found for single-phase Ni-Mn-

In-(Fe) and Ni-Mn-In-Fe with 5.2 wt% secondary γ-phase. In accordance with that, the 

magnetocaloric effect could be largely maintained in the dual-phase sample (see Figure 5.11) 

In particular, a considerable ΔTad of -3 K in 1.9 T and a ΔsT of 15 Jkg-1K-1 in 2 T was observed 

for Ni-Mn-In-Fe with 5.2 wt% of secondary γ-phase. In contrast to that, an increase of the 

thermally induced transition width and a decrease of the magnetocaloric effect, ΔTad of -2.5 K 

in 1.9 T and ΔsT of 9 Jkg-1K-1 in 2 T was observed for Ni-Mn-In-Fe with 11.5 wt% secondary γ-

phase. Under cyclic operation, also the influence of precipitates on the thermal hysteresis 

plays an essential role for the magnetocaloric effect. 

5.3.4. ″Ideal″ microstructure design 

Based on the results in Publications C, D and E an ″ideal″ microstructure for multicaloric 

cooling applications can be proposed. A schematic of the microstructure is illustrated in 

Figure 5.15. In order to achieve a high stress sensitivity, the Heusler phase should exhibit a 

strong <001> texture in loading direction. In addition, a grain diameter of about 40 µm in 

the Heusler phase is preferable to obtain improved mechanical stability in cyclic operation 

together with an excellent sensitivity to uniaxial stress and magnetic field, an instantaneous 

response in high magnetic-field-sweep rates, moderate thermal hysteresis and small transition 

widths. Grain boundaries in loading direction should be avoided as far as possible to prevent 

premature failure. Further resistance to structural and functional fatigue can be provided by 

coherent γ-precipitates at the grain boundaries. The precipitates should be exclusively present 

at grain boundaries. This way intergranular fracture can be avoided, while the thermally, 

stress- and magnetic-field-induced transition behavior and the corresponding caloric effects 

can be largely preserved. In case an enlarged thermal hysteresis is required, e.g. for utilization 

of the exploiting-hysteresis cycle a small amount of precipitates could be formed within the 
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grains. It should be emphasized that this type of microstructure is not only an excellent 

candidate for multicaloric cooling using uniaxial stress and magnetic fields but also for the 

corresponding single caloric applications.  

Figure 5.15: Schematic of ″ideal″ microstructure for multicaloric cooling applications using 

metamagnetic Ni-Mn-based Heusler compounds. CD corresponds to the compression 

direction. 
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6. Conclusions and outlook

In this work, single caloric and multicaloric effects of metamagnetic Ni-Mn-based Heusler 

compounds were investigated under magnetic fields and uniaxial stress. It was demonstrated 

that in vicinity of the martensitic transformation a combination of both external fields can 

significantly improve the caloric cooling performance. 

Based on DSC measurements in a purpose-built calorimeter, it was exemplarily shown for 

suction-cast Ni-Mn-In that the magnitude of the multicaloric effect upon simultaneous 

application of magnetic field and removal of uniaxial stress can largely outperform its single 

caloric counterparts. In a moderate magnetic field of 1 T combined with a compressive 

uniaxial stress of 40 MPa, a specific isothermal entropy change ΔsT of 15 Jkg-1K-1 and a ΔTad of 

-2 K was achieved. This corresponds to almost two times the elastocaloric effect and more

than a doubling of the magnetocaloric effect in similar external fields. Besides that, it was

shown that utilization of a secondary external field can enlarge the temperature window of

the caloric effect.

Hysteresis causing irreversibilities and energy losses during cyclic operation is considered as 

one of the major challenges in single caloric cooling [20]. In order to improve reversibility of 

caloric effects two approaches based on the combination of magnetic field and uniaxial stress 

were presented. On the one hand, the concept proposed by Liu et al. [21] to bypass the 

magnetic field hysteresis in Ni-Mn-In-Co via hydrostatic pressure was adapted to magnetic 

field and uniaxial stress. It was demonstrated that the magnetocaloric effect of suction-cast 

Ni-Mn-In in 1 T can be made fully reversible when an additional uniaxial stress of 125 MPa is 

applied. On the other hand, a novel multicaloric cooling cycle which improves reversibility by 

exploiting rather than avoiding hysteresis was introduced. In this so-called “exploiting-

hysteresis cycle” the multicaloric material is locked in the high-temperature, high-

magnetization austenite phase after application and removal of the magnetic field due to the 

accepted hysteresis. Subsequently, the back transformation to the original low-temperature, 

low-magnetization martensite is induced via uniaxial stress. By application of this concept, a 

reversible ΔTad of -4.1 K was estimated in a magnetic field of 1.9 T and a sequential uniaxial 

stress of 55 MPa for suction-cast Ni-Mn-In, which corresponds to an increase of the reversible 

effect by more than 200 % compared to its magnetocaloric counterpart. At the same time, the 

highest reversible magnetocaloric effect reported for Ni-Mn-based Heusler compounds in 

similar magnetic fields could be exceeded by almost 37 % [94]. A further advantage 

compared to magnetocaloric cooling is the decoupling of the magnetic field and heat transfer 

step which enables to decrease the volume of expensive permanent magnets, higher magnetic 
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fields, and magnetic-field-sweep rates. Moreover, it was demonstrated that the “exploiting-

hysteresis cycle” allows a drastic reduction of the critical uniaxial stresses in comparison with 

elastocaloric cooling which will enhance the materials’ lifetime under cyclic conditions.  

Materials utilized in multicaloric cooling applications under magnetic fields and uniaxial 

stress need to meet a complex requirement profile. Besides an excellent caloric response to 

both external fields, a tunable thermal hysteresis, a narrow transition width and a high 

structural and functional fatigue resistance are essential. It was demonstrated that in 

metamagnetic Ni-Mn-based Heusler compounds a tailored microstructure design is 

indispensable for simultaneous fulfillment of these prerequisites.   

By correlating temperature-dependent XRD, EBSD and compressive stress-strain 

measurements of arc-molten and suction-cast Ni-Mn-In, it was shown that a <001> texture in 

loading direction is highly preferable to achieve a high stress sensitivity of the martensitic 

transformation as well as a narrow stress-induced transition width. Accordingly, the critical 

uniaxial stress upon the stress-induced martensitic transformation can be reduced. 

Improvement of the stress sensitivity via <001> texture is not limited to Ni-Mn-In but holds 

also true for isostructural Ni-Mn-In-Co and Ni-Mn-Ga Heusler compounds [117,202].  

For Ni-Mn-In and Ni-Mn-In-Fe it was shown that an enhancement of the mechanical stability 

during static and cyclic compressive loading can be achieved by smaller grain diameters. At 

the same time, it was shown that grain boundaries in loading direction should be avoided to 

prevent premature failure. In the investigated grain diameter range of about 40 µm to 800 µm 

no influence on the martensitic transformation driven by temperature, uniaxial stress or 

magnetic field was found if moderate sweeping rates of the external fields are used. Via 

simultaneous ΔTad and strain measurements in different magnetic-field-sweep rates, an impact 

of the grain diameter on the reverse martensitic transformation kinetics was revealed. Thus, 

suction-cast Ni-Mn-In with an average grain diameter of ca. 40 µm exhibited an instantaneous 

response of the magnetic-field-induced reverse martensitic transformation up to 1850 Ts-1. In 

contrast to that, an apparent delay at the end of the reverse martensitic transformation was 

observed at magnetic-field-sweep rates larger than 865 Ts-1 in arc-molten Ni-Mn-In having an 

about one order of magnitude larger average grain diameter. Based on microscopic 

investigations, the kinetic effects in arc-molten Ni-Mn-In were attributed to its lower grain 

boundary density which hampers annihilation of retained martensite in the austenite matrix. 

Consequently, an increase of the critical magnetic finish field of the reverse martensitic 

transformation and an enlargement of the magnetic field hysteresis was found, which is of 
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relevance for the application of coarse-grained materials in the multicaloric “exploiting-

hysteresis cycle”. 

Based on Fe-doping of Ni-Mn-In, the influence of precipitates on the martensitic 

transformation induced by temperature, uniaxial stress and magnetic field was investigated. 

Upon exceeding a solubility limit of 4.5 at% Fe in the Heusler matrix formation of a coherent 

Fe-rich and In-depleted secondary γ-phase with a fcc A1 structure was observed. It was 

demonstrated that nearly exclusive presence of the paramagnetic γ-precipitates at grain 

boundaries can largely preserve the caloric response to uniaxial stress and magnetic field, 

transition width and thermal hysteresis of single-phase samples, while the fatigue resistance is 

drastically improved. Thus, the number of cycles during compressive superelastic loading up 

to 300 MPa could be increased by more than three orders of magnitude to 16000 cycles 

without degradation of the functional performance or mechanical integrity. In comparison 

with literature on Ni-Mn-based Heusler compounds, the cyclic stability could be increased by 

almost one order of magnitude while the elastocaloric effect (-4.5 K) during cycling could be 

maintained. In case a considerable volume fraction of γ-precipitates is also present within the 

grains, a similar fatigue resistance but a significant decrease of the respective caloric response 

to uniaxial stress and magnetic fields and an increase of the thermal hysteresis and transition 

width was found.  

Due to its promising property profile, Fe-doped Ni-Mn-In with precipitates solely at grain 

boundaries should be investigated with respect to its multicaloric performance upon 

simultaneous application of magnetic field and removal of uniaxial stress as well as in an 

“exploiting-hysteresis cycle”. From a fundamental and application point of view, studying the 

effect of precipitates on the magnetic-field-induced reverse martensitic transformation kinetics 

would be interesting. Besides that, the mechanical properties of the γ-precipitates could be 

characterized in more detail e.g. via nanoindentation. Introduction of precipitates solely at 

grain boundaries could be also applied to other metamagnetic Ni-Mn-based Heusler 

compounds. Especially Ni-Mn-In-Co would be an excellent candidate as it is supposed to 

exhibit even larger magnetocaloric and multicaloric effects in moderate external fields due to 

its higher sensitivity towards magnetic fields as compared to Ni-Mn-In.  

From the results in this work, an ″ideal″ microstructure for metamagnetic Ni-Mn-based 

Heusler compounds in multicaloric cooling applications using magnetic fields and uniaxial 

stress can be derived. This microstructure should exhibit a strong <001> texture of the 

Heusler matrix in loading direction, grain diameters of the Heusler matrix of about 40 µm, no 

grain boundaries in loading direction and coherent γ-precipitates which are exclusively 
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present at grain boundaries. Such a microstructure is not limited to multicaloric applications, 

but also attractive for its single caloric counterparts. Especially in elastocaloric cooling where 

structural and functional fatigue are even more pronounced due to the necessity of higher 

critical stresses, the proposed microstructure could provide a superior performance. 

In the future, the suggested microstructure needs to be synthesized. Even though Fe-doped 

Ni-Mn-In samples fabricated by suction casting come already close to the suggested 

microstructure, further optimization could be achieved e.g. by additive manufacturing which 

can provide a large variety as well as a precise adjustment of microstructures [219–221]. At 

the same time, additive manufacturing allows synthesis of the material in different heat 

exchanger geometries [71]. The latter plays a crucial role for the performance in single caloric 

and potential multicaloric cooling devices.  

In fact, implementation of the presented multicaloric cooling concepts such as the “exploiting-

hysteresis cycle” into a prototypical device is one of the major tasks for the future. Utilization 

and synchronization of magnetic field and uniaxial stress including the heat transfer via a 

fluid needs an advanced device design to achieve a large thermal span and cooling power. 

However, engineering of multicaloric cooling devices can largely benefit from the experience 

and recent progress in the development of magnetocaloric [8] and elastocaloric [59] 

prototypes.  
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ABSTRACT

The world’s growing hunger for artificial cold, on the one hand, and the ever more stringent climate targets, on the other, pose an enormous
challenge to mankind. Novel, efficient, and environmentally friendly refrigeration technologies based on solid-state refrigerants can offer a
way out of the problems arising from climate-damaging substances used in conventional vapor-compressors. Multicaloric materials stand
out because of their large temperature changes, which can be induced by the application of different external stimuli such as a magnetic, elec-
tric, or a mechanical field. Despite the high potential for applications and the interesting physics of this group of materials, few studies focus
on their investigation by direct methods. In this paper, we report on the advanced characterization of all relevant physical quantities that
determine the multicaloric effect of a Ni-Mn-In Heusler compound. We have used a purpose-designed calorimeter to determine the isother-
mal entropy and adiabatic temperature changes resulting from the combined action of magnetic field and uniaxial stress on this metamag-
netic shape-memory alloy. From these results, we can conclude that the multicaloric response of this alloy by appropriate changes of uniaxial
stress and magnetic field largely outperforms the caloric response of the alloy when subjected to only a single stimulus. We anticipate that
our findings can be applied to other multicaloric materials, thus inspiring the development of refrigeration devices based on the multicaloric
effect.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0020755

I. INTRODUCTION

Our society is facing an increasing demand for refrigeration,1

which goes hand in hand with a pronounced increase in the energy
needed for various cooling applications. Furthermore, conventional
refrigeration systems use fluids with a strong global warming poten-
tial2 (their effect per unit mass is about a thousand times larger than
carbon dioxide). It is therefore urgent to develop technologies that are
both energy efficient and respectful to the environment. Solid-state
cooling, based on the giant caloric effects exhibited by a variety of
materials undergoing ferroic phase transitions, are considered the best
alternatives to replace present refrigerators, which use harmful flu-
ids.3,4 For the last two decades, worldwide, intensive research has been
devoted to the study of magnetocaloric,5 electrocaloric,6 and

mechanocaloric (which includes elastocaloric and barocaloric) materi-
als,7–9 and very recently the study has been extended to multicaloric
materials, for which good prospects are envisaged.10–12

A broad variety of materials that exhibit large isothermal
entropy and adiabatic temperature changes, induced by the applica-
tion or removal of different fields (magnetic, electric, mechanical),
have been discovered.13–17 This includes recent reports on plastic
crystals,18,19 for which the pressure-induced entropy changes com-
pare to the values given by standard commercial fluid refrigerants
(although lower pressures are required for the latter). Elastocaloric
materials are known to exhibit the largest values for the adiabatic
temperature changes among all caloric materials, and very recently
reversible values larger than 30 K have been reported (at readily
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accessible stresses) for the elastocaloric effect of shape memory
alloys formed by all 3d elements.20

In spite of the significance of such achievements, there are a series
of bottlenecks, mostly related to the first-order character of the phase
transitions that are at the origin of the giant caloric effects. On the one
hand, the fields required to achieve giant values are in general still too
large, and on the other hand, the hysteresis associated with the phase
transitions reduces the caloric efficiency and compromises the revers-
ibility of the caloric effect. It has been proposed that the combination
of more than one external field may help in overcoming some of the
mentioned limitations.10,11,21

Materials with significant coupling between degrees of freedom
have a cross-response to different external stimuli. In those materials,
entropy and temperature changes can be driven by either a single stim-
ulus (single caloric effect) or by multiple stimuli (multicaloric effect),
which can be applied/removed either simultaneously or sequen-
tially.11,22 The study of multicaloric effects and materials is a quite
novel research field, but very interesting results have already been
achieved.23–25 It has been shown that a suitable combination of mag-
netic field and hydrostatic pressure enables a drastic reduction of the
magnetic-field-effective hysteresis in materials with magnetostructural
transformations.10,26,27 In a recent work, we undertook a different
strategy to show that in a metamagnetic Ni-Mn-In shape-memory
alloy the combination of uniaxial stress and magnetic field enables the
design of a multicaloric cycle, which takes advantage of the thermal
hysteresis associated with the martensitic transition (termed the
“hysteresis positive” approach).12 However, the study of multicaloric
effects is still challenging. Although the thermodynamic framework is
well established,22 experimental studies are very scarce,21,25,26 mostly
because the obtainment of the physical quantities describing these
multicaloric effects typically requires the use of non-commercial
advanced characterization systems.28

In this work, we have used a purpose-built calorimeter that works
under the application of uniaxial stress and magnetic field to study the
multicaloric response in terms of isothermal entropy and adiabatic
temperature changes of a prototypical metamagnetic shape memory
alloy subjected to the combined application of magnetic field and uni-
axial stress. We have selected a Ni-Mn-In alloy with a martensitic tran-
sition temperature close to the austenitic Curie temperature. The
proximity between martensitic and magnetic transitions results in a
pronounced coupling between magnetism and structure so that the
application of magnetic field has a strong influence on the martensitic
transition. Our results evidence the advantages of the multicaloric
effect in comparison with the single caloric (magnetocaloric and elas-
tocaloric) ones.

II. RESULTS

Thermomagnetization curves were recorded as a function of tem-
perature for selected values of magnetic field (H). Our results [Fig.
1(a)] conform to the reported behavior for metamagnetic Ni-Mn-In
Heusler alloys.29,30 On cooling, magnetization increases due to the
onset of the ferromagnetic order in the austenite (Tc � 303K), and
upon further cooling, magnetization sharply decreases at the martens-
itic transition, as a consequence of the short range antiferromagnetic
correlations in the martensitic phase of Ni-Mn-In alloys.31

Calorimetric measurements were conducted at 0.6 and 1Kmin�1

for heating and cooling runs, respectively, for selected values of applied

(constant) magnetic field in the range 0–6 T, and applied (constant)
uniaxial load in the range 0–1 kN. Changes in the cross-section of the
specimen are expected to be negligibly small, and stresses (r) corre-
spond to the ratio between applied load and the unstressed specimen’s
cross-section measured at room temperature. Examples of the mea-
sured calorimetric curves are shown in Fig. 1(b) for 0 and 4 T mag-
netic field, and 0 and 50 MPa uniaxial stress. On cooling, the
exothermal peak corresponds to the forward martensitic transition,
while the endothermal peak on heating corresponds to the reverse
martensitic transition.

From the measurement of the specimen’s length lðT; r;HÞ,
we have computed the temperature dependence of the strain e, as

e¼ 100 � lðT;H;rÞ�l0
l0

where l0 is the measured length of the sample in

the absence of stress and of magnetic field at a temperature Tref¼ 291K.
Examples for heating runs are shown in Figs. 1(c) and 1(d) for selected
values of magnetic field and uniaxial stress. The transition strain
increases with increasing uniaxial stress, as a result of the increase in the
percentage of favorably oriented martensitic variants.32 It is worth notic-
ing the good correlation for the transition region from the two sets of
measurements, which indicates that both latent heat release (absorption)
and strain are proportional to the transformed fraction.

From both calorimetric and strain data, it is apparent that the
application of a magnetic field shifts the martensitic transition to lower
temperatures while uniaxial stress shifts the transition to higher tem-
peratures. By identifying the transition temperature from the peak
position of the calorimetric curves on heating and cooling, it is possible
to determine the phase diagram in the H � r coordinate space, which
is shown in Fig. 2(a). The red plane corresponds to the reverse mar-
tensitic transition, which occurs either by increasing temperature,
increasing magnetic field, or decreasing stress (as indicated by arrows
in the figure). Well above that plane, the sample is in austenite.33 The
blue plane corresponds to the forward martensitic transition induced
either by decreasing temperature, decreasing magnetic field, or
increasing stress (as indicated by arrows in the figure). Well below that
plane, the sample is in martensite.33 The region in between the two
planes accounts for the hysteresis where the state of the sample is his-
tory dependent. The projections on the T-H and T-r planes are shown
in Figs. 2(b) and 2(c), respectively. For all values of applied stress, both
the forward and reverse martensitic transition temperatures linearly
decrease with increasing field and with a slope in the absence of
applied stress that compares well with typical data for this kind of
alloys.30 Also, for all values of applied magnetic field, transition tem-
peratures linearly increase with increasing stress. In this case, the slope
of the transition lines in the absence of magnetic field is lower but
comparable to the values reported for similar alloys.32 The slope of
these transition lines has been found to depend on the application of
the secondary field, as illustrated in the inset of Fig. 2(b), which shows
a decrease in jdT=dl0Hj with increasing stress, and in the inset of
Fig. 2(c), which shows an increase in dT=dr with increasing magnetic
field. There are very few studies on the caloric response of materials
subjected to more than one external stimulus, and most of them refer
to the combined effect of hydrostatic pressure and magnetic
field.25,26,34 The effect of uniaxial stress and magnetic field was studied
for the metamagnetic transition in Fe-Rh.27 For that compound, it was
found that the application of a secondary field does not affect the
values for jdT=dl0Hj and dT=dr.
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III. DATA ANALYSIS AND DISCUSSION
A. Transition entropy change and entropy curves

The complexity of the experimental setup allowing the applica-
tion of uniaxial load makes our calorimeter less accurate than a con-
ventional DSC. As a result, calorimetric signals are affected by a
poorer baseline, particularly on cooling runs and at high magnetic
fields. For this reason, we will restrict the following analysis to the
heating protocol and magnetic fields up to 4 T.

The transition entropy change (DSt) can be computed by
suitable integration of the baseline corrected calorimetric curves
[Figs. 3(a)–3(e)] as

DStðr;HÞ ¼
ðT2

T1

1
T
dQðT;r;HÞ

dT
dT; (1)

where dQðT;r;HÞ
dT ¼ _QðT;r;HÞ

_T
, with _QðT; r;HÞ being the heat flux mea-

sured while scanning temperature at constant stress and magnetic
field, and _T is the heating rate. T1 and T2 are, respectively, freely cho-
sen temperatures below and above the phase transition region.

For the range of applied stresses, we have not found any systematic
dependence of DSt with applied stress, but conversely DSt decreases
with increasing magnetic field, as illustrated in Fig. 3(f), which shows
DSt as a function of magnetic field. For each applied field, DSt values
obtained for different applied stresses are within the experimental error
(indicated by the error bars). The observed decrease in DSt with
increasing magnetic field is a consequence of the increase in the mag-
netic contribution to the total entropy, which opposes the phonon con-
tribution being larger (in absolute value) than its magnetic counterpart,
and to a good approximation, magnetic field independent.35,36

The entropy curves (SðT;r;HÞ) referenced to a value at a specific
temperature T0 (chosen below the phase transition region) can be
computed17 by combining calorimetric curves (recorded at selected
values of stress and magnetic field) with specific heat (C) data. In these
computations, it is common to take C to be independent of magnetic
field and stress. While the stress independence of C is still a good
approximation in our case, the proximity of the martensitic transition
to the austenitic Curie temperature in our sample makes C dependent
on the applied magnetic field. For this reason, we have measured the
temperature dependence of C at selected magnetic fields. Results for
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FIG. 1. (a) Thermomagnetization curves at selected values of applied magnetic field in the absence of applied stress. (b) Calorimetric signal as a function of temperature for
applied stresses of 0 and 50 MPa, and applied magnetic fields of 0 and 4 T. The color code is indicated in the figure. Upper panel corresponds to heating runs and lower panel
corresponds to cooling runs. Vertical blue lines indicate the position of the calorimetric peak. Panels (c) and (d) show the temperature dependence of strain in the absence of
magnetic field (c) and under 1 T applied magnetic field (d), for applied uniaxial stresses of 0, 10, 20, 30, 40, and 50 MPa.
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the sample under study (Ni50Mn35.5In14.5) are shown in Fig. 4(a),
which have been measured using a bespoke universal calorimeter that
operates up to a temperature of 310K and under an external magnetic
field.38 From the figure, three different regions with distinct behavior
for C vs T are clearly identified. At low temperatures (below the mar-
tensitic transition), there is no dependence of the specific heat of the
martensite (CM) with the magnetic field, and a linear temperature
dependence can be assumed [black line in the inset of Fig. 4(a)].
Within the transition region (around room temperature), the latent
heat of the phase transition results in an apparent peak in the specific
heat. This peak shifts to lower temperature under a 2 T magnetic field,
which is in good agreement with the shift observed in DSC data
(shown in Fig. 3). Above the martensitic transition, a small peak (cen-
tered at 303K) associated with the Curie point of the austenite is
clearly visible for the 0 T curve. This peak is smoothed when a 2 T
magnetic field is applied. Because our bespoke calorimeter is limited at

high temperatures, it is not possible to accurately determine the spe-
cific heat in the austenitic phase (CA). For this reason, we have used a
second (commercial) calorimeter (PPMS from Quantum Design) to
measure C over a broader range of temperatures and magnetic fields.
In order to separate the contributions from the latent heat and the
Curie point we have used a second sample (Ni50Mn34In16) for which
the martensitic transition takes place at a temperature (180K) well
below its Curie point. It is not expected that small differences in com-
position may affect the value of CA in the paramagnetic austenitic
phase. Results from these measurements are summarized in Fig. 4(b).
As shown in the inset of Fig. 4(b), above the Curie temperature, CA is
almost independent of temperature, but it shows a small dependence
in magnetic field.

Using data for CM and CA, and the base-line corrected calorimet-
ric curves (Fig. 3), we have computed the entropy curves SðT;r;HÞ as
follows:
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SðT;r;HÞ ¼

ðT
T0

CMðT; r;HÞ
T

dT; T � T1

SðT1; r;HÞ þ
ðT
T1

1
T

CðT; r;HÞ þ dQðT; r;HÞ
dT

� �
dT; T1 < T � T2

SðT2; r;HÞ þ
ðT
T2

CAðT; r;HÞ
T

dT; T2 < T

;

8>>>>>>>><
>>>>>>>>:

(2)
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where C ¼ xCM þ ð1� xÞCA, with x the fraction of the sample that
has transformed to martensite. Results for selected values of magnetic
field and uniaxial stress are shown in Figs. 5(a)–5(c) and 6(a)–6(c).

All SðT; r;HÞ values are referenced to the entropy at T0¼ 256K,
in the absence of stress and magnetic field. For each specific value of
magnetic field, the entropy curves shift toward higher temperatures
with increasing stress, and they join in the high-temperature region
where entropy values coincide, thereby indicating a stress-
independent entropy in the austenite [Figs. 5(a)–5(c)]. On the other
hand, for any fixed value of applied stress, the entropy curves shift to
lower temperatures with increasing magnetic field, and they exhibit a
crossover: in the austenitic phase, the entropy decreases with increas-
ing magnetic field [Figs. 6(a)–6(c)]. Such a decrease reflects the
decrease in DSt [see Fig. 3(f)] and, as previously mentioned, is a conse-
quence of the increase in the magnetic contribution with increasing
magnetic field.

B. Elastocaloric and magnetocaloric effects:
Isothermal entropy and adiabatic temperature
changes

We have computed the isothermal entropy changes (DS) and adi-
abatic temperature changes (DT) corresponding to the elastocaloric

and magnetocaloric effects in Ni50Mn35.5In14.5. Because we have used
calorimetric curves for heating runs, the studied caloric effects corre-
spond to the transition from martensite to austenite. It is to be noted
that the application of magnetic field stabilizes austenite, whereas the
application of uniaxial stress stabilizes martensite. Furthermore, due to
the hysteresis of the transition, the application of both a magnetic field
and mechanical stress will take the sample through a minor loop
within the two-phase coexistence region (for which no experimental
data are available). For these reasons, the analysis of single caloric and
multicaloric effects will be restricted to values obtained from the appli-
cation of the magnetic field and the removal of stress [they correspond
to trajectories from below to above the red plane in Fig. 2(a)].

From SðT;r;HÞ, the isothermal entropy change (DS) associated
with a given caloric effect arising from the application of a magnetic
fieldH, and the stress removal from a value r is obtained as

DSðT;r! 0; 0! HÞ ¼ SðT; 0;HÞ � SðT;r; 0Þ: (3)

The adiabatic temperature change (DT) is computed from the
TðS;r;HÞ (obtained by inversion of the corresponding entropy
curves) as

DTðS;r! 0; 0! HÞ ¼ TðS; 0;HÞ � TðS;r; 0Þ: (4)
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The previous expression provides DT as a function of entropy, but it is
customary to plot adiabatic temperature changes as a function of tem-
perature. Such a temperature dependence is easily obtained by plotting
each DT data at the temperature given by the SðT; r;HÞ curve, i.e.,
the temperature prior to the application (removal) of magnetic field
(stress).

Results for DSðT;r! 0;HÞ, DTðT;r! 0;HÞ;
DSðT; r; 0! HÞ, and DTðT;r; 0! HÞ are shown as a function of
temperature in Figs. 5(d)–5(f), 5(g)–5(i), 6(d)–6(f), and 6(g)–6(i),
respectively. For the elastocaloric effect (in the absence of magnetic
field), the shift of the transition is very small at low stresses, and the
observed small fluctuations of DS and DT curves around zero cannot
be considered physically meaningful within experimental errors. The
elastocaloric effect has been found to be conventional while a crossover
from inverse to conventional is observed for the magnetocaloric effect.
The inverse magnetocaloric effect at lower temperatures arises from
the martensitic transition while the conventional magnetocaloric effect
at higher temperatures is associated with changes in the ferromagnetic
order in the vicinity of the Curie point of the austenite. In all cases, an
increase in the magnitude of the external stimulus (magnetic field for
the magnetocaloric effect and stress for the elastocaloric effect)
enlarges the temperature window of the corresponding caloric effect.

Figure 7 shows the extreme values for the isothermal entropy
change (DSmax) and for the adiabatic temperature change (DTmax) as a
function of magnetic field (at constant applied stress) for the magneto-
caloric effect [Fig. 7(a)] and as a function of released stress (at constant
applied magnetic field) for the elastocaloric effect [Fig. 7(b)]. For any
applied load, the magnetocaloric DSmax and jDTmaxj increase for
higher fields. The increase in jDTmaxj is found to be linear but DSmax

values show a tendency to saturate at high fields. The fact that DSmax

values are lower than the transition entropy change [DStðHÞ, Fig. 3(f)]
indicates that for the studied range of magnetic fields the sample does
not completely transform. For the elastocaloric effect, DSmax and
jDTmaxj values are more scattered but both quantities increase with
increasing jrj. Again, DSmax values are lower than DSt , showing that
larger stresses are required to fully transform the sample. In relation to
the effect of a secondary field, no systematic dependence for the mag-
netocaloric DSmax and jDTmaxj with stress has been found within the
range of studied stresses. In spite of the scatter of the data, elastocaloric
DSmax and jDTmaxj increase for higher applied magnetic fields.
Although this result seems to be in contrast with the decrease of the
transition entropy change (DSt) with increasing magnetic field, we
must take into account that magnetic field shifts the martensitic transi-
tion to lower temperatures. Therefore, under an applied magnetic field,
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the fraction of the sample in the martensitic state is larger than in the
absence of the field (for given values of temperature and applied
stress). Hence, when the stress is released, the larger transformed frac-
tion gives rise to a larger elastocaloric DSmax .

While our method based on DSC under external fields provides
reliably accurate data for the entropy and temperature changes for
caloric effects arising from first-order phase transitions, it is less suited
to study caloric effects around continuous phase transitions. For that
reason, although our data correctly captures the crossover of the mag-
netocaloric effect from inverse to conventional, actual data for DS and
DT associated with the conventional magnetocaloric effect around Tc
might be inaccurate. With the aim of corroborating the crossover
from the inverse to the conventional magnetocaloric effect, and to con-
firm the temperature region where the inverse magnetocaloric effect
takes place, we have performed direct measurements of the adiabatic
temperature change resulting from the application of a 1.64 T mag-
netic field in the absence of stress and for an applied (constant) uniax-
ial stress of 40 MPa. Results are shown in the supplementary material
(Fig. S1) in comparison with data derived from our entropy curves
(which will be described later in this paper). The comparison between
direct and indirect data provides indeed a confirmation of the temper-
ature region where the inverse magnetocaloric effect occurs (including
the crossover temperature from inverse to conventional magneto-
caloric effect) and also of the shift in the magnetocaloric effect with
applied uniaxial stress.

C. Entropy surfaces

Experimental entropy curves [Figs. 5(a)–5(c) and 6(a)–6(c)] are
only known for given values of magnetic field and stress. In order to
obtain the multicaloric effect over the entire (T, r, H) thermodynamic
phase space, it is necessary to fit a numerical function SðT;r;H) to
the experimental data.

We have used the following function to fit the entropy curves:

SðT; r;HÞ � SðT0Þ ¼
ðT
T0

CðT;r;HÞ
T

dT þ DStðr;HÞXðT;r;HÞ

(5)

with T0¼ 256K.
The fitting function XðT;r;HÞ is taken as

XðT;r;HÞ ¼ 1� 1
eBðT�Tt Þ þ 1

; (6)

where B and Tt are free parameters of the fit that depend on H and r,
and the best fit to experimental data is found for

BðH;rÞ ¼ 0:74ð2Þ � 0:032ð18ÞH þ 0:0019ð17Þr
�0:004ð4ÞH2 � 2� 10�5ð4Þr2 � 0:2� 10�4ð4ÞHr

and
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TtðH; rÞ ¼ 299:1ð2Þ � 1:14ð14ÞH þ 0:016ð15Þr
�0:15ð3ÞH2 þ 4� 10�4ð3Þr2 þ 0:008ð3ÞHr:

Figure 8 illustrates the agreement between the fitted (dashed
lines) and experimental data (solid lines) for selected values of stress
and magnetic field.

From the fitted entropy curves SðT; r;HÞ, the elastocaloric effect
(under an applied magnetic field), DSðT;r! 0;HÞ, the magneto-
caloric effect (under applied uniaxial stress) DSðT; r; 0! HÞ, and
multicaloric effects DSðT; r! 0; 0! HÞ are computed, respectively,
as

DSðT;r! 0;HÞ ¼ SðT; 0;HÞ � SðT;r;HÞ; (7)

DSðT;r; 0! HÞ ¼ SðT; r;HÞ � SðT;r; 0Þ; (8)

DSðT; r! 0; 0! HÞ ¼ SðT; 0;HÞ � SðT; r; 0Þ; (9)

where the above expressions have to be computed numerically.
Isothermal entropy surfaces are plotted as a function of stress

and magnetic field at selected values of temperature in Figs. 9(a)–9(d).
For temperatures at the onset of the reverse martensitic transition,
SðT; r;HÞ increases with increasing magnetic field, and there is also a
tiny increase with decreasing stress. For temperatures within the tran-
sition region, the SðT; r;HÞ increase with decreasing stress is more
pronounced. On the other hand, SðT;r;HÞ increases with increasing
magnetic field up to a maximum and decreases for larger fields. The
value of the magnetic field where this maximum occurs is temperature

dependent. At temperatures above the reverse martensitic transition,
the entropy decreases with increasing magnetic field, in accordance
with the ferromagnetic nature of the austenitic phase, while no signifi-
cant stress dependence is observed. Figures 9(e) and 9(f) show isofield
and isostress entropy surfaces plotted as a function of stress and tem-
perature [Fig. 9(e)], and as a function of magnetic field and tempera-
ture [Fig. 9(f)]. It is worthwhile to remember that due to the hysteresis
of the transition, these surfaces are only representative for increasing
field and decreasing stress (as indicated by arrows in the axis of the fig-
ures). The crossover behavior for the magnetocaloric effect is evident
within all the range of temperatures and stresses under study [Fig.
9(e)]. Furthermore, the marked decrease in entropy as magnetic field
increases together with the weak dependence in stress is also apparent
from Fig. 9(f).

From our fitted SðT;r;HÞ function, it is possible to separately
compute single caloric and multicaloric effects. Single caloric effects
while a constant secondary field is applied are shown in Figs. 10 and
11 as color contour plot maps for the elastocaloric effect (under an
applied H) (Fig. 10) and for the magnetocaloric effect (under an
applied r) (Fig. 11). The corresponding three-dimensional plots are
shown in Figs. S2 and S3 of the supplementary material. Overall, there
is good agreement between the isothermal entropy and adiabatic tem-
perature changes obtained from the fitted SðT; r;HÞ functions with
the corresponding data computed from the raw entropy curves
(Figs. 5 and 6). Such an agreement confirms the robustness of our
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fitting procedure and provides confidence in the multicaloric data that
will be later derived from the fitted SðT; r;HÞ functions.

With regard to the elastocaloric effect (Fig. 10), the application
of a magnetic field enlarges the temperature window where the
giant elastocaloric effect occurs and shifts this window to lower
temperatures. Furthermore, the application of a magnetic field
enchances the elastocaloric effect: the elastocaloric DS and DT
obtained under an applied magnetic field are larger than those in
the absence of field. In particular, a stress removal from 40 MPa to
zero, under a magnetic field of 4 T renders DS¼ 10.4 J kg�1 K�1

and DT ¼ –1.9 K, while in the absence of magnetic field
DS¼ 8.7 J kg�1 K�1 and DT ¼ –1.0 K.

In relation to the magnetocaloric effect (Fig. 11), the influence of
uniaxial stress is very weak (due to the low range of applied stresses).
There is a slight shift of the region where the giant (inverse) magneto-
caloric effect occurs toward higher temperatures under an applied uni-
axial stress. Furthermore, the overall magnetocaloric effect slightly
shifts to higher magnetic fields when stress is applied. For instance, if
we focus on the contour plot corresponding to DS � 19 J kg�1 K�1,
we observe that a magnetic field of 2.7 T is needed in the stress free
case [Fig. 11(a)], while a magnetic field of 3.3 T is necessary to achieve
this value when a 40 MPa stress is applied [Fig. 11(b)]. This shift
toward higher magnetic field values is due to the fact that uniaxial
stress stabilizes the martensitic phase. The maximum magnetic-field-
induced entropy change is DS¼ 23.1 kg�1 K�1, corresponding to a
magnetic field of 4 T and the absence of applied stress.

D. Multicaloric effects: Isothermal entropy
and adiabatic temperature changes

The multicaloric effect refers to the isothermal entropy and adia-
batic temperature changes when two (or more) external fields are
modified. Because both quantities are state functions, no distinction is
made as to whether they are applied (or removed) simultaneously or
sequentially.11 The multicaloric response of our system when both
uniaxial stress and magnetic field are varied can be computed from the
isothermal entropy surfaces in the H and r parameter space for
selected values of temperature [Figs. 9(a)–9(d)]. The multicaloric iso-
thermal entropy change for an arbitrary change in H and r is simply
obtained by subtracting the value at the origin SðT;r ¼ 40 MPa ; 0Þ
from the actual value on the surface SðT; r;HÞ. The multicaloric adia-
batic temperature change can be computed in a similar way from the
inverted entropy functions TðS;r;HÞ. Results for the multicaloric DS
and DT are shown in Figs. 12 and 13 as color contour maps. They
show a clear improvement in the caloric response of the studied alloy
as a result of the combined effect of the two external stimuli. On the
one hand, the maximum values achieved for the multicaloric entropy
change (DS ¼ 25.2 J kg�1K�1 at T¼ 296K and DS ¼ 24.9 J kg�1 K�1

at T¼ 297K) clearly exceed the values for single magnetocaloric and
elastocaloric effects. Furthermore, such maximum values can be
obtained within a certain range of stress and magnetic field. In particu-
lar, at 297K [Fig. 12(d)] entropy values equal or larger than 24 J
kg�1K�1 are obtained for the combination of H and r ranging
in a window limited by the following values: l0H (0 ! 4T),
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r (40 MPa! 20 MPa), and l0H (0! 3.1 T), r (40 MPa! 0). On
the other hand, it is possible to achieve large entropy changes at rela-
tively low values of the applied external field. For instance, if we focus
on a magnetic field of 1 T (which is readily accessible by permanent
magnets), it is found that the entropy values corresponding to the sin-
gle caloric effect are in the range 4–6 J kg�1 K�1 [see Fig. 7(a)].
However, these values can be doubled by combining the application of
1 T with the removal of a 40 MPa stress, as shown in Figs. 12(d),
12(e), and 12(f) where DS values are 10.5 J kg�1K�1 (at T¼ 297K),
13.9 J kg�1K�1 (at T¼ 298K), and 15.1 J kg�1K�1 (at T¼ 299K).
Similar trends are also observed for the multicaloric adiabatic tempera-
ture changes when compared to single caloric effects. The maximum
multicaloric DT ¼ �5.9K obtained at T¼ 298K [Fig. 13(e)] is larger
than any single caloric value [see Fig.7(a)]. Furthermore, at low mag-
netic fields, the values obtained by applying a 1 T field and removing a
stress of 40 MPa (DT ¼ –2K) double the magnetocaloric values
obtained for 1 T (DT¼ �1K).

It is to be noted that in general the multicaloric response of a
given thermodynamic system DSðT; 0! r; 0! HÞ is not given by
the sum of single caloric effects DSðT; 0! r; 0Þ and
DSðT; 0; 0! HÞ, because there is also a contribution from a cross-
coupling term,11,22 which accounts for the cross-response of the mate-
rial to the application of non-conjugated fields. In our case, there is no
contribution from such a coupling term because we are computing the
multicaloric effect arising from the removal of one field (stress) and
application of another field (magnetic field). In that case, DSðT;r! 0;
0! HÞ can be obtained by the addition of DSðT; 0; 0! HÞ and
DSðT;r! 0; 0; Þ.

The reproducibility under field cycling is a relevant feature for a
potential application of a given caloric (multicaloric) effect for refriger-
ation. A thorough analysis of the reproducibility of the multicaloric
effect in our Ni-Mn-In alloy has not been possible due to the poor
quality of the thermograms recorded on cooling. However, the deter-
mined hysteresis in temperature, stress, and magnetic field of the mar-
tensitic transition together with the stress, and magnetic-field
dependences of the transition temperatures enable us to make some
estimates on the reproducibility of the caloric effects. By considering a
thermal hysteresis of � 12K, and taking representative values [see
Figs. 2(b) and 2(c)] for the typical shift of the transition with field and
stress of dT=dl0H � �2KT�1 and dT=dr � 0.08KMPa�1, it is
expected that the magnetocaloric effect is reproducible for fields larger
than 6 T, while the elastocaloric effect is expected to be reproducible
for stresses larger than 150MPa. However, the effective hysteresis in
the given external field can be drastically reduced by application of a
secondary field.10,11 While magnetic fields in the order of � 6 T are
unfeasible for practical applications, the application of stress can
enhance the reproducibility of the magnetocaloric effect. In our case, if
we consider a magnetic field of 1 T, the magnetocaloric effect is
expected to be reproducible under the following sequence (which is
schematized in the supplementary material, Fig. S4): (i) application of
1 T (in the absence of stress), which induces (partially) the transforma-
tion from martensite to austenite, (ii) application of � 125 MPa, (iii)
removal of magnetic field (keeping the stress constant), which induces
the transformation from austenite to martensite, and (iv) removal of
the stress. Hence, it is seen that the additional application of a moder-
ate stress (r � 100 MPa) turns Ni-Mn-In into a suitable material for
refrigeration devices using permanent magnets.

IV. CONCLUSION

We have used a unique calorimeter working under magnetic field
and uniaxial load to study the multicaloric response of Ni-Mn-In, a
prototype metamagnetic shape-memory alloy. A numerical treatment
of our calorimetric data has enabled us to obtain the entropy of the
alloy over the whole temperature, magnetic-field, and uniaxial-stress
phase-space. Based on this, we could compute single caloric (elasto-
caloric and magnetocaloric) and multicaloric effects for arbitrary com-
binations of magnetic field and stress. Our results show that the
multicaloric response of Ni-Mn-In exceeds that of single caloric
effects. In particular, a suitable combination of magnetic field and
stress gives rise to isothermal entropy and adiabatic temperature
changes larger than those achievable when only a single external stim-
ulus is applied. Furthermore, the combination of two external stimuli
enlarges the temperature window where the alloy exhibits a giant
caloric response, which is also accompanied by an enhancement in the
reversibility of the caloric response when the external stimuli are cycli-
cally changed.

The advantages of the multicaloric effect in relation to single
caloric effects found here may lead to clear improvements in the use of
multicaloric materials for cooling applications in refrigeration devices
designed to work at low values of the external fields. For instance, the
combination of a magnetic field of 1 T, with a uniaxial stress of 40
MPa, yields an isothermal entropy change of 15 J kg�1K�1, which is
more than double the maximum value achievable for the pure magne-
tocaloric effect.

It is expected that many of the trends found here for a metamag-
netic shape-memory alloy may also be valid for other multiferroic
materials with strong coupling between different degrees of freedom.
Present results should inspire the development of refrigeration devices,
which take advantage of the multicaloric response of multiferroic
materials.

V. EXPERIMENTAL SECTION

A sample with nominal composition Ni50Mn35.5In14.5 was pre-
pared by arc melting. The ingot was turned upside down and remelted
several times to ensure chemical homogeneity. The button was further
treated using the suction-casting option of the arc melter. The speci-
men was subsequently annealed at 900 �C for 24 h, followed by water
quenching. From the heat-treated rod, a block with dimensions 2 � 2
� 4.9mm3 was cut and polished. A smaller piece was cut for thermo-
magnetization measurements, which were carried out using a vibrating
sample magnetometer.

Differential scanning calorimetry measurements were conducted
by means of a bespoke differential scanning calorimeter, which enables
simultaneous measurements of the length of the specimen. The system
operates under magnetic fields up to 6 T, and uniaxial loads up to 1.2
kN. The calorimeter has a 15-mm diameter and 45-mm-long copper
block with Peltier modules on the top and bottom surfaces that are dif-
ferentially connected. The sample is placed on a high strength alumin-
ium disk on top of the upper surface of the top Peltier element, while a
dummy sample is placed on the surface of the second Peltier element.
The temperature of the calorimeter is controlled by means of a cryo-
fluid that circulates through an aluminium container that surrounds
the calorimeter. The ensemble of the calorimeter and the aluminium
container is inserted into the bore of a cryogenic free magnet. Uniaxial
load is applied to the sample through a high-strength aluminium rod
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whose upper end is in mechanical contact with a free mobile platform,
and the lower end pushes a polyether ether ketone (PEEK) disk placed
on top of the upper surface of the sample. Length changes are mea-
sured by means of a linear variable differential transformer (LVDT)
sensor in contact with the free mobile platform that measures its rela-
tive positon. The load is applied by placing pre-weighted lead ingots
on top of the mobile platform. Full details and a scheme of this device
can be found in.37

Specific heat was measured for temperatures up to 310K using a
bespoke experimental system38 for fields up to 2 T, and for tempera-
tures up to 380K and fields up to 4 T, using a commecial PPMS
(Quantum Design) calorimeter. Temperature changes resulting from
the application and removal of magnetic fields under applied uniaxial
compressive load were measured by means of a purpose-built experi-
mental system. The specimen temperature was measured by a fine
gauge K thermocouple (0.075mm diameter) in contact with the sur-
face of the sample. The magnetic field and uniaxial load ranges
are 0–2 T and 0–1 kN, respectively. The setup is described in detail in
Ref. 27.

SUPPLEMENTARY MATERIAL

See the supplementary material for a comparison between direct
and indirect magnetocaloric adiabatic temperature changes. It also
shows three-dimensional plots for the isothermal entropy and adia-
batic temperature changes for elastocaloric effects under magnetic field
and magnetocaloric effects under uniaxial stress. It finally provides a
scheme for a reversible multicaloric cycle.
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I. MAGNETOCALORIC TEMPERATURE CHANGES.
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FIG. S1. Magnetocaloric adiabatic temperature changes resulting from the application of a

1.64 T magnetic field in the absence of applied stress (red symbols and line), and under an

applied uniaxial stress of 40 MPa (blue symbols and line). Symbols correspond to directly

measured values and lines, to values derived form entropy curves.

Direct measurements of the adiabatic temperature change have been made using an exper-

imental system1 which enables simultaneous application of uniaxial load and magnetic field,

while the sample temperature is measured by a fine gauge K thermocouple (75µm diameter)

in thermal contact with the surface of the sample. Results for a magnetic field ot 1.64 T in

the absence of stress and for an applied stress (constant) of 40 MPa are shown in Figure S1

as solid symbols, and they are compared to data derived from entropy curves (lines). Direct

∆T data confirm the cross-over form the inverse to the conventinal magnetocaloric effects.

The temperature region where the inverse magnetocaloric effect derived from entropy curves

takes place perfectly matches the region determined from direct measurements. For the in-

verse magnetocaloric effect, the differences between measured and computed ∆T values (∼

0.7 K) are mostly due to the lack of absolute adiabaticity of the thermometric system, and

are in the order of those expected for that particular device2. In contrast, larger differences

are found for the conventional magnetocaloric effect. In that case, the discrepancy between

measured and computed data must be ascribed to the fact that quasi-direct methods provide

reliable ∆T values around a first-order phase transition, however, ∆T data at temperatures

beyond the phase transtion can be affected by a considerable error.
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II. SINGLE CALORIC ENTROPY AND TEMPERATURE CHANGES.

FIG. S2. Elastocaloric effect. (a) and (b) Isothermal entropy changes, and (c) and (d) adiabatic

temperature changes. Left panels (a) and (c) correspond to the absence of magnetic field, and

right panels (b) and (d), under an applied (constant) magnetic field of 4 T. Data corresponds to

the removal of a uniaxial stress from an initial value of 40 MPa to an arbitrary value σ, as

indicated by the arrows in the stress axis.

3



FIG. S3. Magnetocaloric effect. (a) and (b) Isothermal entropy changes, and (c) and (d)

adiabatic temperature changes. Left panels (a) and (c) correspond to the absence of uniaxial

stress, and right panels (b) and (d), under an applied uniaxial stress of 40 MPa. Data

corresponds to the application of a magnetic field from zero to an arbitrary value µ0H, as

indicated by the arrows in the field axis.
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III. REVERSIBLE MULTICALORIC CYCLE

T
ra

n
s
fo

rm
e
d

fr
ac

ti
o

n

0      μ0H σ = 0MPa

Temperature

T
ra

n
s
fo

rm
e
d

fr
ac

ti
o

n

0      125MPa μ0H = ctant

Temperature

T
ra

n
s
fo

rm
e
d

fr
ac

ti
o

n

μ0H      0 σ = ctant

Temperature

125MPa 0 μ0H = 0

1 2

3

Temperature

4T
ra

n
s
fo

rm
e
d

fr
ac

ti
o

n
ΔS > 0
ΔT < 0

ΔS < 0
ΔT > 0

FIG. S4. Sketch of a multicaloric reversible cycle showing the fraction of austenite as a function

of temperature, for selected values of magnetic field and uniaxial stress. Panel 1: Application of

magnetic field in the absence of stress. Panel 2: Application of stress under an applied (constant)

magnetic field. Panel 3: Removal of magnetic field under an applied (constant) stress. Panel 4:

Removal of stress in the absence of magnetic field.

Figure S4 sketches a multicaloric reversible cycle under the combined action of magnetic

field and uniaxial stress (for the sake of simplicity we do not consider partial hysteresis

loops). Panel 1: application of a 1 T magnetic field shifts the hysteresis loop to lower tem-

peratures (blue loop), and the sample (initially in the martensitic phase) partially transforms

to austenite (indicated by the black arrow). Panel 2: Application of 125 MPa stress shifts

the hysteresis loop to higher temperatures (orange loop) so that the state of the sample

(under magnetic field and stress) lies on the decreasing branch of the hysteresis loop. Panel

3: While keeping the stress constant, removal of magnetic field shifts the hysteresis loop to

higher temperatures (red loop) and the sample transforms to the martensitic phase (black

arrow). Panel 4: Removal of stress shifts the hysteresis loop to lower temperatures (grey

loop) and brings the sample to its initial state.

5



REFERENCES
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Although there have been improvements in efficiency, the 
working principle for conventional cooling—vapour com-
pression—has remained largely unchanged for more than 

100 years1. However, with the world’s increasingly affluent popula-
tion demanding more comfortable living and working conditions, it 
is vital that we address the development of much more efficient cool-
ing technologies as an urgent priority2,3. Most research is focused on 
solid-state refrigeration and one of the caloric effects—electrocalo-
ric4,5, magnetocaloric6,7, barocaloric8,9 or elastocaloric10,11—in which 
the material’s entropy is forced to change under the application of an 
electrical, magnetic or mechanical field. The magnetocaloric effect 
(MCE), the most studied of the three, manifests itself as a change 
in the material’s temperature as it is exposed to a magnetic field. 
This remarkable effect makes it possible to set up a magnetic cool-
ing cycle12.

Even though dozens of MCE demonstrators have been con-
structed13, no commercially competitive magnetic refrigerator has 
been produced14. The problem is that in a field produced by perma-
nent magnets (in the range of 1 T), the MCE of the existing materi-
als is too small, which leads to small operating ranges. It is possible 
to increase the temperature range of a MCE device by employing 
what is called an active magnetic regeneration (AMR) cycle15, but 
then only a small percentage of the MCE material contributes to 
the cooling16. The design of such an AMR machine is sketched in  
Fig. 1a—the magnetic field is varied by rotating either the MCE 
material or the magnet. Conventionally, the rare earth element 
(REE) gadolinium17 is used as the MCE material, but there are 
also demonstrators that operate with La–Fe–Si or Fe2P-type com-
pounds18. As the MCE in these materials is completely, or at least 
mostly, reversible, the magnetic field needs to be maintained dur-
ing the whole heat-exchange process. Consequently, the quantity 
of REE-based Nd–Fe–B permanent magnets needed is at least four 
times the amount of MCE material and even larger when Halbach 

arrangements are used, which makes the system expensive and 
overly dependent on critical raw materials19,20.

An alternative to conventional solid-state refrigeration
We present an alternative solid-state cooling cycle that exploits 
the thermal hysteresis inherent in MCE materials that undergo a 
first-order transition. After the phase transformation is driven by 
the magnetic field, removing the field leaves the material ‘locked’ in 
the phase with high magnetization because of the hysteresis, and so 
the magnetic field is only required for a very short time to tap the 
cold of the material. This concept drastically reduces the costs of the 
magnetic field source because, in this case, the volume over which 
the magnetic field needs to be generated and maintained is very 
small21. At the same time, focusing the magnetic field means we can 
double the magnetic field strength up to 2 T. As the MCE scales with 
the change in magnetic field, this can expand the temperature range 
of the refrigeration cycle. However, it requires an additional external 
stimulus, that is, a mechanical stress, to ‘unlock’ the MCE material 
and return it to its original state22. Consequently, a material with 
susceptibility to multiple external stimuli is a prerequisite to exploit 
the thermal hysteresis.

The working principle of such a cycle as well as a scheme for 
the corresponding design of the machine is illustrated in Fig. 1b,c. 
In general, any first-order magnetocaloric material with a tun-
able thermal hysteresis could be utilized in this cycle, even though 
inverse magnetocaloric materials, such as Heusler alloys, are more 
favourable because they cool when the magnetic field is applied, 
and thereby simplify the heat exchange. In contrast, conventional 
compounds, such as the La–Fe–Si type, heat up when being mag-
netized and cool when applying the mechanical load23. The neces-
sity for a direct contact between the loading unit and the cold 
heat exchanger makes the implementation of an efficient design  
more complicated.

A multicaloric cooling cycle that exploits thermal 
hysteresis
Tino Gottschall   1,2*, Adrià Gràcia-Condal3, Maximilian Fries1, Andreas Taubel1, Lukas Pfeuffer1,  
Lluís Mañosa   3, Antoni Planes3, Konstantin P. Skokov1 and Oliver Gutfleisch1*

The giant magnetocaloric effect, in which large thermal changes are induced in a material on the application of a magnetic field, 
can be used for refrigeration applications, such as the cooling of systems from a small to a relatively large scale. However, com-
mercial uptake is limited. We propose an approach to magnetic cooling that rejects the conventional idea that the hysteresis 
inherent in magnetostructural phase-change materials must be minimized to maximize the reversible magnetocaloric effect. 
Instead, we introduce a second stimulus, uniaxial stress, so that we can exploit the hysteresis. This allows us to lock-in the fer-
romagnetic phase as the magnetizing field is removed, which drastically removes the volume of the magnetic field source and 
so reduces the amount of expensive Nd–Fe–B permanent magnets needed for a magnetic refrigerator. In addition, the mass 
ratio between the magnetocaloric material and the permanent magnet can be increased, which allows scaling of the cooling 
power of a device simply by increasing the refrigerant body. The technical feasibility of this hysteresis-positive approach is 
demonstrated using Ni–Mn–In Heusler alloys. Our study could lead to an enhanced usage of the giant magnetocaloric effect in 
commercial applications.
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experimental proof of concept
In this study we focus on Ni–Mn–In Heusler alloys with a meta-
magnetic martensitic transition that shows an inverse MCE, which 
means a decrease in temperature when they are adiabatically 
magnetized (step 1 in Fig. 1c), and a tunable thermal hysteresis24. 
Besides other extrinsic and intrinsic effects, the hysteresis width is 
dominantly determined by the lattice mismatch between the cubic 
austenite and the tetragonally distorted martensite phase, which can 
be adjusted by varying the chemical composition25,26. The high elas-
tic energy barriers that separate the parent and martensitic phases 
ensure, to a very good approximation, the athermal character of the 
transition. Consequently, the transformed fraction does not change 
while the temperature, stress and magnetic field are kept constant27. 
In our hysteresis-positive approach, the magnetic field needs to be 
sufficiently high to transform the material completely. Then, due 
to the appropriately tuned thermal hysteresis, the reverse transition 
does not take place during demagnetization, as sketched in step 2 
(Fig. 1c). This is the fundamental difference compared to the con-
ventional AMR cooling cycle. In this way, we turn the thermal hys-
teresis from being a problem for magnetocalorics into an advantage 
for multistimuli caloric materials. The irreversibility of the magne-
tostructural transition allows us to reduce the magnetized volume 
to a minimum, which means that we can abandon the large, expen-
sive REE magnets that are required to produce a magnetic field over 
a large volume.

After locking the material in the ferromagnetic phase in step 3 in 
Fig. 1c, the heat can be extracted from the cooling compartment in 
the absence of a magnetic field. To return the material to its original 
state, a loading unit is required, as illustrated by the wheel system 
in Fig. 1b. In the case of Ni–Mn–In, the application of a mechani-
cal load shifts the hysteresis curve to higher temperatures and con-
sequently the material transforms back into the low-temperature 
phase. This process is accompanied by a large heating effect because 
the reverse transformation is induced (steps 4 and 5 in Fig. 1c). 
The excess heat can then be expelled to the surroundings in step 
6, the final step (Fig. 1c). Note that part of the excess heat from the 
multicaloric material could also flow into the loading unit due to 
the direct contact. Therefore, the wheel system should either be 

thermally insulated or kept at the temperature of the hot reservoir. 
As for the magnetization step, the high stress field is only required 
over a very small volume. Further details of the six-step hysteresis-
positive cycle is given in Supplementary Information, in particular 
Supplementary Fig. 1.

Figure 2 shows a demonstration of the cycle on a laboratory 
scale. In this experiment, the Heusler material was loaded by a uni-
axial stress of 75 MPa to turn it into the low-temperature martensite 
phase, which resulted in significant heating. The mechanical load 
was created by a piston connected to a screw system. For technical 
reasons, the application of the mechanical stress must be performed 
with care to prevent overshooting, whereas unloading the sample 
can happen instantaneously. After a certain waiting time, a short 
magnetic field pulse of 1.8 T with a duration of approximately 2 s was 
applied by an electromagnet and the Heusler sample cooled down. 
The key point is that the MCE was not reversed when removing the 
magnetic field because of the thermal hysteresis. As the sample is in 
thermal contact with the surroundings, its temperature relaxed back 
with time. This simulates the extraction of heat from the cooling 
compartment. Afterwards, the cycle can start over again.

For the cyclic tests, a Heusler alloy in bulk form with the compo-
sition Ni49.6Mn35.6In14.8 was selected. Its martensitic transition with a 
thermal hysteresis of about 10 K occurs slightly below room temper-
ature, as can be seen from Fig. 3a; the magnetization measurements 
in 0.2, 1 and 2 T are shown in the upper panel. The magnetic field 
shifts the hysteresis curve towards lower temperatures as the aus-
tenitic high-magnetization state is stabilized. In contrast, the appli-
cation of uniaxial stress favours the low-temperature martensite 
phase and therefore the transition temperature is increased. In the 
lower panel of Fig. 3a, the compressive strain of the sample is plot-
ted as a function of temperature under a constant uniaxial load up 
to 60 MPa. For these measurements, a mechanical testing machine 
was equipped with a heating and cooling chamber that allowed us 
to sweep the sample temperature. We observed that the magnetic 
field shifts the transition by approximately − 3.7 K T−1, whereas  
uniaxial stress increases the transformation temperature by about  
+ 0.23 K MPa−1. These values are in agreement with data in the liter-
ature for similar samples28. In other words, a uniaxial load of 16 MPa 
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is comparable to a magnetic field of 1 T, although the transition is 
shifted in the opposite direction.

The results of the cycling experiments under multiple stimuli 
are illustrated in Fig. 3b. The magnetic field and the uniaxial stress 
were applied alternately at minute intervals. The whole measure-
ment set-up was heated in the background with a sweeping rate of 
0.1 K min−1 to test the properties of the materials at different tem-
peratures. Despite the simplicity of the set-up and its poor thermal 
insulation, the feasibility of the hysteresis-exploiting concept is 
demonstrated in a sequence of cycles. The basic idea to obtain an 
irreversible MCE in a cyclic manner is demonstrated, even though 
it accounts for little more than 1 K. In this example the sample was 
loaded with about 75 MPa. However, the application of such a large 
uniaxial stress is a harsh process that can lead to fatigue and even 
to the magnetocaloric material being destroyed. In tests on similar 
arc-melted Heusler alloys, several samples failed. One reason for 
this is that the grain sizes in those compounds are in the range of 
millimetres29. Therefore, cracks can propagate easily. One possibil-
ity to enhance the mechanical stability of the material is to refine the 
microstructure by suction casting the materials.

Figure 4 summarizes the results for the suction-cast material with 
a similar chemical composition to the bulk material. In Fig. 4a both 
the magnetization (top) and the compressive strain (bottom) of the 
sample are plotted. When a magnetic field is applied, the transition 
shifts by about − 1 K T−1, whereas uniaxial stress increases the transi-
tion temperature Tt by approximately 0.1 K MPa−1. Compared to the 
bulk sample in Fig. 3, the T

H
d
d

t  and 
σ
Td

d
t  values are significantly smaller 

because the transition of the suction-cast sample is close to the 

Curie temperature of the austenite phase. In comparative measure-
ments of the adiabatic temperature change, Δ Tad (Supplementary 
Information) in cyclic magnetic fields of 1.9 T, we were able to dem-
onstrate that the suction-cast material provides only a vanishingly 
small reversible MCE related to the first-order transition. As shown 
in Supplementary Fig. 2, the irreversible Δ Tad in this field change 
accounts for − 1.28 K in the first field application of a ‘fresh’ material. 
By applying the multistimuli hysteresis cycle, it is possible to exploit 
almost the entire potential Δ Tad. For the cyclic tests in Fig. 4c, it is 
apparent that an irreversible temperature change of − 1.2 K can be 
achieved. Furthermore, the mechanical integrity of the specimen is 
much improved due to the fine microstructure. Figure 4b shows a 
light-microscopy image of a sample in the martensite state with fine 
needle-like structures. However, the grain boundaries of the par-
ent austenite phase that separate the different martensitic regions 
are still visible. During the suction casting of the melt, the grains 
grow in a radial direction towards the centre of the rod and have a 
typical width between 100 and 250 μ m. This special microstructure 
can withstand much larger uniaxial stresses than the conventionally 
arc-melted counterparts, even beyond 100 MPa.

Figure 4c shows the thermal response of the suction-cast mate-
rial when a magnetic field pulse of about 1.8 T (even minutes) and 
mechanical load of 80 MPa (odd minutes) are alternately applied. 
The temperature of the holder was increased from 290 to 298 K at 
0.25 K min−1 to study the response in different temperature regions 
of the martensitic transition. The diagonal curve in Fig. 4c repre-
sents the absolute temperature profile of the sample (right-hand 
axis). To illustrate the temperature profile of the material in a clearer 
form, the baseline heating curve was subtracted, as shown on the 
left-hand axis of Fig. 4c. It is possible to distinguish three different 
regions. Below approximately 292 K (minutes 0–7, blue shading), 
the magnetocaloric cooling effect is predominantly reversible and 
the sample temperature reverts instantly after the field pulse. At this 
low temperature, the material is mainly in the martensite state.

Above approximately 292 K (minutes 7–23, red shading in Fig. 4c),  
increasing amounts of austenite are locked by the thermal hysteresis, 
which prevents it from transforming back into martensite. For this 
reason, the cooling effect becomes irreversible during the magnetic 
field pulse with a maximum value of − 1.2 K obtained at 295.5 K 
(minute 22). Here the temperature change of the material is main-
tained long after the magnetic field pulse and it takes about 1 min to 
relax back to the background temperature. Furthermore, the heat-
ing of the sample is intensified during the stress application, which 
indicates that a larger amount of austenite is switched back into 
martensite. In contrast, above 296 K (minutes 24–29, pink shading 
in Fig. 4c), the transition turns into a conventional MCE, which is 
reversible. At these high temperatures, the austenite phase is domi-
nant and, because its Curie temperature, being approximately 305 K, 
is rather close, a temperature increase of 1.3 K is observed. However, 
the temperature change is immediately reversed when the magnetic 
field decreases. A small irreversible part is also present at these tem-
peratures, as a small amount of martensite could be formed by the 
applied stress application, but this is not significant.

On the potential of exploiting the hysteresis cycle
In conclusion, our experiments demonstrate that the hysteresis-
exploiting cycle works on a laboratory scale. In particular, the 
suction-cast Ni–Mn–In Heusler alloy is a very promising innova-
tion, due to its enhanced mechanical strength and reasonably large 
thermal hysteresis. These inverse magnetocaloric materials have 
the advantage that they cool during the field-application step, in 
which no mechanical contact is required, which simplifies the heat 
transfer. However, most first-order MCE alloys could be used for 
such a cycle. The only requirements are a tuned thermal hysteresis, 
a sufficient magnetic field dependence of the transition tempera-
ture and an external stimulus that can transform the material back 
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to its original state. This cycle represents a multicaloric approach 
to magnetic refrigeration that exploits the thermal hysteresis of a 
MCE material instead of attempting to avoid it. The advantage is 

that the full potential of the Heusler compound can now be utilized 
in a cyclic process, even if it shows no reversible Δ Tad in conven-
tional magnetic field cycling. In the Supplementary Information, 
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an approximation of the energy balance derived from experimental 
data is given (Supplementary Figs. 3–5). In an exemplary six-step 
cooling cycle, the extra work associated with the deformation, Wela 
(per unit mass) due to the application of a uniaxial stress can be 
approximated at the material level from Fig. 4a to Wela ≈  17.6 J kg−1 
(mass density ρ =  7.0 g cm−3), which is about 60% larger than the 
magnetization work Wmag ≈  10.6 J kg−1. Instead, a conventional four-
step magnetocaloric cooling cycle requires a magnetic field change 
of about 4 T to obtain a similar Δ Tad. The corresponding magnetic 
work then amounts to about 22.2 J kg−1, which is less than the sum 
of Wela and Wmag in the exploiting hysteresis cycle. However, it is 
important to remember that the magnetic field strength cannot be 
increased much beyond 2 T when using permanent magnets as the 
field source for the refrigerator. Fortunately, this impasse might be 
overcome by combining the magneto- and elastocaloric effects as 
described here.

In the proof of concept, we obtained a temperature change of − 
1.2 K. The largest irreversible temperature changes reported in a 
field of approximately 2 T amount to − 8 K in Ni–Mn–In–Co (ref. 30)  
and as much as − 9.2 K for the compound Fe–Rh (ref. 31). The 
next step is to match these large temperature changes to the hys-
teresis-exploiting cycle with designed-for-purpose materials. A 
simple refrigerator would only require two stages with tailored 
transition temperatures switched in series to build up a suffi-
ciently large temperature span in which 50% of the magnetoca-
loric material is active in cooling compared to the few percent 
that is active in a conventional AMR cycle (further informa-
tion on the heat flow management, on segmentation issues 
and on cascade devices with two and more stages is given in 
Supplementary Figs. 6 and 7).

To make use of the fact that the multicaloric material retains its tem-
perature drop after the magnetization and demagnetization step, there 
is no necessity for a fast flow of the exchange fluid (Supplementary 
Information gives further details) as required in the classical AMR12. 
This claim originates from the restriction that the amount of the mag-
netocaloric material is more or less fixed for a given magnet arrange-
ment. Therefore, an enhancement of the cooling power is obtainable 
solely by increasing the operating frequency of the AMR device. 
However, many technical problems, such as the pressure drop of the 
fluid through the regenerator or the slowness of the valve system, 
limit the frequency to typically 1 Hz (ref. 13). In great contrast, in the 
hysteresis-positive approach, the ratio between the magnetocaloric 
and magnet material, and therefore the cooling power, is scalable by 
enlarging the heat-exchanger body with the magnetic system, loading 
unit and operating frequency kept the same (Supplementary Fig. 8),  
which is an essential advantage of the multistimuli approach. This 
concept will allow a drastic reduction in the amount of expensive and 
raw-material-critical Nd–Fe–B permanent magnets needed for a cool-
ing machine and, at the same time, in terms of efficiency outperform 
magnetic refrigerators that use the AMR principle.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
s41563-018-0166-6.

Received: 26 January 2018; Accepted: 13 August 2018;  
Published: xx xx xxxx

references
 1. Belman-Flores, J. M., Barroso-Maldonado, J. M., Rodríguez-Muñoz, A. P. & 

Camacho-Vázquez, G. Enhancements in domestic refrigeration, 
approaching a sustainable refrigerator— review. Renew. Sust. Energ. Rev. 
51, 955–968 (2015).

 2. Gutfleisch, O. et al. Magnetic materials and devices for the 21st century: 
stronger, lighter, and more energy efficient. Adv. Mater. 23, 821–842 (2011).

 3. Sandeman, K. G. Magnetocaloric materials: the search for new systems. 
Scripta Mater. 67, 566–571 (2012).

 4. Moya, X., Kar-Narayan, S. & Mathur, N. D. Caloric materials near ferroic 
phase transitions. Nat. Mater. 13, 439–450 (2014).

 5. Takeuchi, I. & Sandeman, K. Solid-state cooling with caloric materials. Phys. 
Today 68, 48–54 (December, 2015).

 6. Krenke, T. et al. Inverse magnetocaloric effect in ferromagnetic Ni–Mn–Sn 
alloys. Nat. Mater. 4, 450–454 (2005).

 7. Liu, J., Gottschall, T., Skokov, K. P., Moore, J. D. & Gutfleisch, O. Giant 
magnetocaloric effect driven by structural transitions. Nat. Mater. 11, 
620–626 (2012).

 8. Mañosa, L. et al. Giant solid-state barocaloric effect in the Ni–Mn–In 
magnetic shape-memory alloy. Nat. Mater. 9, 478–481 (2010).

 9. Matsunami, D., Fujita, A., Takenaka, K. & Kano, M. Giant barocaloric effect 
enhanced by the frustration of the antiferromagnetic phase in Mn3GaN. Nat. 
Mater. 14, 73–78 (2015).

 10. Bonnot, E., Romero, R., Mañosa, L., Vives, E. & Planes, A. Elastocaloric effect 
associated with the martensitic transition in shape-memory alloys. Phys. Rev. 
Lett. 100, 125901 (2008).

 11. Tušek, J. et al. The elastocaloric effect: a way to cool efficiently. Adv. Energy 
Mater. 5, 1500361 (2015).

 12. Smith, A. et al. Materials challenges for high performance magnetocaloric 
refrigeration devices. Adv. Eng. Mater. 2, 1288–1318 (2012).

 13. Scarpa, F., Tagliafico, G. & Tagliafico, L. A. A classification methodology 
applied to existing room temperature magnetic refrigerators up to the year 
2014. Renew. Sust. Energ. Rev. 50, 497–503 (2015).

 14. Kitanovski, A., Plaznik, U., Tomc, U. & Poredoš, A. Present and future 
caloric refrigeration and heat-pump technologies. Int. J. Refrig. 57, 
288–298 (2015).

 15. Yu, B., Liu, M., Egolf, P. W. & Kitanovski, A. A review of magnetic 
refrigerator and heat pump prototypes built before the year 2010. Int. J. 
Refrig. 33, 1029–1060 (2010).

 16. Gómez, J. R., Garcia, R. F., Catoira, A. D. M. & Gómez, M. R. Magnetocaloric 
effect: a review of the thermodynamic cycles in magnetic refrigeration. 
Renew. Sust. Energ. Rev. 17, 74–82 (2013).

 17. Engelbrecht, K. et al. Experimental results for a novel rotary active magnetic 
regenerator. Int. J. Refrig. 35, 1498–1505 (2012).

 18. Zimm, C. et al. Design and performance of a permanent-magnet rotary 
refrigerator. Int. J. Refrig. 29, 1302–1306 (2006).

 19. Bjørk, R., Smith, A., Bahl, C. & Pryds, N. Determining the minimum mass 
and cost of a magnetic refrigerator. Int. J. Refrig. 34, 1805–1816 (2011).

 20. Monfared, B., Furberg, R. & Palm, B. Magnetic vs. vapor-compression 
household refrigerators: A preliminary comparative life cycle assessment. Int. 
J. Refrig. 42, 69–76 (2014).

 21. Gottschall, T., Skokov, K. P. & Gutfleisch, O. Kühlvorrichtung und ein 
Verfahren zum Kühlen. German patent 10 2016 110, 385.3 (2016).

 22. Gottschall, T. et al. A matter of size and stress: understanding the first-order 
transition in materials for solid-state refrigeration. Adv. Funct. Mater. 27, 
1606735 (2017).

 23. Mañosa, L. et al. Inverse barocaloric effect in the giant magnetocaloric 
La–Fe–Si–Co compound. Nat. Commun. 2, 595 (2011).

 24. Gutfleisch, O. et al. Mastering hysteresis in magnetocaloric materials. Phil. 
Trans. R. Soc. A 374, 20150308 (2016).

 25. Song, Y., Chen, X., Dabade, V., Shield, T. W. & James, R. D. Enhanced 
reversibility and unusual microstructure of a phase-transforming material. 
Nature 502, 85–88 (2013).

 26. Gottschall, T., Skokov, K. P., Benke, D., Gruner, M. E. & Gutfleisch, O. 
Contradictory role of the magnetic contribution in inverse magnetocaloric 
Heusler materials. Phys. Rev. B 93, 184431 (2016).

 27. Pérez-Reche, F. J., Vives, E., Mañosa, L. & Planes, A. Athermal character of 
structural phase transitions. Phys. Rev. Lett. 87, 195701 (2001).

 28. Karaca, H. E. et al. Magnetic field-induced phase transformation in 
NiMnCoIn magnetic shape-memory alloys—a new actuation mechanism 
with large work output. Adv. Funct. Mater. 19, 983–998 (2009).

 29. Gottschall, T., Skokov, K. P., Frincu, B. & Gutfleisch, O. Large  
reversible magnetocaloric effect in Ni–Mn–In–Co. Appl. Phys. Lett. 106, 
021901 (2015).

 30. Gottschall, T. et al. Reversibility of minor hysteresis loops in magnetocaloric 
Heusler alloys. Appl. Phys. Lett. 110, 223904 (2017).

 31. Chirkova, A. et al. Giant adiabatic temperature change in FeRh alloys 
evidenced by direct measurements under cyclic conditions. Acta Mater. 106, 
15–21 (2016).

Acknowledgements
The work was supported by funding from the European Research Council (ERC) under 
the European Union’s Horizon 2020 research and innovation programme (grant no. 
743116—project Cool Innov), the DFG (grant no. SPP 1599), the CICyT (Spain) project 
MAT2016-75823-R and the HLD at HZDR, a member of the European Magnetic Field 
Laboratory.

NATure MATeriALS | www.nature.com/naturematerials

https://doi.org/10.1038/s41563-018-0166-6
https://doi.org/10.1038/s41563-018-0166-6
http://www.nature.com/naturematerials


Articles NaTure MaTerIals

Author contributions
T.G., M.F., A.T., L.P. and K.P.S. were responsible for the sample preparation. T.G., A.G.-C., 
A.P. and L.M. designed and performed the tensile test and cycling experiments. A.T., M.F. 
and K.P.S. took care of the adiabatic temperature-change measurements and microscopy. 
All the authors discussed the results and developed the explanation of the experiments. 
T.G. wrote the manuscript supported by all the co-authors. O.G. led the project.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/
s41563-018-0166-6.

Reprints and permissions information is available at www.nature.com/reprints.

Correspondence and requests for materials should be addressed to T.G.  
or O.G.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

NATure MATeriALS | www.nature.com/naturematerials

https://doi.org/10.1038/s41563-018-0166-6
https://doi.org/10.1038/s41563-018-0166-6
http://www.nature.com/reprints
http://www.nature.com/naturematerials


ArticlesNaTure MaTerIals

Methods
Samples with the nominal composition Ni50.0Mn35.5In14.5 were prepared by arc 
melting. The ingots were turned upside down and remelted several times to ensure 
chemical homogeneity. One batch was further treated using the suction-casting 
option of the arc melter to prepare rods with a diameter of 3 mm. Both specimens 
were subsequently annealed at 900 °C for 24 h, followed by water quenching. The 
bulk sample was cut and polished into a block with dimensions of 2 ×  2 ×  5.5 mm3. 
The suction-cast material was prepared with a length of 4.9 mm. The magnetic 
measurements were made on a commercial vibrating sample magnetometer using 
small fragments. Temperature-dependent dilatometry measurements involved a 
mechanical-testing machine that operated in the constant-load mode. The set-up 
included a variable-temperature chamber to cool and heat the piston unit at a rate 
of 1 K min−1. The sample temperature and height were directly measured with a 
type-T thermocouple and a strain-gauge sensor, respectively, attached to both 
pistons. For the experimental demonstration of the cooling cycle, an in-house-

constructed set-up was used in which uniaxial stress was applied mechanically by 
a screw. The load was determined via a force sensor installed in the piston axis. 
The temperature of the sample, measured directly by a type-T thermocouple, 
could be varied by a thermal bath connected to the base plate of the piston unit. 
For the application of the magnetic field pulse, a commercial electromagnet was 
used. A Hall probe situated near the sample detected the magnetic field strength. 
Comparative measurements of the adiabatic temperature change (in the absence of 
a mechanical load) of the suction-cast material in a magnetic-field change of 1.9 T 
in the continuous and discontinuous protocol were performed in a purpose-built 
device using standard type-T thermocouples24.
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Hysteresis-exploiting cycle 
 

  

Fig.S1: The six stages of the new multi-stimuli refrigeration cycle that exploits the hysteresis. The phase 
fraction of the high temperature phase is shown as a function of temperature. 

Figure S1 shows a schematic of our new, multi-stimuli hysteresis positive approach. 
Starting in the top-left of figure S1, the magnetocaloric tetragonal martensitic material 
is at T0 . Applying a large magnetic field, the magnetocaloric material transforms into 
the austenite phase  and its temperature decreases, due to the inverse magnetocaloric 
effect, to T1. After this adiabatic magnetisation, the field is removed, but due to the 
tailored large hysteresis, the material remains locked in the austenite state . In the 
next stage, the magnetocaloric material is exposed to the compartment to be cooled via 
the heat-exchange liquid, extracting the heat and therefore warming back up to T0, still 



in the austenite state . The magnetocaloric material is then exposed to a mechanical 
stress. This transforms the austenite to martensite, causing the sample to warm up to 
T2 . The sample is unloaded as the mechanical stress is removed, the heat can then be 
expelled to the surroundings and the temperature drops from T2 to T0 . The cycle can 
then be repeated. 

 
Comparison measurements of the adiabatic temperature change 

Fig. S2: Measurements of the adiabatic temperature change of the suction-cast Ni-Mn-In sample. (a) The 
irreversible ∆Tad was obtained from the first application of a magnetic field in the discontinuous 
protocol. The reversible magnetocaloric effect in a field change of 1.9 T was determined from the 
second field application in the continuous protocol. The Curie temperature of the austenite phase can 
be identified as approximately 305 K. (b) Field dependences of three measurements initiated at different 
temperatures. The data points highlighted in different colours in (a) are related to the field dependences 
shown in (b).  

In Fig. S2 the results from the adiabatic temperature-change measurements of the 
suction-cast material Ni50Mn35In15 are illustrated. The blue curve shows the irreversible 
magnetocaloric effect of the sample obtained in the discontinuous protocol, meaning 
that the material was heated and cooled above and below the transition between each 
measurement in order to erase the memory of previous field applications. This curve 
represents the maximum possible magnetocaloric cooling effect for a given magnetic 
field change of 1.9 T since the sample was always set back to the same initial state. The 
red curve (starting temperature 296.0 K) in Fig. S2(b) shows how the material cools by -
1.28 K during the application of the field. As the field is removed, the temperature stays 
more or less constant. In the subsequent second field-application cycle, the starting 
temperature is of course slightly lower, i.e., 294.7 K. The ∆Tad from 0 to 1.9 T is small and 
even positive, accounting for +0.1 K. The round shape of the curve is related to the 
strong competition between the inverse magnetocaloric effect of the martensite-to-
austenite transition (cooling) and the conventional magnetocaloric effect of the 
austenite phase (heating), which has a maximum at the austenitic Curie temperature TC

A 
= 305 K. This competition is one reason for the negligible reversible cooling effect shown 
in Fig. S2(a). At higher temperatures, increasing amounts of austenite are present and 
therefore the conventional magnetocaloric effect becomes dominant, with the typical 
zigzag behaviour shown by the green curve in (b).   



Assessment of the energy balance 

In order to study the energy balance in a more detailed way, we performed M(T) 
measurements on the suction cast material in magnetic fields up to 4 T and calculated 
the isothermal entropy change ∆ST using Maxwell’s equation (see Fig. S3). Together with 
the results of the adiabatic temperature change from Fig. S2 of the suction cast material 
in discontinuous protocol (horizontal orange arrows in Fig. S4 (a)) and heat capacity data 
of a similar sample (see Ref. 1), it is possible to at least approximate the total entropy 
for heating and cooling in zero field (red and blue solid lines in Fig. S4 (a)). The 2 T 
entropy curves were then determined by adding the ∆ST results obtained from the 
magnetisation measurements to the zero field curves (red and blue dashed lines in Fig. 
S4 (a)). It is apparent that a magnetic field of 2 T is not sufficient to overcome the 
hysteresis of the Heusler alloy. The entropy curves under a uniaxial stress of 80 MPa was 
approximated based on the temperature-dependent strain measurements shown in Fig. 
4(a) of the manuscript.     

 

Fig. S3: Isothermal entropy change ∆ST for heating (austenite formation) and cooling (martensite 
formation) obtained from isofield magnetisation measurements using the Maxwell relation in fields up 
to 4 T. The entropy change related to the first-order transition results in a positive ∆ST whereas at high 
temperature a negative effect is observed due to the conventional magnetocaloric effect of the 
austenite phase in the vicinity of the austenitic curie temperature at about 305 K.  

 

In the following, an attempt is made to approximate the six-step exploiting hysteresis 
cycle in the S(T) diagram (exact statements are only possible from advanced calorimetric 
measurements in magnetic fields and under uniaxial stress). The starting point is the 
zero-field heating curve in the middle of the hysteresis where a temperature drop of 1.2 
K is possible by applying a magnetic field of 2 T. The magnetisation (Point 1 to 2) and 
demagnetisation (Point 2 to 3) steps can be assumed to be adiabatic and therefore the 
total entropy should not change. Since there is no temperature change during the 
demagnetisation step, Point 2 and 3 of the cycle cannot be distinguished in the 2D 
version of the S(T) diagram. For the energy balance, however, also the magnetisation 



work has to be taken into consideration. Magnetisation curves of pure austenite (red 
curve), pure martensite (black curve) and in the mixed phase region (green curve) are 
shown in Fig. S4 (b). The selected temperature of 295 K approximately mimics the 
transformation taking place in the using hysteresis cycle, but for a precise description of 
course, adiabatic magnetisation curves would be required. Based on these assumptions, 
the magnetisation work Wmag to be done (highlighted area) is about 10.6 Jkg-1 or 0.075 
Jcm-3 (with mass density ρ = 7 gcm-3).  

In the next step from 3 to 4, the material takes heat from the surroundings until it 
reaches the starting temperature of 295 K again. This amount of heat per mass unit Q = 
Cp ∆T is about 600 Jkg-1 with ∆T = 1.2 K and the background heat capacity Cp ≈ 500 Jkg-

1K-1 (see Ref. 1).  

Based on the results shown in Fig. 4 (a) of the manuscript, exemplary (isothermal) stress-
strain curves for martensite (black), austenite (red) and in the mixed phase region 
(green) are shown in Fig. S4 (c). For the cycle steps 4, 5 and 6, the work Wela of 
approximately 17.6 Jkg-1 or 0.124 Jcm-3 has to be done to bring back the material into its 
original state. This work is about 60 % larger than the magnetic work. Releasing the 
excess heat to the surroundings closes the cycle in the S(T) diagram resulting in a third 
contribution to the total work Wtot = W + Wmag + Wela ≈ 30 Jkg-1 = 0.21 Jcm-3. 

In the following, we shall try estimating the magnetic work in a conventional 4-step 
magnetocaloric cooling cycle with a similar adiabatic temperature change. In an exact 
manner, this is however only possible by isofield calorimetric measurements in high 
fields which are not available for this particular sample. The problem is that the Heusler 
alloy transforms in a minor loop of hysteresis and the corresponding path through the 
S(T,H) diagram is not straightforward to predict (see Ref. 2). From the entropy change 
diagram in Fig. S3, a ∆ST of about 10 Jkg-1K-1 can be obtained in discontinuous heating 
protocol (red dashed curve). Instead, the reversible entropy change in a magnetic field 
change of 4 T can be approximated by considering the cutting surface between heating 
and cooling (between the solid red and blue curves). By using a magnetic field change of 
4 T it is likely to achieve a reversible temperature change of 1.2 K as in the exploiting 
hysteresis cycle. The corresponding magnetic work for a similar amount of 
transformation is shown in Fig. S5 is approximately 22.2 Jkg-1 or 0.155 Jcm-3. This value 
is of course smaller than the sum of the magnetic and deformation work in the exploiting 
hysteresis cycle but one needs to consider that a magnetic field of 4 T is not achievable 
by using permanent magnets. Instead, a superconducting coil would be required, which 
would make a potential cooling device extremely expensive and unsustainable. However 
in the exploiting hysteresis cycle, the application of mechanical load as a second stimulus 
allows to get along with a much smaller magnetic field that can be created by permanent 
magnets in order to reach the same adiabatic temperature change. 

          



Fig. S4 (a): Approximated total entropy diagram based on measurements of M(T), ∆ST(T,∆H), ∆Tad(T,∆H) 
and heat capacity data of comparable samples. The zero field heating and cooling entropy curves are 
shown as red and blue solid lines. The entropy curves in a magnetic field of 2 T and a uniaxial stress of 
80 MPa are plotted as dashed and dotted curves respectively. The adiabatic temperature change from 
direct measurements in discontinuous protocol in a magnetic field change of 1.93 T is shown as 
horizontal orange arrows. The corresponding six-step exploiting hysteresis cycle is approximated by the 
green area. (b) Isothermal magnetisation curves as a function of the magnetic field for pure martensite 
(black), pure austenite (red) and an exemplary transformation path (green). The magnetic work to be 
done Wmag is given by the highlighted area. (c) Isothermal stress-strain curves for pure martensite 
(black), pure austenite (red) and an exemplary transformation path (green). The deformation work to be 
done Wela is given by the highlighted area. 

 



 

Fig. S5: Isothermal magnetisation curves as a function of the magnetic field up to 4 T for the martensitic 
transition at 290 K (black), pure austenite (red) and an approximated transformation path in a minor 
loop of hysteresis (green). The magnetic work to be done is given by the highlighted area. 

 

Fluid flow management 

Depending on the implementation of the fluid flow through the multicaloric heat 
exchangers, different operation modes are possible. The segmentation of the heat 
exchanger body is required in order to avoid any undesirable heat flow between 
different parts. A design example of a device consisting of four segments is illustrated 
for four different stages of the cycle in Fig. S6. The temperature of the multicaloric 
material is indicated by the colour of the segments. The blue and the red arrows stand 
for the hot and the cold blows of the exchange fluid. The magnet unit is shown as a grey 
box and the loading unit is symbolised by a green cylinder. The relative movement 
between the multicaloric material, the loading and magnetic field unit is shown by the 
black arrows. The time for the heat exchange amounts to a half period for each segment.  

Figure S7 (a) illustrates an example with eight heat exchanger segments. A further 
separation into smaller segments simplifies the fluid flow and the heat exchange 
because a smaller volume needs to be flown through in the same time. This requires, 
however, a more complex valve and piping system.  

Depending on how the fluid flow in managed, the operation with two and multiple 
cooling stages is possible. In the example in Fig. S7, a potential device with two stages is 
shown in order to extend the possible temperature span. The secondary stage acts as a 
precooler for the primary stage. For this purpose, multicaloric materials with slightly 
different transition temperatures are required. This concept implies that only half of the 
heat exchanger material is active in cooling.       
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Another advantage of the exploiting-hysteresis cycle is the possibility to tune for a given 
magnetic field and pressure unit the cooling power of the device. Unlike the 
conventional AMR, the same magnetic field source can operate larger multicaloric heat 
exchanger structures and therefore the cooling power increases. Two simple examples 
are sketched in Fig. S8. Despite the increased volume of the active heat exchanger, the 
heat transfer is still not critical because for the enhancement of the cooling power the 
frequency of the device can be retained. Therefore, the time for the heat exchange 
provided by the exchange fluid is still half a period.  

 
Fig. S6: Snapshots of different stages of one hysteresis-exploiting cycle (from (a) to (d)) on a device level. 
The magnet field and the loading unit is schematically shown as a grey bar and a green cylinder 
respectively. Curved black arrows show the moving direction. Thick arrows illustrate the fluid flow 
whereas the blue arrows indicate heat absorption from the cooling compartment and the red arrows 
sketch the heat dissipation to the environment. This specific example shows the operation in a single stage 
meaning that the cooling effect is not larger than the adiabatic temperature change ∆Tad of the 
magnetocaloric material in the given magnetic field change. 100 % of the heat exchanger material 
contributes to the cooling. 
 
  



 
Fig. S7: More advanced designs are possible for instance by (a) further segmentation of the heat 
exchanger. In this way, the heat exchange is easier because less volume has to be flushed by the fluid. 
This comes at the cost of a more complicated valve and piping system. This design is still a single-stage 
device with 100 % active magnetocaloric material. (b) By setting a fluid flow between the segments, it is 
possible to build a multi-stage or cascade heat exchanger involving magnetocaloric materials with 
different transition temperatures. In this operation mode, the first stage is precooled by a second stage 
(Tt1 < Tt2). This allows to achieve larger cooling effects exceeding the adiabatic temperature change ∆Tad 
of the respective material. In the two-stage mode, only 50 % of the magnetocaloric material actively 
contributes to the cooling.    
 
 

 
 
Fig. S8: Illustration of the scaling of the cooling power by increasing the amount of the active 

magnetocaloric material leaving the magnet system and the pressure unit unchanged. The example (b) 

contains more than twice as much active magnetocaloric material compared to (a). 
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a b s t r a c t 

Novel multicaloric cooling utilizing the giant caloric response of Ni-Mn-based metamagnetic shape- 

memory alloys to different external stimuli such as magnetic field, uniaxial stress and hydrostatic pres- 

sure is a promising candidate for energy-efficient and environmentally-friendly refrigeration. However, 

the role of microstructure when several external fields are applied simultaneously or sequentially has 

been scarcely discussed in literature. Here, we synthesized ternary Ni-Mn-In alloys by suction casting 

and arc melting and analyzed the microstructural influence on the response to magnetic fields and uni- 

axial stress. By combining SEM-EBSD and stress-strain data, a significant effect of texture on the stress- 

induced martensitic transformation is revealed. It is shown that a < 001 > texture can strongly reduce 

the critical transformation stresses. The effect of grain size on the material failure is demonstrated and 

its influence on the magnetic-field-induced transformation dynamics is investigated. Temperature-stress 

and temperature-magnetic field phase diagrams are established and single caloric performances are char- 

acterized in terms of �s T and �T ad . The cyclic �T ad values are compared to the ones achieved in the 

multicaloric exploiting-hysteresis cycle. It turns out that a suction-cast microstructure and the combina- 

tion of both stimuli enables outstanding caloric effects in moderate external fields which can significantly 

exceed the single caloric performances. In particular for Ni-Mn-In, the maximum cyclic effect in magnetic 

fields of 1.9 T is increased by more than 200 % to -4.1 K when a moderate sequential stress of 55 MPa 

is applied. Our results illustrate the crucial role of microstructure for multicaloric cooling using Ni-Mn- 

based metamagnetic shape-memory alloys. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

The continuous growth of global prosperity comes along with 

 rising demand for energy-efficient and environmentally-friendly 

efrigeration technologies [1] . It is assumed that the residential en- 

rgy required for cooling exceeds the energy needed for heating al- 

eady within the next 50 years [2] . Nowadays, cooling is still based 

n the vapor-compression technology which utilizes hazardous, ex- 

losive or greenhouse gases with up to a thousand times worse 

lobal-warming potentials than CO 2 [3] . Solid-state caloric cooling 

s the most promising candidate to address these problems [ 4 , 5 ]. 
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This technology is based on an adiabatic temperature change 

T ad or isothermal entropy change �s T of a ferroic material when 

ubjected to an external stimulus [6] . According to the stimulus 

sed, magnetocaloric (magnetic field), electrocaloric (electric field), 

arocaloric (hydrostatic pressure), and elastocaloric (uniaxial load) 

ooling can be distinguished. They all have in common that gi- 

nt caloric effects with large �T ad and �s T occur in the vicinity 

f first-order transformations as a result of the absorbed/released 

atent heat. However, the inherent hysteresis of first-order trans- 

ormations limits the materials performance in cyclic operation 

ue to energy losses and/or irreversibilities of the caloric effect 

 7 , 8 ]. As a potential solution, the combination of two external 

timuli has been suggested which is referred to as multicaloric 

ffect [ 9 , 10 ]. 
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The response to multiple stimuli requires a strong coupling of 

he ferroic order parameters. While a magnetoelectric coupling is 

are and often not very pronounced, the opposite is the case for 

agnetoelastic materials such as La-Fe-Si [11] , Fe-Rh [12] , Gd-Si- 

e [13] and metamagnetic shape-memory alloys, in particular Ni- 

n-based Heusler compounds [14–16] . Especially the martensitic 

ransformation in the latter exhibits a high sensitivity to both, 

agnetic and mechanical (uniaxial load and hydrostatic pressure) 

elds. Thereby, the magnetic field favors the high-temperature, 

igh-magnetization austenite whereas uniaxial load and hydro- 

tatic pressure stabilize the low-temperature, low-magnetization 

artensite due to its lower crystal symmetry and volume. 

Several studies of Ni-Mn-based Heusler compounds show that 

yclic caloric effects can be largely tuned by a simultaneous or se- 

uential application of magnetic and mechanical fields [17–19] . In 

 recent work, we demonstrated that the giant magnetocaloric ef- 

ect in Ni-Mn-In can be doubled for moderate field changes of 1 

 magnetic field when at the same time a stress of 40 MPa is 

emoved [20] . Besides that, a drastically improved cyclic perfor- 

ance was found when a stress is applied during field removal. 

imilar results were presented for the addition of hydrostatic pres- 

ure when the magnetic field is taken off in isostructural Ni-Mn- 

n-Co [9] . A different strategy is to utilize the thermal hysteresis 

f first-order magnetoelastic materials rather than to minimize it 

21] . In this so-called “exploiting-hysteresis cycle” the material is 

ocked in its ferromagnetic austenite state after magnetic-field ap- 

lication and removal due to the thermal hysteresis. Subsequently, 

he heat is transferred and the back transformation to the orig- 

nal non-magnetic martensite state is ensured by uniaxial load. 

n comparison to conventional magnetocaloric cooling, the mag- 

etic field does not have to be applied during the heat transfer 

n the exploiting-hysteresis concept which allows a significant re- 

uction of expensive permanent magnets as well as the utilization 

f higher magnetic fields and field-sweep rates. 

Although theoretical and experimental studies demonstrated 

he large potential of multicaloric cooling concepts in Ni-Mn-based 

eusler compounds, the influence of microstructure has not been 

nvestigated so far. For the single caloric (magneto- and elas- 

ocaloric) effects a strong impact of microstructural features such 

s grain size, grain orientation, phase purity and distribution has 

een reported [22–25] . However, the use of multiple stimuli re- 

uires a tailored microstructure for the response to several exter- 

al fields and possibly a rethinking of its design strategy. 

This work sets out to analyze the influence of microstruc- 

ure on the response to both, magnetic field and uniaxial load in 

erms of single caloric effects and multicaloric performance in an 

xploiting-hysteresis cycle. For that purpose, we selected the Ni- 

n-In Heusler system synthesized by suction casting. While Ni- 

n-In is one of the most promising candidates for multicaloric 

ooling due to its strong magnetostructural coupling, suction cast- 

ng provides a facilitated synthesis of common rod- or plate- 

eometries with good mechanical properties [26–28] . Our results 

how that the microstructural design has a significant impact 

n the application of Ni-Mn-based Heusler compounds for mul- 

icaloric cooling. 

. Experimental details 

Ni-Mn-In samples were prepared by manifold arc melting of Ni 

99,97 %), Mn (99,99 %), and In (99,99 %). For each sample, a Mn 

xcess of 3 wt% was added to account for evaporation losses dur- 

ng the melting process. The arc-molten ingots were subsequently 

uction cast into a cylindrical, water-cooled copper mold of 3 mm 

iameter and 30 mm height, followed by a 24 h annealing at 900 °C 

nder Ar atmosphere and quenching in water. 
2 
Temperature-dependent x-ray powder diffraction (XRD) was 

erformed in a purpose-built diffractometer in transmission geom- 

try using Mo K α radiation, a MYTHEN R 1K detector ( Dectris Ltd. ) 

nd a 2 θ range from 7 to 57 ° with a step size of 0.009 ° [29] . An

nnealed piece of the arc-molten base ingot was crushed into pow- 

er with particle sizes smaller than 40 μm. To release the stresses 

nduced by crushing, the powder was annealed under Ar atmo- 

phere for 7 days at 850 °C and subsequently quenched in water. 

 NIST640d standard reference silicon powder was added to the 

eat-treated powder to ensure the correction of geometric errors. 

fterwards, the mixture was glued on a graphite sheet. The tem- 

erature was varied from 310 K to 240 K using a closed-cycle he- 

ium cryofurnace ( SHI Cryogenics Group ). XRD data were analyzed 

y the Rietveld method using JANA2006 [30] with a superspace ap- 

roach [31] for modulated martensite structures. 

Microstructural characterization by means of electron back- 

catter diffraction (EBSD) and chemical analysis via energy dis- 

ersive x-ray spectroscopy (EDX) was carried out in a TESCAN 

igh-resolution scanning electron microscope. All synthesized sam- 

les are in a compositional range of Ni 49.8 ±0.1 Mn 35.6 ±0.3 In 14.6 ±0.2 

nd will be denoted in the following as Ni-Mn-In. Temperature- 

ependent optical microscopy was accomplished at a Zeiss Axio Im- 

ger.D2m equipped with a LN 2 cryostat. 

Elastocaloric and mechanical characterization was performed by 

eans of strain-temperature ε(T) curves under constant load as 

ell as isothermal and quasi-adiabatic stress-strain σ ( ε) measure- 

ents. Therefore, cylinders of 5 mm height and 3 mm diameter 

ere extracted from the heat-treated rods. The arc-molten sam- 

les used for comparison of the stress-induced martensitic trans- 

ormation behavior and the fracture strength were cut into cuboids 

ith dimensions of 5 mm x 2.5 mm x 2.5 mm. In all elastocaloric 

nd mechanical measurements, the force was applied in compres- 

ive mode along the cylinder axis and recorded via a load cell. 

or the detection of the sample strain, a strain gauge extensome- 

er ( Instron 2620 ) was attached to the compression platens [32] . 

he temperature of the sample was measured by a K-type thermo- 

ouple, which was attached to the center of the sample. The σ ( ε) 

easurements were carried out in an universal testing machine In- 

tron 5967 30 kN, equipped with a temperature chamber. Thereby, 

he compressive strength tests and isothermal experiments were 

erformed with a strain rate of 3 × 10 -4 s -1 , while quasi-adiabatic 

onditions were provided by a strain rate of 3 × 10 −2 s −1 [33] . 

he isothermal curves were measured using a discontinuous pro- 

ocol including heating to the fully austenitic state at 310 K before 

etting the test temperature. For the determination of ε(T) under 

ifferent constant loads, a purpose-built device [34] was used. The 

ompressive load was applied well above the austenite finish tem- 

erature A f to avoid a stress-induced martensitic transformation. 

ubsequently, the sample was cooled and heated upon the marten- 

itic transition with a rate of 1 Kmin 

−1 . 

Isofield measurements of magnetization were executed in a 

akeShore vibrating sample magnetometer (VSM) and a Quantum 

esign physical property measurement system ( PPMS-14 T ) using a 

eating and cooling rate of 2 Kmin 

−1 . For the determination of the 

sothermal entropy change �s T (T,H), M(T) curves were recorded in 

teps of 0.2 T from 0.2 T to 2 T. Additionally, isothermal magneti- 

ation measurements up to 10 T were carried out with a sweep- 

ng rate of 0.005 Ts −1 in temperature steps of 2 K to compute 

s T (T,H) at higher magnetic fields. To erase the materials history 

fter the magnetic field application and removal, a discontinuous 

easurement protocol was chosen [35] . Thereby, the sample was 

eated to 15 K above A f and 50 K below the martensite finish tem- 

erature M f before the measurement temperature was approached. 

he start and finish temperatures, stresses and magnetic fields of 

he transformations were evaluated by the double tangent method 

36] . The transition entropy change �s t was determined using a 
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Fig. 1. XRD patterns of the annealed Ni-Mn-In powder at 300, 280, and 260 K

recorded upon cooling in zero field. The indexed Bragg peaks indicate represen- 

tatively the phase transformation from high-temperature L2 1 austenite to a low- 

temperature 3M modulated monoclinic martensite. Si was used as reference mate- 

rial and the C reflection results from the graphite substrate.
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A Instruments Q20 0 0 and a Netzsch DSC 404 F1 Pegasus differen- 

ial scanning calorimeter (DSC) with a heating and cooling rate of 

 Kmin 

−1 . 

Simultaneous adiabatic temperature change �T ad and strain ε
easurements were performed in a purpose-built setup of two 

ested Halbach magnets [37] and in a solenoid magnet [38] at the 

resden High Magnetic Field Laboratory (HLD). While in the Hal- 

ach setup a sinusoidal magnetic field of up to 1.9 T was applied 

ith a highest field-sweep rate of 1 Ts −1 , magnetic fields of 2, 5,

nd 10 T were reached in the solenoid with maximum field rates 

f 318, 866, and 1850 Ts −1 , respectively. To ensure the compara- 

ility of the measurements in both setups, the same specimen in- 

luding the attached thermocouple and strain gauge was used. For 

he strain detection, the suction-cast rod was cut along the cylin- 

er axis to obtain a large flat sample surface. Subsequently, one of 

he half cylinders was separated into two parts parallel to its semi- 

ircular plane. The strain measurement was carried out by gluing 

 linear pattern strain gauge of 0.79 mm gauge length and 1.57 

m grid width to the flat cutting surface of one part of the half

ylinder. For the determination of the strain gauge’s electrical re- 

istance, a Wheatstone bridge in the Halbach, and a function gen- 

rator plus a digital lock-in technique in the solenoid setup was 

sed. The gauge direction was perpendicular to the applied mag- 

etic field in both devices. �T ad measurements were performed 

ia a differential T-type thermocouple of 25 μm single wire thick- 

ess, which was fixed between the two parts of the half cylinder 

y a conductive epoxy. In coincidence with the determination of 

s T (T,H) , all simultaneous measurements of �T ad were carried out

ith the abovementioned discontinuous temperature protocol. The

emperature of the sample before field application was determined

y a Pt100 temperature sensor in both setups. Based on �T ad mea- 

urements at the Curie temperature of the austenite T C 
A , a starting 

emperature correction was done for the data from the Halbach 

etup. 

. Results and discussion

.1. Structure analysis 

Fig. 1 displays the XRD patterns of the annealed Ni-Mn-In pow- 

er at 300, 280, and 260 K upon cooling. The diffractograms at 

igh temperature reveal a L2 structure of the austenite phase 
1 

3

hich on cooling gradually transforms to low-symmetry 3M mod- 

lated monoclinic martensite, being indicated by the changes of 

he L2 1 (111), L2 1 (220) and 3M (1210) intensities. The 3M modu- 

ation could also be designated as 6M [39] . The corresponding lat- 

ice parameters of the full temperature range (310 K–240 K) are 

resented in Table 1 . Note that the transition width is significantly 

nlarged in the powder compared to the bulk state of the mate- 

ial (see Fig. 4 (a)) which is in agreement with the observations for 

i-Mn-In-Co and other first-order magnetocaloric materials such 

s La(Fe,Si) 13 and Fe 2 P-based compounds [40] . Thus in the < 40 

m powder, the martensitic transformation from pure austenite at 

10 K to an almost entirely martensitic state at 240 K takes place 

ithin approximately 70 K, whereas in the bulk sample is reduced 

o 10 K. 

Crystallographically, the conversion from the parent L2 1 phase 

o the 3M modulated monoclinic martensite is described by a lin- 

ar transformation F = RU , that can be separated into a rotation ma- 

rix R and a transformation stretch matrix U. As we are interested 

n the transformation strains εtr , solely U is considered which has 

een calculated from the lattice parameters of both phases accord- 

ng to [ 41 , 42 ]. It should be emphasized, that in total 12 transfor-

ation stretch matrices exist for the symmetry relation cubic to 

onoclinic, though their eigenvalues λ1 ≤ λ2 ≤ λ3 coincide. The cal- 

ulated values for λ1 , λ2 and λ3 are given in Table 1 for different 

emperatures and will be discussed exemplarily for 280 K. ( λ3 -1) 

efers to the maximum recoverable εtr under tension, while (1- 

1 ) characterizes the corresponding value under compression [43] . 

ence for our Ni-Mn-In sample, theoretical maximum transforma- 

ion strains of 5.09 % and 5.79 % are obtained for the application of 

 tensile and a compressive load at 280 K, respectively. The devia- 

ion of the middle eigenvalue λ2 from unity | λ2 -1| is a measure for 

he geometrical compatibility of both phases and a key parameter 

or the width of the thermal hysteresis. Zhang et al. [44] demon- 

trated that the latter significantly increases upon rising values for 

 λ2 -1|. In our sample, a small deviation of 0.35 % from λ2 = 1 is ob-

erved at 280 K which is outlined by recent reports for Ni-Mn-In 

f similar transition temperature [42] . 

The transformation stretch matrices can be utilized as well for 

he calculation of orientation-dependent transformation strains un- 

er tension and compression, according to the procedure described 

n [46] . The computed values for compressive loading along certain 

rystallographic directions at 280 K are depicted in round brack- 

ts in Fig. 2 (c), 2(f) and 2(i). The temperature of 280 K was cho-

en as it provides good comparability with experimental conditions 

nd a sufficient martensite phase fraction for a reliable refinement 

f the lattice constants. In any case, the computed transformation 

trains exhibit a weak dependence on the temperatures in Table 1 , 

ith a maximum deviation of less than 5 % from the values at 280 

. The topmost εtr of 5.8 %, corresponding to (1- λ1 ), can be ob- 

erved when the unit cell of Ni-Mn-In is compressed in [001] di- 

ection. For comparison, εtr is reduced to 2.6 % when the compres- 

ive load is applied along the [101] direction. Therefore, the stress- 

nduced martensitic transformation can be significantly influenced

y the texture of the Ni-Mn-In alloy which is discussed in Section

.2 . Besides that, the martensitic transformation is accompanied

y an overall volume change �V/V 0 of -0.97 %. The temperature- 

ependent changes of the volume are displayed in Table 1 . 

.2. Microstructural characterization 

In Section 3.1 the significant influence of the grain orienta- 

ion/texture on the transformation strain εtr was demonstrated. 

arge recoverable values of εtr are desirable for elastocaloric appli- 

ations and the exploiting-hysteresis concept as the stress σ Ms to 

nduce the martensitic transformation can be decreased [ 47 , 48 ]. In 

ddition, microstructural features such as grain size, phase purity 
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Table 1

Temperature-dependent evolution of lattice parameters (q represents the modulation vector), eigenvalues ( λ1 , λ2 , λ3 ), and

total volume change �V/V 0 of the Ni-Mn-In powder upon cooling from 310 to 240 K. At 310 K, the powder is fully austenitic,

while at 240 K it has almost completely transformed to martensite. The XRD patterns and the corresponding lattice param- 

eters at 240 and 310 K were already shown in [45] .

Temperature Lattice Parameters λ1 λ2 λ3 �V/V 0

[K] a A [ ̊A] a M [ ̊A] b M [ ̊A] c M [ ̊A] β [ °] q [ ̊A −1 ] [%]

310 6.0027 - - - - - - - - -

300 6.0015 4.3879 5.6553 4.3320 92.52 0.3489c ∗ 0.9423 1.0037 1.0507 -0.12

280 6.0010 4.3881 5.6536 4.3315 92.53 0.3505c ∗ 0.9421 1.0035 1.0509 -0.64

260 5.9973 4.3920 5.6406 4.3333 92.59 0.3516c ∗ 0.9405 1.0042 1.0528 -0.81

240 5.9971 4.3947 5.6330 4.3307 92.69 0.3535c ∗ 0.9393 1.0032 1.0538 -0.97
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nd distribution are crucial parameters for the elasto-, magneto- 

nd with this the multicaloric performance of the material [ 7 , 49 ]. 

In Fig. 2 different microstructures of Ni-Mn-In are illustrated 

y inverse pole figure maps and corresponding texture plots. Note 

hat the textures are discussed qualitatively only due to a lim- 

ted number of grains. Fig. 2 (a) depicts the microstructure obtained 

y suction casting of the material into a cylindrical mold. At the 

dge of the cylinder a fine-grained chill zone of equiaxed austenite 

rains is found. Towards the center, opposite to the heat transfer 

n the cylindrical mold, a radial symmetric growth of large colum- 

ar austenite grains with 41 ± 8 μm average diameter and up to 

.1 mm length is observed. The texture plots in Fig. 2 (b) indicate 

 < 001 > solidification texture of the columnar grains with respect 

o the cylindrical axis. Fig. 2 (d) and 2(g) illustrate microstructures 

fter arc melting of Ni-Mn-In along the longitudinal plane (A3 ⊥ 

olidification direction) and transversal plane (A3 ‖ solidification 

irection) which will be denoted as arc-molten I and arc-molten II 

n the following. In accordance with suction casting, a < 001 > so- 

idification texture of the columnar austenite grains is found (see 

ig. 2 (e) and (h)). As a consequence, the texture of the suction- 

ast and arc-molten I sample shows a strong coincidence. However, 

n contrast to suction casting arc melting results in significantly 

oarsened grains with an average grain diameter of 675 ± 100 μm 

nd up to 1.5 mm length due to a lower cooling rate during solid-

fication. 

In order to evaluate the consequences of the < 001 > solidifica- 

ion texture on the stress-induced martensitic transformation, the 

rain orientations in compression direction (CD) have to be consid- 

red. This is visualized in the inverse pole figure plots in Fig. 2 (c),

(f) and 2(i) for the suction-cast sample, arc-molten I and arc- 

olten II, respectively. It is apparent that the solidification behav- 

or results in preferential grain orientations in [001] direction in 

rc-molten II. In arc-molten I and the suction-cast sample mainly 

rain orientations between [001] and [101] are found, while orien- 

ations in [111] direction are not observed. As discussed in Section 

.1 , the unit cell of the Ni-Mn-In compound exhibits a εtr of 5.8 %

nd 2.6 % when compressed in [001] and [101] direction, respec- 

ively. Indeed it was observed by stress-strain σ ( ε) measurements 

hat εtr in [001] direction reaches 5.7 % for directionally solidi- 

ed Ni-Mn-In [24] which is in good agreement with the predicted 

alue. Hence, for the microstructures depicted in Fig. 2 the highest 

tr and with this the lowest σ Ms is expected for arc-molten II. 

.3. Mechanical properties 

Fig. 3 shows the compressive stress-strain curves of suction- 

ast, arc-molten I and arc-molten II Ni-Mn-In 10 K above the 

ustenite finish temperature A f . It should be emphasized that the 

pecimens are of similar composition and transition temperature. 

pon loading, the austenite deforms elastically until at a critical 

tress σ Ms the onset of the martensitic transformation is noticed. 

he stress-induced martensitic transformation exhibits a charac- 
4

eristic plateau. After completion of the transition at σ Mf , initially 

lastic deformation and subsequently dislocation-mediated slip of 

he martensite can be observed which results in fracture at the 

aximum compressive stress σ comp . 

When the stress-strain curves are compared, a perfect agree- 

ent in the stress-induced martensitic transformation behavior of 

uction-cast and arc-molten I is apparent. This can be attributed to 

he similar texture in compression direction (CD) which has been 

hown in the previous section. It is worth mentioning that this co- 

ncidence is observed despite the significantly refined grain diame- 

er after suction casting. By the double tangent method a transfor- 

ation strain εtr of 3.8 % can be determined for both samples. In 

rc-molten II, εtr is increased to 4.4 % due to the enhanced < 001 >

exture in CD. This results in a reduction of σ Ms from 174 MPa 

o 150 MPa as compared to suction-cast and arc-molten I. Besides 

hat, a smaller transition slope is found in arc-molten II which can 

lso be attributed to its texture [48] . As a consequence, σ Mf of 287 

Pa in suction-cast and arc molten I is lowered to 247 MPa in arc- 

olten II. 

Besides the stress-induced martensitic transformation behavior, 

he compressive strength σ comp of the material is a crucial for its 

pplication in elastocaloric and multicaloric cooling to avoid struc- 

ural fatigue during cyclic operation. While in Fig. 3 the suction- 

ast specimen exhibits a σ comp of 748 MPa, it is reduced to 632 

Pa in arc-molten I and to 649 MPa in arc-molten II. For better re- 

iability, we measured at least three Ni-Mn-In specimens for each 

icrostructure. It is worth mentioning, that for each microstruc- 

ure the additional measurements exhibit a similar stress-induced 

artensitic transformation behavior as shown in Fig. 3. The result- 

ng average values of σ comp are illustrated in the inset of Fig. 3 . 

t is apparent that suction-cast specimens show the highest aver- 

ge value of σ comp (611 ± 60 MPa) which is attributed to the re- 

ned grain diameter. In arc-molten I, σ comp is reduced to 446 ±
22 MPa. A further decrease of σ comp to 270 ± 155 MPa is found 

or arc-molten II which could result from a preferential cracking 

f grain boundaries along the compressive direction [50] . Accord- 

ngly, some arc-molten II specimens exhibited failure already dur- 

ng the stress-induced transition transformation. The low σ comp of 

rc-molten II can hinder the application for elastocaloric and mul- 

icaloric cooling though slightly lowered stresses are required for 

he stress-induced martensitic transformation. The best combina- 

ion of σ comp and stress-induced martensitic transformation behav- 

or is obtained when suction-cast Ni-Mn-In is used. For that rea- 

on, the caloric response of suction-cast Ni-Mn-In is investigated 

n more detail in the following. 

.4. Calorimetric characterization 

In Fig. 4 (a), DSC curves of suction-cast Ni-Mn-In are displayed 

efore and after mechanical training. The mechanical training has 

een carried out by five superelastic cycles up to 287 MPa at 

05 K prior to the elastocaloric measurements shown in Section 
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Fig. 2. (a), (d), (g) EBSD inverse pole figure maps of suction-cast and arc-molten Ni-Mn-In along the longitudinal plane (arc-molten I) and along the transversal plane (arc- 

molten II). (b), (e), (h) corresponding pole figure texture plots with logarithmic color scale and (c), (f), (i) inverse pole figures in compression direction (CD). In (c), (f), (i) the

values in round brackets correspond to the theoretical stress-induced martensitic transformation strains in % for certain crystallographic directions.
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.5 . Upon cooling, both samples exhibit a strong exothermic peak 

orresponding to the martensitic transformation, while the en- 

othermic peak upon heating characterizes the reverse marten- 

itic transformation. In addition, a shoulder peak is visible dur- 

ng the martensitic transformation resulting from the characteris- 

ic microstructure of the suction-cast material which will be dis- 

ussed later in more detail (see Section 3.6.2 ). A thermal hystere- 

is �T hys = ( A s + A f )/2-( M s + M f )/2 of 7.7 K before training and of 9.8
5

 after training can be determined from the transition tempera- 

ures listed in Table 2 . The slightly enlarged thermal hysteresis in 

he trained sample can result from dislocation accumulation dur- 

ng cyclic loading [51] . 

The change of the calorimetric signal at 314 K is associated 

ith the Curie temperature of the austenite T C 
A . The paramagnetic- 

erromagnetic ordering around T C 
A is more distinctly recognizable 

n the corresponding M(T) measurements in Fig. 4 (b) in a small 
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Table 2

Transformation temperatures, i.e. M s , M f , A s , A f , and thermal hysteresis �T hys of suction-cast Ni-Mn-In determined by DSC and M(T) curves in a field

of 0.1 T before and after mechanical training. From the DSC measurements, the transition entropy changes �s t were determined and the corresponding

adiabatic temperature changes �T ad,DSC at T = 305 K were estimated. 

Method Transition temperatures �T hys �s t �T ad,DSC �s t �T ad,DSC

cooling heating

M s [K] M f [K] A s [K] A f [K] [K] [Jkg −1 K −1 ] [K] [Jkg −1 K −1 ] [K]

DSC before mechanical training 286.7 277.8 285.6 294.2 7.7 -19.5 ± 0.3 + 11.4 ± 0.2 + 21.2 ± 0.3 -12.4 ± 0.2

DSC after mechanical training 287.9 276.4 287.6 296.3 9.8 -18.4 ± 0.2 + 10.8 ± 0.1 + 20.2 ± 0.2 + 11.9 ± 0.1

M(T) before mechanical training 287 277.3 284.9 294.5 7.6

M(T) after mechanical training 288.3 277.9 288 296.7 9.3

Fig. 3. Compressive stress-strain σ ( ε) curves of suction-cast, arc-molten I and arc- 

molten II Ni-Mn-In of similar composition and transition temperature. The critical

martensite start σ Ms and finish σ Mf stresses are indicated. The measurements were

performed 10 K above A f . The inset shows the average compressive stresses σ comp

which have been obtained from at least three measurements of suction-cast, arc- 

molten I and arc-molten II.
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Fig. 4. (a) DSC signals in zero field and (b) isofield curves of magnetization in a

magnetic field of 0.1 T before and after mechanical training (by superelastic cycling)

of suction-cast Ni-Mn-In.
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eld of 0.1 T, which also shows a good agreement with the marten- 

itic transformation temperatures from DSC (see Table 2 ). 

By integrating the calorimetric signal (baseline corrected heat 

ow per mass unit Q˙) according to Eq. (1) 

s t = ∫ 1
T 

(
˙ Q − ˙ Q baseline 

)(dT 

dt 

)−1

dT (1) 

 transition entropy change �s t of -19.5 ± 0.3 Jkg −1 K 

−1 and 21.2 ±
.3 Jkg −1 K 

−1 is obtained in the non-trained sample for the marten- 

itic and its reverse transformation, respectively. The difference in 

 �s t | results from an increasing magnetic entropy contribution at 

ower temperatures and will be discussed later in more detail. In 

he trained sample �s t is slightly lowered to -18.4 ± 0.2 Jkg −1 K 

−1 

nd 20.2 ± 0.2 Jkg −1 K 

−1 which can be attributed to the aforemen- 

ioned accumulation of dislocations and/or the formation of re- 

ained martensite [51] . It should be emphasized that �s t is a cru- 

ial parameter for the elasto- and magnetocaloric performance of 

he material. On the one hand, large values of �s t enable high adi- 

batic temperature changes �T ad upon the martensitic and its re- 

erse transformation which can be estimated according to Eq. (2) : 

T ad , DSC � − T

c p 
�s t (2) 

ith the temperature T and the heat capacity c p (519.8 Jkg −1 K 

−1 ) 

hat has been extracted from our data on suction-cast Ni-Mn-In 

resented in [20] . For T = 305 K (corresponds to temperature used 

or elastocaloric �T ad measurements in Section 3.5.1 ), a �T ad,DSC of 

 11.4 ± 0.2 K and -12.4 ± 0.2 K before training and a �T ad,DSC of
6

 10.8 ± 0.1 K and -11.9 ± 0.1 K after training is assessed for the

orward and reverse transformation, respectively (see Table 2 ). On

he other hand, a rising �s t results in an increasing slope d σ Ms /dT t
nd therefore higher stresses to induce the martensitic transforma- 

ion being described by the Clausius-Clapeyron equation 

�s t

ε tr
= 

1 

ρ

d σMs 

d T t 
(3) 

here ρ is the mass density of the specimen. Note that Eq. (3) also 

llustrates the previously mentioned significance of the transforma- 

ion strain εtr . Though d σ Ms /dT t of the stress-induced martensitic 

ransformation can be approximated by Eq. (3) (4.04 MPaK 

−1 for 

s t = -19.5 Jkg −1 K 

−1 , εtr = 3.8 %, and ρ = 7.869 g/cm 

3 ), more re-

iable and detailed information is obtained from isothermal σ ( ε)

xperiments at different temperatures (see Section 3.5.1 ).
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Fig. 5. (a) Isothermal compressive stress-strain σ ( ε) response of suction-cast Ni-Mn-In up to 287 MPa at different temperatures. The critical martensite start σ Ms , finish 

σ Mf and austenite start σ As , finish σ Af stresses are indicated for the measurement at 305 K. (b) Corresponding temperature dependence of the critical martensite start σ Ms 

and finish σ Mf stresses. The data points at zero stress were taken from the DSC measurement after mechanical training. (c) Temperature-time T(t) profile upon loading and 

unloading under quasi-adiabatic conditions at a starting temperature of 305 K. In the inset, the corresponding stress-strain σ ( ε) curve is shown. 
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It should be emphasized that �s t has a similar effect on the 

lope μ0 dH/dT t of the magnetic-field-induced reverse martensitic 

ransformation, which is discussed in Section 3.6.1 . 

.5. Elastocaloric performance 

.5.1. Isothermal response 

In order to analyze the reversibility and the slope d σ /dT t 
 d σ Ms /dT t and d σ Mf /dT t ) of the stress-induced martensitic trans- 

ormation in suction-cast Ni-Mn-In, isothermal loading/unloading 

easurements were performed at different tem peratures as de- 

icted in Fig. 5 (a). Note that the experiment was carried out af- 

er mechanical training of the sample by five superelastic cycles 

p to 287 MPa at 305 K. This explains the reduction of the criti- 

al stresses and the transformation strain εtr compared to the val- 

es in Fig. 3 and should ensure a repeatable material behavior to 

valuate the effect of temperature on the stress-induced marten- 

itic and its reverse transformation. Furthermore, a discontinuous 

emperature protocol, including heating to 310 K before setting the 

easurement temperature, was chosen to avoid the occurrence of 

inor loops [52] . 

Fig. 5 (a) shows a consecutive reduction of σ Ms and σ Mf when 

he test temperature gets closer to M s = 287.9 K and M f = 276.4

 of the mechanically trained sample. The decrease in critical 

tresses can be attributed to a reduction of the relative stability 

f the austenite compared to the martensite phase at lower tem- 

eratures. In the corresponding critical stress-temperature phase 

iagram Fig. 5 (b)), σ Ms exhibits a slope of 3.91 MPaK 

−1 , which 

s in good agreement with the value (4.04 MPaK 

−1 ) obtained via 

he Clausius-Clapeyron equation (Eq. ( (3) ). For σ Mf a much big- 
7 
er slope of 5.6 MPaK 

−1 can be observed. As a consequence, the 

tress-induced transition width upon isothermal mechanical load- 

ng is reduced for lower test temperatures. Accordingly, the tem- 

erature transition width upon isostress thermal cycling is reduced 

or lower stresses. When the test temperature is between M s and 

 f , as for 285 K and 280 K, reorientation of thermally-induced 

artensite can occur upon loading [ 53 , 54 ]. As at 280 K the sam-

le is predominantly martensitic before load application, the cor- 

esponding value of σ Mf might not be reliable and is therefore not 

ncluded in the critical stress-temperature phase diagram. 

Upon unloading, Fig. 5 (a) exhibits a full shape recovery at 305 K 

ell above A s = 287.6 K and A f = 296.3 K at zero stress. When the

est temperature is decreased to 300 K, the critical stress for the 

nset of the reverse transformation σ As is reduced due to an in- 

reasing stability of martensite at lower temperatures. Thereby, the 

everse transformation is incomplete with an irrecoverable strain 

f 0.66 %. Between A f and A s at 295 K and 290 K no reverse

ransformation can be noticed. The recovery of the sample to its 

nitial length upon heating to 310 K after the measurement im- 

lies no austenite slip resulting in irreversibility. A similar mate- 

ial response was reported for Ni-Fe-Ga single crystals and can re- 

ult from the friction behavior of the shape-memory alloy [47] . 

dditionally, the reverse transformation is limited below A f and 

ully hindered below A s by the thermal hysteresis. Consequently, 

o shape recovery can be noticed at 285 K and 280 K. As a result

f the irreversibilities at the majority of the test temperatures, no 

tress-temperature phase diagram can be determined for the re- 

erse transformation. 

For elastocaloric applications, the material should fully trans- 

orm back to austenite upon unloading which means that a tem- 
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Fig. 6. (a) Isostress strain-temperature ε(T) curves of suction-cast Ni-Mn-In at dif- 

ferent compressive stresses. The determination of the reverse martensitic transfor- 

mation temperatures A s , A f is exemplarily shown for the thermal cycle at 75 MPa. 

(b) Corresponding temperature-stress T( σ ) phase diagram. The inset of (b) gives a 

more detailed depiction of the phase diagram including the respective martensitic 

transformation temperatures M s , M f , A s , A f as a function of applied compressive 

stress. 
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erature well above A f has to be chosen. In this case, higher critical 

tresses and an increasing stress-induced transition width arise for 

he martensitic transformation compared to lower operation tem- 

eratures (see Fig. 5 (b)). These are utilized in multicaloric applica- 

ions such as the “exploiting-hysteresis cycle” which works in the 

hermal hysteresis regime. If exemplarily σ Mf at 305 K and 285 K is 

ompared, a decrease of about 70 % can be observed for the lower 

emperature. Furthermore, it should be emphasized that the irre- 

ersibility upon unloading at temperatures below A f as well as the 

light increase in thermal hysteresis by mechanical training is de- 

irable for the exploiting-hysteresis concept. 

.5.2. Adiabatic response 

In order to evaluate the elastocaloric performance of suction- 

ast Ni-Mn-In, we performed mechanical cycling experiments un- 

er quasi-adiabatic conditions at 305 K. For this purpose, the spec- 

men was loaded up to 300 MPa and unloaded with a strain rate 

f 3 × 10 −2 s −1 , which is two orders of magnitude higher than 

n the isothermal experiments. Additionally, a holding time of 60 

 for thermal relaxation was applied. Fig. 5 (c) exhibits the corre- 

ponding temperature-time profile and stress-strain curve (inset). 

pon loading, a �T ad of 7.94 K can be noticed, while for the un-

oading segment �T ad reduces to -6.27 K due to frictional heating 

55] . The observed values are among the highest reported so far 

or Ni-Mn-In-(Co) compounds [ 24 , 56–58 ]. 

However, still a clear difference can be noticed when the ob- 

ained values are compared to the temperature changes �T ad,DSC 

f the trained sample estimated by DSC curves (see Table 2 ). The 

rigin of the difference in measured and estimated temperature 

hange can result from the incomplete stress-induced transforma- 

ion which is indicated by the continuation of the transition during 

he holding time (see inset of Fig. 5 (c)) and a lack of adiabaticity. 

It should be pointed out that under isothermal conditions a 

tress of 154 MPa is enough to fully induce the martensitic trans- 

ormation at 305 K, while under quasi-adiabatic conditions 300 

Pa are not sufficient. The reason for this significant increase is 

he self-heating of the specimen under quasi-adiabatic conditions 

esulting in a rising transformation slope (and thus a rising stress- 

nduced transition width) [59] . Accordingly, a self-cooling effect 

an be observed upon unloading. Overall, this results in a drasti- 

ally increased stress hysteresis compared to the isothermal mea- 

urement shown in Fig. 5 (a) [60] . 

.5.3. Isostress measurements 

Complementary to the isothermal and quasi-adiabatic stress- 

train measurements, isostress strain-temperature ε(T) scans were 

erformed up to 75 MPa with a fresh specimen of suction- 

ast Ni-Mn-In. The ε(T) measurements at different constant loads 

re preferably used for the determination of isothermal entropy 

hanges �s T (T, σ ) as possible overestimations can be excluded 

ompared to the values assessed from isothermal stress-strain 

urves [61] . In this case, Eq. (4) is used for the computation of the

sothermal entropy change: 

s T ( T , σ) = 

1 

ρ

σ
∫ 
0 

(
∂ε ( T , σ) 

∂T 

)
σ

dσ. (4) 

In addition, the ε(T) scans allow the determination of the 

tress-dependent critical temperatures for the reverse transforma- 

ion which were not obtained from the stress-strain curves due to 

he aforementioned irreversibilities at test temperatures below 305 

. 

Fig. 6 (a) shows the ε(T) measurements at constant compres- 

ive stresses of 1, 12.5, 25, 50, and 75 MPa. The applied stress 

as increased from low to high values in consecutive thermal cy- 

les (cooling from austenite to martensite and subsequent heating 

rom martensite to austenite). It is apparent, that with a higher 
8 
tress the transformation strain εtr rises which originates from 

he increasing formation of favorably oriented martensite variants. 

hereby, the transformation exhibits a completely recoverable be- 

avior up to 50 MPa, while upon cycling at 75 MPa a perma- 

ent strain of 0.75 % can be seen. In addition, Fig. 6 (a) displays

 significant increase in transition temperatures and thermal hys- 

eresis when the stress is raised. The shift of the transformation 

 dT t /d σ ) towards higher temperatures originates from the stabi- 

ization of martensite by uniaxial load due its lower symmetry 

nd volume. The enlargement of the thermal hysteresis can be as- 

ribed to an increasing frictional work and elastic strain energy 

issipation as well as dislocation formation during the marten- 

itic transformation [62] . As a consequence, higher temperatures 

re required to promote the reverse transformation. This behavior 

s depicted in the temperature-stress phase diagram (see Fig. 6 (b)) 

y the significantly enhanced linear shift of the reverse trans- 

ormation (0.3 KMPa −1 ) compared to the forward transformation 

0.21 KMPa −1 ) with applied stress. Thus, the thermal hysteresis in- 

reases by 0.09 KMPa −1 . It should be emphasized, that the above 

escribed energy-dissipation mechanisms counteract a declining 

hermal hysteresis which is expected at higher temperatures. Ac- 

ording to Eq. (3) , higher transition entropy changes �s t should 

esult in a smaller shift of the transition temperature with applied 

tress ( dT t /d σ ). In consequence of its lower �s t (see Table 2 ), a
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Fig. 7. Temperature-dependent isothermal entropy change �s T (T, σ ) of martensitic 

transformation (upon cooling) for different applied compressive stresses of suction- 

cast Ni-Mn-In. 
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Fig. 8. (a) Isofield curves of magnetization M(T) in various magnetic fields of 

suction-cast Ni-Mn-In. (b) Corresponding temperature-field T(H) phase diagram. 

The inset of (b) shows the field-dependence of the thermal hysteresis �T hys (μ0 H). 
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igher shift of the forward martensitic transformation than of its 

everse transformation can be expected, which should reduce the 

hermal hysteresis upon increasing stress. The inset of Fig. 6 (b) 

rovides the stress-dependent transition temperatures of M s , M f , A s 

nd A f . The change of M s (0.27 KMPa −1 ) and M f (0.15 KMPa −1 ) are

n good agreement with the data obtained from isothermal mea- 

urements (see Fig. 5 (b)). Accordingly, the isostress curves also dis- 

lay an increasing temperature-induced transition width at higher 

tresses for the martensitic transformation. A similar behavior can 

e observed for the reverse transformation which exhibits a shift 

f A s by 0.25 KMPa −1 and A f by 0.37 KMPa −1 . A possible ex- 

lanation of the transition broadening with higher loads are the 

forementioned energy dissipation mechanisms and/or the increas- 

ng formation of dislocations and stress inhomogeneities at defects 

62] . 

The increase of both, thermal hysteresis and transition width, 

as observed for different polycrystalline Ni-Mn-based Heusler 

ompounds subjected to uniaxial loads [ 14 , 56 , 63 ]. In contrast to

hat, these alloys show a declining thermal hysteresis and smaller 

ransition widths for the application of hydrostatic pressure, being 

aused by an improved geometric compatibility [64] . Besides that, 

 significant difference in the shift of the transition temperature 

an be observed, depending whether uniaxial load or a hydrostatic 

ressure is applied. In case of Ni-Mn-In, the shift of the transition 

ith uniaxial load is approximately one order of magnitude higher 

han for the application hydrostatic pressure [65] . The difference is 

aused by structural distortions upon the martensitic transforma- 

ion which are dominated by shear when the material is subjected 

o uniaxial stress, but purely volumetric for hydrostatic pressure 

66] . 

Fig. 7 displays the isothermal entropy change �s T (T, σ ) of the 

orward transformation determined via Eq. (4) . The isothermal en- 

ropy change of the reverse transformation could not be computed 

n a proper form due to a limited number of data points. Fig. 7 ex-

ibits that a change in stress of 75 MPa results in an isothermal 

ntropy change of -11 Jkg −1 K 

−1 corresponding to 56 % of the tran- 

ition entropy change �s t (see Table 2 ). Upon cyclic application a 

light reduction of | �s T (T, σ ) | is expected due to the irrecoverable

train evolving during the martensitic transformation at 75 MPa. 

evertheless, significantly higher values are achieved in compari- 

on with the application of 75 MPa hydrostatic pressure for which 

pproximately 17 % of �s t were reached in a Ni-Mn-In specimen 

f similar transition temperature [65] . 
9 
.6. Magnetocaloric performance 

.6.1. Indirect measurements 

The magnetocaloric response of suction-cast Ni-Mn-In was 

hecked by isofield, isothermal and adiabatic measurements. Note 

hat the measurements were performed in a mechanically non- 

rained state of the material. In Fig. 8 (a), isofield M(T) curves 

re exemplarily shown for 0.1, 2, 5 and 10 T. It is apparent that 

he first-order transformation shifts towards lower temperatures at 

igher magnetic fields, as the ferromagnetic austenite phase is sta- 

ilized. The corresponding temperature-magnetic field phase dia- 

ram in Fig. 8 (b) exhibits that the commonly used linear approx- 

mation for the change of transition temperature T t with magnetic 

eld only holds true for small fields, but clearly deviates in high 

elds. Thereby, a slightly more pronounced shift (dT t / μ0 dH) can 

e noticed for the martensitic than for the reverse transformation 

esulting in a non-linear increase of the thermal hysteresis (see in- 

et Fig. 8 (b)). In addition, the first-order transformation displays 

 broadening upon increasing fields and a distinct kink in magne- 

ization. The kink is caused by the characteristic microstructure of 

he material and will be described later in more detail (see Section 

.6.2 ). 

The non-linearity in the change of T t , the enhanced shift (dT t / 

0 dH) of the forward transformation and the broadening of the 

ransition with magnetic field originate from a rising magnetic en- 

ropy change �s mag at lower temperatures [67] . For the inverse 
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Fig. 9. (a) Isothermal measurements of magnetization at different temperatures 

of suction-cast Ni-Mn-In. (b) Temperature-dependent isothermal entropy change 

�s T (T,H) of reverse martensitic transformation for different applied magnetic fields. 
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agnetocaloric effect, �s mag counteracts the lattice entropy change 

s lat which is approximated to be constant in the studied temper- 

ture range [68] . The electronic entropy change �s el is negligible 

or Heusler alloys and thus not considered here [69] . As a result, 

he transition entropy change �s t increasingly dilutes when the 

ransition temperature is lowered by magnetic field or small com- 

ositional changes. According to Clausius-Clapeyron for magnetic- 

eld-induced transformations (see Eq. (5) ), the decrease in �s t re- 

ults in a rising (dT t /μ0 dH) : 

d T t 

μ0 dH 

= 

�M ( T ) 

�s t ( T ) 
= 

�M ( T ) 

| �s lat | − | �s mag ( T ) | . (5) 

The temperature dependence of �s t can also be observed for 

he forward and the reverse transformation which exhibit a ther- 

al hysteresis of 7.7 K at 0 T in the studied sample. Upon cooling 

forward transformation) a | �s t | of 19.5 Jkg −1 K 

−1 and upon heat- 

ng a | �s t | of 21.2 Jkg −1 K 

−1 was measured via DSC (see Table 2 ).

his explains why the forward transformation shows a larger shift 

nd the thermal hysteresis increases for rising magnetic fields. For 

he similar reason, a broadening of the transition in higher mag- 

etic fields can be observed. In zero field, the transition temper- 

ture is spread over about 9 K. According to the temperature de- 

endence of (dT t /μ0 dH) , the parts of the sample transforming at 

ower temperatures exhibit a more pronounced shift than the parts 

f sample transforming at higher temperatures which results in a 

roadening of the transition in larger fields. 
10 
Fig. 9 (a) illustrates isothermal M(H) curves up to 10 T of the 

agnetic-field-induced reverse martensitic transformation at vari- 

us temperatures. Fig. 9 (b) exhibits the corresponding isothermal 

ntropy change �s T (T,H) which has been determined from the 

(H) measurements up to 10 T and M(T) curves up to 2 T accord- 

ng to Eq. (6) : 

s T ( T , H ) = μ0 

H ∫ 
0 

(
∂M ( T , H ) 

∂T 

)
H 

dH . (6) 

The computed �s T (T,H) of both methods exhibits a good agree- 

ent. For the maximum �s T (T,H) , a value of 19.6 Jkg −1 K 

−1 can be

ound at 283 K for a field change of 4 T which corresponds to 

 complete phase transformation. A reasonable coincidence with 

s t from DSC (see Table 2 ) can be noticed. At 283 K just be-

ow A s = 285.6 K, field changes of less than 4 T are not suffi-

ient to achieve a full transformation. At higher field changes, the 

ransformation can be fully induced, but the material additionally 

hows an increasing conventional magnetocaloric effect counter- 

cting the inverse effect. As a consequence, �s T (T,H) decreases at 

eld changes smaller and larger than 4 T. At temperatures above 

83 K the decay of �s T (T,H) can be attributed to a decrease of 

he transformed phase fraction resulting from the formation of 

emperature-induced austenite before field application. In addition, 

he conventional magnetocaloric effect of the austenite increases at 

igher temperatures as the Curie temperature T C 
A = 314 K is ap- 

roached. This effect is indicated by the strongly negative values 

f �s T (T,H) at high temperatures in Fig. 9 (b) and further decreases 

s T (T,H) of the reverse martensitic transformation. At tempera- 

ures below 283 K, the already discussed decrease of �s t causes 

he declining �s T (T,H) . 

.6.2. Two-step transformation behavior 

In order to investigate the aforementioned distinct kink in mag- 

etization of the first-order transformation which can be seen in 

he M(T) and M(H) measurements, we performed temperature- 

ependent optical microscopy. Fig. 10 shows the microstructural 

volution of the suction-cast cylinder upon cooling. At 290 K, the 

ample is fully in the austenitic state. When the temperature is 

owered, the fine equiaxed grains in the chill zone, at the edge 

f the sample, start to transform first and form a shell that sur- 

ounds the austenite in the sample center. In the M(T) curve of 

he full cylinder, this part corresponds to the kink at the onset of 

he transformation between 290 K and 282 K (see Fig. 11 (a)). The 

(T) curve of the pure chill zone (extracted by cutting) in Fig. 11 (b)

hows that its transformation is mostly finished at 282 K. Accord- 

ng to Fig. 11 (a), the chill zone contributes 33 % of the samples

agnetization which is in good agreement with the transformed 

hase fraction obtained from the micrograph at 282 K. 

Upon further cooling, a highly directional transformation pro- 

ess along the columnar grains can be observed (see supplemen- 

ary video). Thereby, the parent austenite transforms within only 4 

. This can also be seen in the M(T) curve of the extracted colum- 

ar zone (see Fig. 11 (b)) with a slight difference in absolute tem- 

erature compared to the optical microscopy. Upon heating, the 

everse transformation behavior can be noticed. In this case, the 

artensite in the columnar zone of the sample is shrinking first 

nd subsequently the martensite of the chill zone. The reason for 

he two-stage transformation is a small difference in the chemi- 

al composition of the columnar and the chill zone which was de- 

ected by an EDX linescan (not shown here). While the columnar 

one is chemically homogeneous, the chill zone shows a gradual 

ncrease of about 0.1 at% Ni and 0.15 at% In as well as a decrease

f ca. 0.25 at% Mn which explains the broadened transformation of 

he chill zone. In addition, the significantly smaller grain size in the 

hill zone of the sample can contribute to the difference in tran- 
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Fig. 10. Temperature-dependent evolution of the microstructure of suction-cast Ni-Mn-In upon cooling in zero field. 

Fig. 11. Isofield curves of magnetization M(T) in a magnetic field of 0.1 T of (a) the 

complete suction-cast cylinder, (b) the pure chill zone (edge) and pure columnar 

(col.) zone (center) of the cylinder, respectively. The separate pieces of chill and 

columnar zone were extracted by cutting. Blue symbols and lines correspond to 

cooling and red symbols lines, to heating (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article.). 
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Fig. 12. (a) Adiabatic temperature change �T ad of suction-cast Ni-Mn-In in a mag- 

netic field of 1.9 T (green symbols, measured in Halbach setup) and in pulsed 

magnetic fields of 2, 5, and 10 T (solid lines) at T start = 285 K. The bars indicate 

onset H 

As and finish H 

Af of the field-induced reverse martensitic transformation 

in the pulsed-field measurements. The inset displays the pulsed-field sweep-rates 

μ0 (dH/dt) depending on the magnetic field. (b) Corresponding strain ε as a function 

of the different magnetic fields (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article.). 
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ition temperature and width [70] . This means that even smaller 

ritical magnetic fields can be realized to fully induce the reverse 

ransformation when the chill zone is removed by a simple cylin- 

rical grinding procedure. 

.6.3. Direct measurements 

The complete evaluation of the compound’s magnetocaloric per- 

ormance requires information on the field-induced adiabatic tem- 

erature change �T ad besides the �s T (T,H) data. For this purpose, 

e carried out �T ad measurements in a setup of two nested Hal- 

ach magnets with a maximum field change of 1.9 T and in pulsed 

agnetic fields up to 10 T. While the �T ad measurements in the 

albach magnet provide an estimation of the materials applicabil- 

ty for conventional magnetic refrigeration, the pulsed-field data is 

sed to check its suitability for the exploiting-hysteresis concept. 
11 
he latter enables higher fields and faster sweeping rates [21] . Si- 

ultaneously with �T ad the transformation strain εtr was recorded 

hich allows studying kinetical effects of the field-induced reverse 

artensitic transformation [45] . 

ield dependence of the adiabatic temperature change. Fig. 12 (a) 

hows the field dependence of �T ad (H) measured in the Halbach 

etup (symbols) and in pulsed fields (lines) of 2, 5, and 10 T for an

nitial sample temperature T start of 285 K. Note that at this tem- 

erature the sample is close to A s = 285.6 K. At first, the materials

esponse to the 10 T pulse is discussed. Upon field application, the 
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Fig. 13. (a) Field dependence of the adiabatic temperature change �T ad in suction- 

cast Ni-Mn-In for an initial sample temperature T start of 281 K. The measurement 

was performed in a Halbach setup and visualizes the difference in �T ad between 

the 1st and 2nd cycle (field application and removal). (b) Adiabatic temperature 

change �T ad upon the 1 st field application as a function of the initial sample tem- 

perature for maximum field changes of 1.9 T (green symbols, measured in a Hal- 

bach setup), 2, 5, and 10 T (solid lines and squares, measured in pulsed-field mag- 

net). (c) Corresponding adiabatic temperature change �T ad which remains after the 

magnetic field is fully removed. The inset shows the adiabatic temperature change 

�T ad upon cycling as a function of the initial sample temperature for a field change 

of 1.9 T. The grey area illustrates the temperature region of the reverse martensitic 

transformation (For interpretation of the references to color in this figure legend, 

the reader is referred to the web version of this article.). 
nset of the reverse martensitic transformation is indicated by a 

ising | �T ad | at the critical field H 

As . A �T ad of -7.3 K can be ob-

erved when the transition is completed at a H 

Af of about 7.5 T. 

bove H 

Af , the sample temperature rises when the magnetic field 

s increased further due to the conventional magnetocaloric effect 

round T C 
A . The same effect results in a linear cooling down to -9.3 

 upon field removal until the transformation back to martensite 

akes place at a H 

Ms of about 1 T. This is equivalent to an increase

f | �T ad | by 27 %, which can be utilized in the exploiting-hysteresis

ycle. For that purpose, the martensitic transformation has to be 

ully hindered by the thermal hysteresis. In the present sample, the 

hermal hysteresis causes a partial martensitic transformation with 

 �T ad of -4.9 K when the magnetic field is fully removed. The 5 

 pulse also exhibits a completed transformation from martensite 

o austenite when the magnetic field is applied. This is indicated 

y the coincidence with the signal of the 10 T pulse upon field re-

oval. The counteracting inverse and conventional magnetocaloric 

ffect results in a different �T ad at the maximum field of 5 T (-8.2

) and 10 T pulse (-6.7 K) which is in agreement with the obser- 

ations for �s T (T,H) (see Fig. 9 ). In case of the 2 T pulse and the

easurement in the Halbach setup (1.9 T), the field changes are 

ot sufficient to fully induce a reverse martensitic transformation. 

ence, a distinct minor-loop behavior can be noticed. The achieved 

T ad values for the different field changes and T start are summa- 

ized in Fig. 13 and will be discussed in detail later. 

.6.4. Magnetic-field-induced transformation dynamics 

For the pulsed-field experiments, the maximum magnetic field 

as always reached after 13 ms corresponding to maximum 

weeping rates of 1850, 866, and 318 Ts -1 for 10, 5, and 2 T, re-

pectively (see inset of Fig. 12 (a)). On the contrary, the field re- 

oval is significantly slower and the sweeping rates coincide. In 

he Halbach setup, the maximum magnetic field of 1.9 T is ap- 

lied and removed with a considerably smaller rate of 1 Ts −1 . The 

arge span of field-sweep rates from 1 Ts −1 up to 1850 Ts −1 dur- 

ng field application allows to study dynamical effects of the field- 

nduced reverse martensitic transformation. For that purpose, the 

eld has to be applied at the same initial sample temperature T start . 

ig. 12 (a) displays for T start = 285 K a growing H 

As upon increasing

eld-sweep rate. The same holds true for H 

Af if the reverse marten- 

itic transformation is completed (see 5 T and 10 T pulses). How- 

ver, by �T ad measurements at T C 
A (not shown here) a delay of 

he thermocouple could be revealed for the pulsed-field measure- 

ents, which can be attributed to the thermal mass and conduc- 

ance of the thermocouple [71] . This causes an increasing field hys- 

eresis with rising field-sweep rates. As a consequence, the �T ad 

ata do not allow a profound analysis of the transformation dy- 

amics. Instead, the simultaneously detected transition strains in 

ig. 12 (b) need to be considered. The instantaneous strain response 

pon the transformation confirms that the increase of H 

As and H 

Af 

pon rising field-sweep rates can be attributed to the thermocou- 

le delay and not to dynamical effects of the transformation. Thus, 

n immediate onset of the reverse martensitic transformation can 

e observed in Fig. 12 (b) for all sweeping rates upon field applica- 

ion which agrees with the “delay-free” �T ad measurement in the 

albach setup. In addition, H 

Af coincides for maximum field rates 

f 866 Ts −1 (5 T pulse) and 1850 Ts -1 (10 T pulse). It should be

mphasized, that the coincidence in H 

Af is significantly different 

rom the behavior observed in conventionally arc-molten Ni-Mn- 

n, where H 

Af increases at field rates higher than 865 Ts −1 [45] . 

his may be explained by the higher defect density of the fine- 

rained suction-cast compared to the coarse-grained arc-molten 

icrostructure which facilitates the annihilation of the marten- 

ite during the field-induced reverse martensitic transformation. 

ence, no dynamical effects of H 

Af can be seen in the studied field- 

weep range. Note that the strain measurement of the suction-cast 
12 
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aterial was performed in the cutting surface of the suction-cast 

ylinder which is perpendicular to the one shown in Fig. 10 . Fur- 

her strain measurements in the cross section are planned to in- 

estigate the influence of the anisotropic transformation behavior 

bserved by temperature-dependent microscopy (see Fig. 10 ). Be- 

ides that, no two-step transformation behavior can be seen by a 

istinct kink in the detected �T ad and strain signal, because both 

uantities were measured in the columnar zone of the sample. 

.6.5. Maximum and cyclic adiabatic temperature change 

Fig. 13 (a) shows exemplarily a field-dependent �T ad measure- 

ent at T start = 281 K in the Halbach setup to introduce the differ-

nt quantities of �T ad which are discussed in the following. In or- 

er to investigate the maximum �T ad of the field-induced reverse 

artensitic transformation, �T ad was determined at the maximum 

eld H max upon the first field application. An exception was made 

or incomplete phase transitions at which the maximum value of 

 �T ad | occurs at a field slightly different from H max (see e.g. 2 T

ulsed-field measurement in Fig. 12 (a)). In this case the maximum 

 �T ad | was taken. The values of �T ad upon the first field applica-

ion are summarized in Fig. 13 (b) as a function of the initial sample

emperature for field changes of 1.9, 2, 5, and 10 T. The grey area

xhibits the temperature region of the reverse martensitic transfor- 

ation in zero field which was obtained via DSC (see Table 2 ).The 

ighest �T ad of -9.2 K can be observed at T start = 280 K for a field

hange of 5 T corresponding to a full reverse martensitic transfor- 

ation. Compared to the estimated �T ad of -11.4 K from DSC (for 

 = 280 K), the measured value is slightly lower. A possible expla- 

ation for the difference is an increased �s mag at T start = 280 K 

hich reduces �s t compared to the thermally driven transforma- 

ion in DSC taking place at higher temperatures. In addition, the 

ombination of inverse and conventional magnetocaloric effect in 

he measured sample results in a �T ad falling below the predicted 

alue. If �T ad and the required field change are compared to arc- 

olten Ni-Mn-In of a similar transition temperature a good agree- 

ent is found [45] . For the dependence of �T ad on T start and the

pplied magnetic field, similar trends as for �s T (T,H) in Fig. 9 can 

e noticed. Thus, at T start lower than 280 K | �T ad | decays due to

 gradual decrease of �s t and the transformed phase fraction. At 

emperatures higher than 280 K, the reduction of | �T ad | can be 

ttributed to an enhanced conventional magnetocaloric effect and 

lso to a decrease of the transformed phase fraction. The latter re- 

ults from the formation of temperature-induced austenite in the 

ample before field application. The lower �T ad (-8.2 K) compared 

o T start = 280 K and the immediate onset of the transformation 

see Fig. 12 (b)) indicate also the presence of some temperature- 

nduced austenite at T start = 285 K. For the �T ad in the Halbach 

etup with field changes of 1.9 T and the 2 T pulses a good agree-

ent can be noticed. The partial transformation exhibits a maxi- 

um �T ad of -4.4 K in the Halbach and -4.7 K in the 2 T pulse at

 T start of 287 K. 

In order to check the applicability of suction-cast Ni-Mn-In for 

onventional magnetocaloric cooling, �T ad was determined upon 

ycling in 1.9 T, the field change that can be provided by perma- 

ent magnets. For that purpose, the 2 nd cycle (field application 

nd removal) in the Halbach magnet was analyzed as shown in 

ig. 13 (a). It should be emphasized, that the initial sample temper- 

ture for the 1st and 2nd cycle can differ from each other when 

he 1st cycle is not fully reversible. The �T ad values upon cycling 

re depicted in the inset of Fig. 13 (c) as a function of the initial

ample temperature (for the 2 nd cycles). A maximum cyclic effect 

f -1.2 K can be observed at 283 K which is in good agreement

ith the value reported for arc molten Ni-Mn-In [36] . However, the 

T ad upon cycling is significantly lower than the maximum effect 

uring the first field application. The difference results from the 
13 
hermal hysteresis which hinders a complete back transformation 

o martensite after field removal. 

.7. Exploiting-hysteresis cycle 

The exploiting-hysteresis cycle benefits from the limited back 

ransformation to martensite by utilizing the adiabatic tempera- 

ure change �T ad of the material after magnetic field removal (see 

ig. 13 (a)). After the magnetic field is completely taken off, the 

eat is absorbed from the cooling compartment. In the next step, 

he material is transformed to its initial martensite state by the 

pplication of an uniaxial load before the cycle starts again with 

he application of the magnetic field. It should be emphasized, that 

he exploiting-hysteresis concept utilizes the adiabatic temperature 

hange upon the field-induced reverse martensitic transformation 

after field removal) while the stress-induced martensitic transfor- 

ation only sets the material back to its initial martensite state 

ithout the necessity of achieving a �T ad . Hence, we can estimate 

he cyclic �T ad which can be obtained by the exploiting-hysteresis 

oncept from the �T ad after field removal and the stress required 

o set the material back to its initial state by the critical stress- 

emperature phase diagram. 

Fig. 13 (c) shows �T ad after field removal as a function of the 

nitial sample temperature for maximum fields of 1.9, 2, 5, and 10 

. For a field change of 1.9 T a maximum �T ad of -4.1 K can be

bserved at T start = 287 K which is close to �T ad (-4.4 K) upon the

rst field application. As the sample temperature coincides after 

he heat transfer with T start of 287 K, according Fig. 5 (b), a stress

f 55 MPa has to be applied to bring the sample back to its orig-

nal state. Hence, the �T ad after field removal corresponds to the 

yclic adiabatic temperature �T ad,cyclic,EHC which can be utilized in 

he exploiting-hysteresis cycle (see also Fig. 13 (a)). �T ad,cyclic,EHC 

an be increased further at higher magnetic fields. It should be 

mphasized that in comparison with conventional magnetic refrig- 

ration the volume of permanent magnets can be reduced in the 

xploiting-hysteresis concept. In consequence, higher, as more fo- 

used, magnetic fields can be utilized which enable to increase the 

ransformed phase fraction. For field changes of 5 and 10 T at a 

 start of 285 K, cyclic effects of -4.4 K and -4.9 K can be achieved,

espectively. In both cases a stress of 44 MPa is required for the se- 

uential stress-induced martensitic transformation. The difference 

f 0.5 K in �T ad,cyclic,EHC , though in 5 and 10 T the reverse marten-

itic transformation is fully induced (see Fig. 12 (a)) can result from 

 slight offset in T start . 

.8. Comparison of caloric concepts 

Fig. 14 summarizes the cyclic effects of different caloric cool- 

ng concepts for the suction-cast Ni-Mn-In sample. The maximum 

T ad,cyclic can be achieved via elastocaloric cooling exhibiting -6.3 

 when a stress of 300 MPa is applied and removed at 305 K. By

he exploiting-hysteresis cycle a maximum cyclic effect of -4.9 K 

an be estimated when a magnetic field of 10 T and a sequential 

tress of 44 MPa are applied at 285 K. Compared to elastocaloric 

ooling, significantly lower stresses are required in the exploiting- 

ysteresis concept for the stress-induced martensitic transforma- 

ion. The reasons for this are twofold: Firstly, the absolute tem- 

erature of the material is reduced in the exploiting-hysteresis 

oncept. Secondly, the exploiting-hysteresis concept allows lower 

train rates upon the stress induced martensitic transformation as 

he material is only set back to its initial martensite state with- 

ut the necessity of achieving a �T ad during the loading step. As a 

onsequence of the reduced critical stresses the materials’ lifetime 

ill drastically improve in cyclic operation. It should be empha- 

ized, that in the exploiting-hysteresis concept a large cyclic �T ad 

f -4.1 K still can be estimated for moderate field changes of 1.9 
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Fig. 14. Cyclic adiabatic temperature change �T ad,cyclic of suction-cast Ni-Mn-In for 

different caloric cooling concepts. 
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 with a subsequent stress of 55 MPa. This corresponds to an in- 

rease of almost 37 % compared to the highest reported cyclic �T ad 

f -3 K which could be achieved in Ni-Mn-based Heusler com- 

ounds for similar field changes by conventional magnetic cool- 

ng [72] . In the present suction-cast Ni-Mn-In sample a maximum 

yclic effect of -1.2 K was obtained for a field change of 1.9 T. 

. Conclusions 

In this study, we present a distinct influence of microstructure 

n the application of Ni-Mn-In Heusler compounds for multicaloric 

ooling using magnetic fields and uniaxial stress. The main findings 

re listed in detail below: 

1. Temperature-dependent x-ray powder diffraction reveals a 

martensitic transformation from high-temperature L2 1 austen- 

ite to low-temperature 3M monoclinic martensite. The lattice 

parameters and symmetry relation of the two phases were used 

to compute the strains of the stress-induced martensitic trans- 

formation under compression in various crystallographic direc- 

tions. A topmost transformation strain of 5.8 % was found when 

the austenite phase is compressed in [001] direction. 

2. The comparison of suction-cast and arc-molten microstructures 

via SEM-EBSD revealed a < 001 > solidification texture for both 

synthesis techniques. By correlating these data with stress- 

strain measurements a strong effect of texture on the stress- 

induced martensitic transformation was demonstrated. It is 

shown that a < 001 > texture in compression direction is desri- 

able to reduce the critical transformation stresses. 

3. The improvement of the compressive strength by grain refine- 

ment. By suction casting (grain diameter of 41 μm) an almost 

40 % higher compressive strength was achieved than for con- 

ventional arc melting (grain diameter of 675 μm). 

4. In contrast to arc-molten Ni-Mn-In [45] , an instantaneous re- 

sponse of the magnetic-field-induced reverse martensitic trans- 

formation was found for sweeping rates up to 1850 Ts −1 in 

suction-cast Ni-Mn-In, which could result from a facilitated an- 

nihilation of retained martensite by a higher density of grain 

boundaries. 

5. Temperature-stress and temperature-magnetic field phase di- 

agrams were established for suction-cast Ni-Mn-In. At higher 

external fields, an increasing thermal hysteresis and transition 

width was observed for both stimuli, even though uniaxial 

stress stabilizes the martensite and magnetic field the austenite 

phase. 
14 
6. Isothermal entropy and adiabatic temperature changes were 

determined for the magnetic-field- and stress-induced phase 

transformation in suction-cast Ni-Mn-In. We illustrate that the 

maximum cyclic effect of -1.2 K in a magnetic field change of 

1.9 T can be increased by more than 200 % to -4.1 K when a

sequential stress of 55 MPa is applied. This significant adiabatic 

temperature change exceeds the topmost cyclic magnetocaloric 

effect reported for Ni-Mn-based Heusler in similar magnetic 

fields by more than one-third. In addition, the stresses required 

for the multicaloric approach are shown to be strongly reduced 

compared to elastocaloric cooling. 

With this, we demonstrate that an optimized microstructural 

esign and the combination of magnetic field and stress can en- 

ble large cyclic caloric effects in moderate external fields in the 

etamagnetic shape-memory alloy Ni-Mn-In. This finding should 

ncourage the investigation of multicaloric effects in other first- 

rder materials and clearly illustrates the potential of multi-stimuli 

oncepts for environmentally-friendly refrigeration. 
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The inverse magnetocaloric effect in Ni-Mn based Heusler compounds occurs during the magnetostructural
transition between low-temperature, low-magnetization martensite and high-temperature, high-magnetization
austenite. In this study, we analyze the metamagnetic transformation of a Ni49.8Mn35In15.2 compound by
simultaneous adiabatic temperature change �Tad and strain �l/l0 measurements in pulsed magnetic fields up to
10 T. We observe a �Tad of −10 K and a �l/l0 of −0.22% when the reverse martensitic transition is fully
induced at a starting temperature of 285 K. By a variation of the magnetic field-sweep rates between 316,
865, and 1850 T s−1, the transitional dynamics of the reverse martensitic transformation have been investigated.
Our experiments reveal an apparent delay upon the end of the reverse martensitic transformation at field rates
exceeding 865 T s−1 which is related to the annihilation of retained martensite. As a consequence, the field
hysteresis increases and higher fields are required to saturate the transition. In contrast, no time-dependent
effects on the onset of the reverse martensitic transformation were observed in the studied field-sweep range.
Our results demonstrate that kinetic effects in Heusler compounds strongly affect the magnetic cooling cycle,
especially when utilizing a multicaloric “exploiting-hysteresis cycle” where high magnetic field-sweep rates are
employed.

DOI: 10.1103/PhysRevMaterials.4.111401

I. INTRODUCTION

Since the discovery of the giant magnetocaloric effect
(MCE) of Gd5(SixGe1–x )4 in 1997 [1], other first-order mate-
rials such as La(Fe, Si)13 [2–4], Fe2P-type [5,6], and Heusler
compounds [7–10] have been the subject of much attention in
the magnetic refrigeration community. However, the intrinsic
thermal hysteresis accompanying the magnetostructural trans-
formation significantly limits the utilization of the materials’
isothermal entropy change �sT and adiabatic temperature
change �Tad in cyclic operation [11,12]. For multicaloric
materials, the addition of mechanical fields such as hydrostatic
pressure [13] or uniaxial load [14] upon demagnetization is
one approach to minimize the effective thermal hysteresis. We
recently proposed an alternative concept to increase reversibil-
ity, which is based on the exploitation of thermal hysteresis
rather than avoiding it [15]. In this case, the material is trapped
in its ferromagnetic state after applying and removing the
magnetic field by the accepted hysteresis and is sequentially
transformed back to its initial nonmagnetic state by uniaxial
stress.

Accordingly, potential candidate materials for the so-called
exploiting-hysteresis cycle require a high susceptibility to
magnetic field and uniaxial load. Thereby, the first-order
transition has to exhibit an inverse magnetocaloric and a
conventional elastocaloric effect or the opposite combina-
tion to ensure cyclability [16]. For Ni-Mn-X-(Co) based
Heusler compounds with X = In [13,17,18], Sb [19,20], or

Sn [21–23], large inverse magnetocaloric and conventional
elastocaloric effects based on their martensitic transformation
have been reported. While the magnetic field stabilizes the
high-temperature, high-magnetization austenite, the uniaxial
load results in a preferential formation of low-temperature,
low-magnetization martensite, because of its lower crystal
symmetry [24]. In addition, a sufficiently large thermal hys-
teresis to avoid demagnetization upon magnetic field removal
is present in a variety of Ni-Mn-X-(Co) metamagnetic shape-
memory alloys [25].

The suppressed demagnetization when the magnetic field is
removed has the major advantage that the magnetic field does
not have to be maintained during heat transfer. Accordingly,
the large volume of expensive permanent magnets, which are
typically used for magnetic refrigeration, can be significantly
lowered [26,27]. At the same time, the volume reduction
enables the generation of higher, as more focused, magnetic
fields. In addition, the decoupling of the (de)magnetization
and heat transfer process allows the utilization of shorter
exposure times of the magnetocaloric material to the magnetic
field, which is limited in conventional active magnetic regen-
eration by the operational frequency of usually 1 Hz [28]. As a
consequence, a detailed understanding of the magnetocaloric
materials’ response to short-time magnetic field exposure and
with this high magnetic field-sweep rates is inevitable.

For this purpose, we have studied the magnetostructural
response of the promising metamagnetic shape-memory al-
loy Ni-Mn-In to varying high magnetic field-sweep rates,
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generated in a solenoid, by simultaneous �Tad and strain
�l/l0 measurements. The combination of both signals en-
abled us to circumvent the frequently discussed problem of
thermocouple response time in first-order magnetocaloric ma-
terials, and allowed the analysis of the transitional dynamics
in addition to the direct determination of the MCE [29–32].
With this approach, a detailed insight into the reverse marten-
sitic transformation kinetics in metamagnetic Ni-Mn-In was
obtained.

II. EXPERIMENTAL DETAILS

Polycrystalline, nominally composed Ni49.8Mn35In15.2

was synthesized by manifold arc melting of high-purity
Ni (99.97 %), Mn (99.99 %), and In (99.99 %). The chem-
ically homogenized ingot was subsequently annealed in a
quartz tube under Ar atmosphere at 900 °C for 24 h, followed
by rapid quenching in water.

The simultaneous �l/l0 and �Tad measurements were per-
formed in pulsed magnetic fields of 2, 5, and 10 T in a solenoid
magnet at the Dresden High Magnetic Field Laboratory
(HLD). The maximum fields of 2, 5, and 10 T were always
reached after 13 ms, with maximum magnetic field rates of
316, 865, and 1850 T s−1, respectively. For the detection of
the adiabatic temperature change �Tad , a differential T-type
thermocouple with a single wire thickness of 25 μm was fixed
between two parts of the sample by a thermally conductive
epoxy. The strain determination was carried out by a linear
pattern strain gauge of 0.79 mm gauge length and 1.57 mm
grid width glued on the sample surface. The electrical re-
sistance of the strain gauge was determined via a function
generator and a digital lock-in technique. The gauge direction
was positioned perpendicular to the applied magnetic field,
which was recorded by a pickup coil. For the determination of
the absolute temperature of the sample, a Pt100 temperature
sensor was used. A more detailed description of the setup can
be found in [30,31].

All simultaneous measurements of �Tad and �l/l0 were
executed after 25 training pulses to ensure a repeatable re-
sponse of the sample upon the field-induced transformation.
In addition, a discontinuous temperature protocol was used in
order to bring the material back to a defined initial state after
application of the magnetic field [29,33]. For this purpose, the
sample was heated up to 310 K (fully austenitic state) and
cooled down to 240 K (fully martensitic state) before setting
the sample temperature for the measurement [34].

Isofield curves of magnetization and strain of the prepared
sample were carried out in VSM mode of a Quantum Design
PPMS-14 T using a heating and cooling rate of 2 K min−1. In
accordance with pulsed-field measurements, the gauge direc-
tion was positioned perpendicular to the magnetic field [16].

Temperature-dependent optical microscopy was executed
with a Zeiss Axio Imager.D2M equipped with a LN2 cryostat.
A heating and cooling rate of 2 K min−1 was used.

Temperature-dependent x-ray measurements were col-
lected on a custom-built diffractometer in transmission
geometry (Mo Kα radiation, λ1 = 0.070 932 nm, λ2 =
0.071 332 nm, MYTHEN2 R 1K detector (Dectris Ltd.), 2θ

range from 7° to 57°, step size of 0.009°). A detailed descrip-
tion of the diffractometer can be found in [35]. A small piece

FIG. 1. XRD patterns of Ni49.8Mn35In15.2 powder at (a) 310 K
(L21 austenite) and (b) 240 K (3 M modulated martensite). Austenite
reflections are labeled with their hkl indices. For the martensite
reflections, the respective hklm indices according to (3+1)D su-
perspace symmetry are used. The Si reflections result from the
NIST640d reference and the C reflection from the graphite sheet
utilized for gluing the powder.

of the sample was crushed into powder with particle sizes
<40 μm. To ensure the release of the deformation-induced
stresses, the powder was annealed in a fused silica tube un-
der Ar atmosphere for 7 days at 850 °C and subsequently
quenched in water. The annealed powder was mixed with a
NIST640d standard reference silicon powder for correction
of geometric errors and glued onto a graphite sheet. The
temperature was controlled by means of a closed-cycle helium
cryofurnace (SHI Cryogenics Group) in the range from 310 to
240 K.

III. RESULTS

A. Structural properties

Figure 1 shows the XRD patterns of the synthesized
Ni49.8Mn35In15.2 sample at 310 and 240 K. The diffractogram
at 310 K reveals a solely austenitic phase having a L21 struc-
ture with a lattice constant of a = 0.600 27 nm. At 240 K
the sample is almost entirely in a 3 M modulated martensite
state with a monoclinic unit cell having the lattice parameters
a = 0.439 47 nm, b = 0.563 30 nm, c = 3 × 0.43307 nm, and
β = 92.691◦. The change of the lattice parameters indicates a
highly anisotropic structural distortion upon the martensitic
transformation, resulting in an overall volume decrease of
0.97 %. The lattice parameters and the corresponding vol-
ume change are in good agreement with the data reported in
[36,37].

B. Isofield measurements

Figure 2 summarizes the simultaneous magnetization and
strain measurements for heating and cooling in magnetic
fields of 0.05 T up to 10 T. A magnetostructural tran-
sition from high-temperature, high-magnetization austenite

111401-2



INFLUENCE OF THE MARTENSITIC TRANSFORMATION … PHYSICAL REVIEW MATERIALS 4, 111401(R) (2020)

FIG. 2. Isofield measurements of the magnetization M (a) and the
strain �l/l0 (b) in a magnetic field of 0.05, 2, 6, and 10 T.

to low-temperature, low-magnetization martensite can be
observed at 281 K in 0.05 T [see Fig. 2(a)]. The correspond-
ing reverse transformation occurs at 288 K resulting in a
thermal hysteresis of 7 K. An increase of the magnetic field
stabilizes the high-magnetization austenite phase leading to a
shift of the austenite-to-martensite transition temperature by
−4.87 K T–1, whereas the martensite-to-austenite transition
temperature changes by −4.27 K T−1. As a consequence, the
thermal hysteresis expands to 13 K in a magnetic field of 10 T.
It is worth mentioning that the total entropy change �st is low-
ered, when the martensitic transformation is shifted towards
lower temperatures by magnetic field or chemical composition
[38]. This effect is caused by a rising magnetic entropy change
�smag, which results from the increasing magnetic entropy
contribution of the austenite at lower temperatures and coun-
teracts the structural part �slat of �st according to Eq. (1).

�st = |�slat| − |�smag|. (1)

In Eq. (1), the electronic entropy contribution �sel is not
considered, as Kihara et al. [39] showed that the influence on
�st is negligibly small for Heusler compounds. Besides the
inverse MCE at the magnetostructural transition, a conven-
tional MCE is present at the Curie temperature of the austenite
T A

C = 312 K.
The difference between the first- and second-order tran-

sition becomes apparent in Fig. 2(b). While no structural
change takes place at T A

C , the strong coupling of magnetic
moments and crystal lattice results in a macroscopic length
change |�l/l0| of 0.22% upon the martensitic transforma-
tion at 0.05 T. This transition strain value is comparable or
even higher than reported in [36,37,40–42] for polycrystalline
Ni-Mn-In-(Co) compounds. The length expansion upon the
growth of the low-volume martensite phase can be explained
by the anisotropic change of the lattice parameters (see Fig. 1).
With increasing magnetic field, the transition strain |�l/l0|
is reduced to 0.18% in 10 T. The decrease in |�l/l0| can
be ascribed to the decline of �st at lower transformation
temperatures, which will be discussed later in more detail.

Pathak et al. [43] showed for Ni-Mn-In-(Si) that also mi-
crostructural features such as grain size and orientation with
respect to the gauge and magnetic field direction can signif-
icantly influence the transition-strain behavior. In the present
study, the underlying microstructure and its evolution were in-
vestigated by temperature-dependent optical microscopy (see
Fig. 3). At 300 K, in the full austenite state, large columnar
grains of 100–700 μm diameter can be observed, which are
characteristic for arc-molten Ni-Mn-In-(Co) [41]. Note that
all strain measurements were carried out perpendicular to the
solidification direction and to the magnetic field as shown in
the schematic drawing in Fig. 3. Upon cooling, the martensitic
transformation can be noticed by the formation of a distinct
surface relief. Thereby, the martensite nucleates and grows
preferably along grain boundaries and in 45° angles within
the grains, which is indicated by the micrograph in the mixed-
phase state at 283 K. The resulting variants in the solely
martensitic state are displayed in the micrograph at 270 K.

A further influence on the strain upon the martensitic trans-
formation can result from the magnetocrystalline anisotropy
of the martensite below its Curie temperature T M

C [44]. Also
related to the magnetostructural transition, the strain signal in
Fig. 2(b) shows the occurrence of humps upon the marten-
site formation and the austenite finishing process. Similar
anomalies in �l/l0 were already reported for Ni-Mn-In [40]
and Ni-Mn-Ga [45] and might result from microstructural
changes during the nucleation and annihilation of martensite,
elastic softening, active defects, or microscopic features such
as microcracks [46–48].

C. Pulsed-field measurements

Figure 4(a) illustrates the temporal evolution of �Tad and
�l/l0 in a magnetic field pulse of 10 T when the sample
has an initial temperature Tstart of 285 K. Thereby, the max-
imum magnetic field is reached after 13 ms with a maximum
field-sweep rate of 1850 T s−1. In contrast to that, the field
removal is significantly slower. The field dependence of �Tad

and �l/l0 for Tstart = 285 K is shown in Fig. 4(b). At this
temperature, the sample was still martensitic in zero field,
but close to the austenite formation, as Tstart was always ap-
proached from 240 K (full martensite). With the application
of the magnetic field, the sample transforms into austenite as
soon as the austenite starting field HAs is reached. Figure 4(b)
implies that HAs differs significantly for �Tad compared to
�l/l0. This effect can be ascribed to the different scale of the
�Tad and �l/l0 axes and a delay of the thermocouple, which
will be discussed later in more detail. At a starting temperature
of 285 K, the sample shows a �Tad of −10 K and a �l/l0 of
−0.22% when the magnetostructural transformation is com-
pleted. The detected strain is in excellent agreement with the
isofield measurements, though different stimuli act as driving
forces for the transition. Figure 4(b) shows that the transfor-
mation to the austenite state is finished at a magnetic field
HA f of approximately 7 T. The increase of the temperature
above this completion field relates to the conventional MCE
of the ferromagnetic austenite phase, which has been created
during the pulse. The same effect leads to the linear decrease
of the relative temperature to −11.5 K down to 2.2 T when
the magnetic field is removed. This corresponds to a further
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FIG. 3. Temperature-dependent optical microscopy upon cooling in zero field. Images were taken at 300 K (full austenite), 283 K (mixed
state), and 270 K (full martensite). The schematic in the top left corner visualizes the gauge and field direction with respect to the grain
orientation.

increase of |�Tad | by 15%. Since this effect is just related
to the magnetization, a constant �l/l0 is observed until the
martensitic transformation begins below 2.2 T. Thereby, the
transition back to the martensite state is partially hindered
because of the thermal hysteresis, resulting in a residual �Tad

of −3.4 K and �l/l0 of −0.057 % after the field is completely
taken off.

Figure 4(c) shows that the reversibility can be increased
by lowering the initial sample temperature. A full recovery
of the martensite can be obtained at Tstart = 270 K, which is
visible for both �Tad and �l/l0. However, higher magnetic
fields are needed to induce and complete the transformation
[49]. Thereby, |�Tad | and |�l/l0| exhibit significantly lower
values than at a Tstart of 285 K for the fully induced martensite-
to-austenite transformation. This effect can be ascribed to the
increasing magnetic entropy change �smag when Tstart is re-
duced. Consequently, the total entropy change �st decreases
[see Eq. (1)], which corresponds to a decay of the maximum
achievable adiabatic temperature change |�Tad | according to

�Tad � − T

cp
�st , (2)

with the background heat capacity cp [38,50]. Equation (2)
shows that also the absolute temperature T of the sample
contributes to the decline of |�Tad | at lower temperatures,
while the temperature dependence of cp for Ni-Mn-In causes
only a weak opposing behavior as the Dulong-Petit limit is
reached for the studied temperature range [51]. The decay of
|�l/l0| upon lowering Tstart can also be related to the decrease
of �st according to the Clausius-Clapeyron equation,

�st = −
(

1

ρ

)(
�l

l0

)(
dTt

dσ

)−1

, (3)

with the mass density ρ and the shift of the transition tem-
perature with applied stress (dTt/dσ ). Note that the latter
is temperature dependent and therefore a further potential
influencing variable for |�l/l0|. The decay of |�l/l0| at lower
temperatures is in good agreement with the isofield curves
of strain, shown in Fig. 2(b). After careful consideration of
the isofield measurements [see Fig. 2(b)], small anomalies
in the strain signal can be noticed upon the back transfor-
mation to the martensite. Thus, the occurrence of a shoulder
in �l/l0 can be seen at the onset of the back transforma-
tion for Tstart = 270 K. At Tstart = 285 K, the anomaly occurs
in a way that the martensite start field HMs of the �l/l0

signal, at 2.6 T, is approximately 0.7 T higher than the one of
the corresponding �Tad signal. In general, a response of the
strain gauge can be noticed in all pulsed-field measurements
ahead of the thermocouple upon the back transformation to
the martensite. The origin of this behavior we ascribe to the
already discussed anomalies of �l/l0. In addition, it should be
considered that the strain is measured at the sample surface,
while �Tad represents the behavior of the volume. Further
investigations will be done to clarify the origin of this differ-
ence. In contrast to the isofield measurements, no anomalies
of �l/l0 occur during the formation of the austenite in pulsed
fields, which indicates an influence of the stimulus on the
transition behavior.

In Fig. 5, �Tad and �l/l0 are plotted for different ini-
tial temperatures in magnetic field pulses of 2, 5, and 10 T.
Thereby, both quantities were determined at the magnetic field
in which the transition could be fully induced to cancel out
the influence of the conventional MCE on �Tad . In case of
an incomplete transformation, the values were taken at the
maximum magnetic field. The gray area between 287.1 and
290 K displays the main austenite transformation regime in
zero field. Figure 5 shows that �Tad and �l/l0 have their
maxima when the sample is initially in full martensite state,
but as close as possible to the austenite start temperature
As. For the measurement in 2 T, this is the case at 287
K. As soon as the initial sample temperature Tstart is lower,
e.g., 283 K, a decrease of |�Tad | and |�l/l0| is observed.
It should be mentioned that a magnetic field of 2 T is not
sufficient to complete the transformation. The same holds
true for magnetic fields of 5 T when Tstart is lower than
285 K (in case of Tstart = 285 K a full transformation can
be achieved, which will be discussed later in more detail).
Hence, for both magnetic fields, 2 and 5 T, the decay of
|�Tad | and |�l/l0| can be related to the decrease of the
transformed phase fraction when Tstart is even further below
As, as well as to a decrease of the total entropy change �st .
In contrast to that, the drop of |�Tad | and |�l/l0| for the
measurement at 289 K in 2 T solely results from the reduction
of the transformed phase fraction, as the sample was already
partially austenitic before the field pulse. In 10 T, the trans-
formation can be fully induced from 285 K down to 265 K.
Hence, the decrease of |�Tad | and |�l/l0| upon lowering Tstart

from 285 to 265 K is solely related to the aforementioned
decay of �st and both parameters show a more plateaulike be-
havior. For Tstart being below 265 K, additionally a reduction
of the transformed volume fraction contributes to the decrease
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FIG. 4. (a) Adiabatic temperature change �Tad (blue) and strain
�l/l0 (red) as a function of time for a magnetic field pulse of 10 T
and an initial sample temperature Tstart = 285 K. The black line rep-
resents the time dependence of the magnetic field. (b) Corresponding
magnetic field-dependent evolution of �Tad and strain �l/l0 at
Tstart = 285 K. (c) Magnetic field-dependent evolution of �Tad and
strain �l/l0 at an initial sample temperature of Tstart = 270 K.

in |�Tad | and |�l/l0| as is the case in 2 and 5 T. When Tstart

is close to the austenite finish temperature A f , e.g., at 290 K,
�Tad is dominated by the conventional MCE and becomes
accordingly positive. The slightly negative �l/l0 of −0.003%
in 10 T can be related to a small fraction of rest martensite,
which is still transformed at this temperature.

It is worth pointing out that the maximum |�Tad | and
|�l/l0| reached at a Tstart of 285 K coincides for 5 and 10
T, which indicates a fully induced transformation for the

FIG. 5. Maximum adiabatic temperature change �Tad (blue) and
strain �l/l0 (red) at magnetic fields of 2 T (stars), 5 T (circles), and
10 T (squares). The gray area indicates the temperature range of the
austenite formation in zero field.

5 T pulse. Considering field dependencies of �Tad shown in
Fig. 4(b), this finding is not intuitive as for the corresponding
10 T pulsed-field measurement, about 7 T is needed to com-
plete the transformation. Consequently, a lower |�Tad | and
|�l/l0| would be expected in 5 T than in 10 T.

For the explanation of this behavior, time-dependent ef-
fects of the first-order transition should be investigated. In
Fig. 6(a), the magnetic field pulses are plotted as a func-
tion of time. Thereby the maximum magnetic field was
always reached after 13 ms with maximum field-sweep rates
μ0(dH/dt ) of 1850, 865, and 316 T s−1 for 10, 5, and 2 T,
respectively [see inset of Fig. 6(a)]. In contrast to that, the
field removal is considerably slower and the field rates coin-
cide. Accordingly, different magnetic field pulses at a constant
initial starting temperature allow one to study kinetic effects
of the field-induced reverse martensitic transformation.

Figures 6(b) and 6(c) illustrate the �Tad and �l/l0 re-
sponse in magnetic fields of 2, 5, and 10 T at Tstart = 285 K.
As discussed earlier, the 10 T pulse with a maximum field
rate of 1850 T s−1 displays a complete transformation at ca.
7 T. For the 5 T pulse having a maximum field rate of
865 T s−1, a conventional MCE of the austenite and a satu-
ration of the strain signal cannot be observed. However, the
signal of both �Tad and �l/l0 for the maximum field strength
of 5 T coincides with the respective signal of the field removal
path for the completed transition of the 10 T pulse. This
indicates that for a topmost field rate of 865 T s−1 a complete
transformation can be achieved in 5 T. Moreover, the good
agreement of the signals in 5 and 10 T upon field removal
proves the accordance of the initial sample temperature for
both pulses. The 2 T measurement with a maximum field-
sweep rate of 316 T s−1 shows a distinct minor-loop behavior,
as in the provided field strength only a fraction of the marten-
site can be transformed.

Comparing the temperature evolution for 2, 5, and 10 T
in Fig. 6(b), a slight increase of the austenite start field HAs

can be observed with rising field-sweep rate. For the �l/l0
response in Fig. 6(c) such a dependence does not occur and
the values for HAs coincide. The different behavior of both
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FIG. 6. (a) Magnetic field as a function of time. The inset shows
the corresponding magnetic field-sweep rates as a function of the
magnetic field. (b) Adiabatic temperature change �Tad and (c) strain
�l/l0 depending on magnetic fields of 2, 5, and 10 T. The inset in
(b) illustrates the conventional magnetocaloric effect at the Curie
temperature T A

C of the austenite. The determination of the critical
fields HAs, HA f , and HMs is exemplarily shown for the 10 T pulse
in (c).

quantities originates from a small increasing delay of the
thermocouple when the field-sweep rate is enlarged, which is
visible for the �Tad measurements at T A

C = 312 K [see inset

Fig. 6(b)]. As the MCE at T A
C is of second order, �Tad must

be the same upon field application and removal. However, the
signal shows a rising hysteresis with higher rates revealing the
retardation of the thermocouple. For the strain gauge no delay
was found (not shown here) for the studied field-sweep rates
between 316 and 1850 T s−1. Hence, the �l/l0 signal clearly
demonstrates that no kinetic effect on the onset of the reverse
martensitic transformation can be noticed for the studied field
rates. This finding can be related to recent studies which show
that no nucleation of austenite is required for the onset of the
reverse martensitic transformation [52,53].

Moreover, Figs. 6(b) and 6(c) display a substantial influ-
ence of field rates higher than 865 T s−1 during the reverse
martensitic transformation. Thus, a much bigger slope of
�Tad and �l/l0 can be observed during the transformation
process in 865 T s−1 compared to 1850 T s−1. This behavior
indicates that at field rates significantly higher than 865 T s−1

the phase transition cannot follow the magnetic field anymore.
Accordingly, higher magnetic fields are needed to complete
the transformation when the field rate exceeds a critical value,
as observed in 1850 T s−1 for the 10 T pulse. As a conse-
quence, an enlargement of the field hysteresis can be observed
upon rising sweeping speeds.

Based on the in situ microscopical investigations in the
present and previous studies [54,55], we assume that the
dynamical effects originate from the annihilation of retained
martensite in the newly formed austenite matrix. Figure 7 de-
picts the micrographs of the arc-molten Ni49.8Mn35In15.2 upon
cooling near Ms, in the full martensite state and near A f during
the subsequent heating. A video of the entire transformation
upon cooling and heating is provided in the Supplemental
Material [56]. Near Ms, the martensite starts to form in the
austenite matrix at the grain boundaries and by distinct par-
allel lines within the grains. On cooling, further nucleation
and growth of martensite takes place until the transformation
is completed at M f . During the subsequent heating, the re-
verse process can be observed. The martensite shrinks and
fully annihilates at A f . Thereby, the retained martensite in the
newly formed austenite matrix near A f coincides well with
the martensite initially formed near Ms. This microstructural
coincidence suggests that similar to the nucleation of the
martensite upon cooling or field removal, the disappearance
of the martensite upon heating or field application does not
occur instantaneously because of local phase incompatibili-
ties. Consistent with our argument, Xu et al. [57,58] observed
in Ni-Mn-In-Co that with increasing field rates the martensite
start field HMs decreases upon field removal while the HA f

increases upon field application. However, further investiga-
tions are needed for a detailed understanding of the underlying
mechanisms of the transformation delay at field rates higher
than 865 T s−1. In particular, the specific microstructure of
the material can play an essential role due to differences in
the defect density. It should be noticed that in the present
study the sweeping rates coincide upon field removal and thus
no distinct difference in HMs can be observed in the �l/l0
signal [see Fig. 6(c)]. The same holds true for the onset of the
martensitic transformation in the �Tad signal [see Fig. 6(b)],
which is not affected by the thermocouple response time due
to a considerably slower field rate. Hence, the already dis-
cussed difference in HMs when the �Tad and �l/l0 signal
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FIG. 7. (a) Micrographs of the sample upon cooling at 283.5 K ≈ Ms and 270 K (below Mf ) and during the subsequent heating at
289.9 K ≈ Af .

are compared [see Fig. 4(b)] is not related to a delay of the
thermocouple.

We extend here, now, on our earlier investigations [29] on
the time-dependent transformation of Ni-Mn-In. Gottschall
et al. [29] showed by �Tad measurements that the onset
is the dominating factor for kinetic effects of the reverse
martensitic transformation, when a 5 T pulse with a field-
sweep rate of 750 T s−1 is compared to the slow field rates
in a Halbach setup (0.7 T s−1) and a superconducting magnet
(0.0125 T s−1). In this study, we show by simultaneous �Tad

and �l/l0 measurements, that in pulsed fields having field
rates between 316 and 1850 T s−1 no change of the onset
occurs. Instead, we could demonstrate that dynamic effects
arise upon the annihilation of retained martensite when a field-
sweep rate of 865 T s−1 is significantly exceeded. It should
be emphasized that this observation is only unambiguously
accessible by the additional measurements of �l/l0, which
allows one to exclude the frequently discussed influence of
thermocouple delays on magnetostructural transitions [30,31].

IV. CONCLUSION

Simultaneous �Tad and �l/l0 measurements were per-
formed in pulsed magnetic fields of 2, 5, and 10 T on a
Ni-Mn-In Heusler compound. A strong coupling of both
quantities could be observed upon the reverse martensitic
transformation resulting in a �Tad of −10 K and a �l/l0
of −0.22% in 10 T. Upon the field removal, an additional
increase of the |�Tad | by 15% down to −11.5 K occurs due
to the conventional MCE of the Curie temperature of the
austenite phase T A

C . The rise of |�Tad | can be utilized in the
so-called exploiting-hysteresis cycle [15] by using materials
with a sufficiently large thermal hysteresis, which completely
hinders the magnetostructural back transformation.

By different maximum field-sweep rates of 1850, 865,
and 316 T s−1 coming along with the 10, 5, and 2 T pulses,
the time dependence of the reverse martensitic transforma-
tion could be shown. With the simultaneous measurements
of �Tad and �l/l0 it could be demonstrated that the onset
of the reverse martensitic transformation is not affected in the
studied field range. However, at field rates significantly larger
than 865 T s−1 a retardation of the reverse martensitic trans-
formation with respect to the magnetic field was observed
which we attribute to the annihilation process of the retained
martensite. In consequence, an increasing field hysteresis and
higher saturation fields of the metamagnetic transition arise
when the critical field-sweeping rate is exceeded.

In conclusion, our findings make clear that the transfor-
mation kinetics of Ni-Mn-In and other first-order materials
become time dependent in high magnetic field-sweep rates.
This is an important factor to be considered when designing
a multicaloric cooling application, e.g., using the exploiting-
hysteresis cycle.
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a b s t r a c t 

Ni-Mn-based metamagnetic shape-memory alloys exhibit a giant thermal response to magnetic fields 

and uniaxial stress which can be utilized in single caloric or multicaloric cooling concepts for energy- 

efficient and sustainable refrigeration. However, during cyclic operation these alloys suffer from struc- 

tural and functional fatigue as a result of their high intrinsic brittleness. Here, we present based on Fe- 

doping of Ni-Mn-In a microstructure design strategy which simultaneously improves cyclic stability and 

maintains the excellent magnetocaloric and elastocaloric properties. Our results reveal that precipitation 

of a strongly Fe-enriched and In-depleted coherent secondary γ -phase at grain boundaries can ensure 

excellent mechanical stability by hindering intergranular fracture during cyclic loading. In this way, a 

large elastocaloric effect of -4.5 K was achieved for more than 160 0 0 cycles without structural or func- 

tional degradation, which corresponds to an increase of the cyclic stability by more than three orders of 

magnitude as compared to single-phase Ni-Mn-In-(Fe). In addition, we demonstrate that the large mag- 

netocaloric effect of single-phase Ni-Mn-In-(Fe) can be preserved in the dual-phase material when the 

secondary γ -phase is exclusively formed at grain boundaries as the martensitic transformation within 

the Heusler matrix is barely affected. This way, an adiabatic temperature change of -3 K and an isother- 

mal entropy change of 15 Jkg −1 K 

−1 was obtained in 2 T for dual-phase Ni-Mn-In-Fe. We expect that this 

concept can be applied to other single caloric and mutlicaloric materials, therewith paving the way for 

solid-state caloric cooling applications. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Refrigeration, including space cooling, accounts already for 

bout 20 % of the global electricity consumption. At the same time, 

he demand for artificial cold is rapidly increasing due to a ris- 

ng prosperity in many parts of the world [1] . Today, cooling sys- 

ems are predominately based on vapor-compression technology 

aving a low thermodynamic efficiency in small-scale applications 

nd a substantial environmental impact [2,3] . On the one hand, 

his impact is caused by CO 2 emissions during electricity genera- 

ion via fossil fuels to power cooling devices. On the other hand, 

tilized refrigerants are based on hazardous, ozone-depleting or 
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359-6454/© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
reenhouse gases [4] . In consequence, there is a high demand for 

nergy-efficient and environmentally-friendly alternatives to vapor- 

ompression technology. 

The most promising options are solid-state caloric cooling tech- 

iques such as magneto-, electro-, baro- or elastocaloric cooling 

hich utilize the thermal response of a ferroic material when ex- 

osed to a magnetic field, electric field, hydrostatic pressure or 

niaxial stress [5] . The key quantities to describe the thermal re- 

ponse are the adiabatic temperature change �T ad and the isother- 

al entropy change �s T upon application/removal of the exter- 

al field. Particularly large values of �T ad and �s T are obtained 

t first-order phase transitions due to the associated latent heat. 

hese so-called giant caloric effects were discovered in 1997 in the 

agnetocaloric material Gd 5 Si 2 Ge 2 [6] . Since then, giant magne- 

ocaloric effects have been discovered in numerous materials such 

s La(Fe,Si) 13 [7–9] , Fe 2 P-type [10–12] and Ni-Mn-based Heusler 
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13–15] compounds. Moreover, magnetocaloric cooling is consid- 

red to be the most developed solid-state caloric cooling technique 

16] . Besides that, especially giant elastocaloric effects have caught 

ttention by very large �T ad values in reasonable uniaxial stresses 

17] . Thus, a | �T ad | of more than 35 K has been observed during

nloading of Ni-rich Ti-Ni alloys [18] . 

Nevertheless, the utilization of giant caloric materials still suf- 

ers from several issues. A major issue is the intrinsic ther- 

al hysteresis of first-order phase transitions limiting the cyclic 

aloric performance as a result of irreversibilities and energy losses 

19,20] . In addition, large volume changes and strains upon the 

hase transformation can cause mechanical failure/fatigue due to 

tress concentrations. 

An efficient way to improve the cyclic caloric performance is 

he combination of multiple external fields, which is designated as 

ulticaloric effect [21] . For this purpose, a significant coupling of 

he ferroic order parameters is essential. Especially metamagnetic 

hape-memory alloys such as Ni-Mn-based Heusler compounds ex- 

ibit a strong magnetoelastic coupling upon the martensitic trans- 

ormation, which is therefore sensitive to magnetic fields and uni- 

xial stress [22] . While the magnetic field stabilizes the ferromag- 

etic austenite, uniaxial stress favors the weak-magnetic marten- 

ite phase. In recent works, Gottschall et al. [23] and Gràcia et al. 

24] have demonstrated that both, a sequential as well as a si- 

ultaneous combination of magnetic fields and uniaxial stress in 

ernary Ni-Mn-In can enable cyclic caloric effects which outper- 

orm their single caloric counterparts. 

Structural and functional fatigue of giant caloric materials dur- 

ng cyclic operation is a major issue, in particular when large uni- 

xial stresses have to be tolerated. Especially Ni-Mn-based Heusler 

ompounds suffer from a high intrinsic brittleness causing me- 

hanical failure after a few cycles only [25] . Several studies demon- 

trate that mechanical strengthening of these alloys can be realized 

n practice by precipitation hardening via doping with various el- 

ments [26–30] , an optimized texture [31] , Hall-Patch [32–34] and 

olid solution [35,36] strengthening. However, the corresponding 

unctional caloric properties are often not reviewed or solely in- 

estigated with respect to a single external stimulus. For the lat- 

er, chemical and microstructural changes, introduced for mechani- 

al strengthening, can degrade the caloric properties or change the 

artensitic transformation temperature causing an incomparabil- 

ty of the caloric effects due their strong temperature dependency 

37] . 

This work sets out to engineer a microstructure which signif- 

cantly improves the fatigue resistance and maintains the excel- 

ent caloric response to both magnetic fields and uniaxial stress of 

etamagnetic Ni-Mn-based Heusler compounds. For this purpose, 

e have taken the promising multicaloric Ni-Mn-In system as a 

odel and doped it with different amounts of Fe to adjust various 

icrostructures. At the same time, we kept the martensitic trans- 

ormation at similar temperature by varying the Mn/In ratio which 

llows a direct comparison of the functional properties. Our results 

emonstrate that an optimized microstructural design can combine 

ltralow fatigue and excellent functionality for single caloric and 

ulticaloric cooling using Ni-Mn-based Heusler compounds. 

. Experimental details 

Nominally composed Ni 49.9 Mn 35.3 + x In 14.8-x Fe y samples with 

 = 0, 2, 4, 6, 8 were prepared by repeatedly arc melting of el-

mental Ni, Mn, In and Fe. Thereby, x = 0, 0.6, 0.8, 1.5, 2.3 was ad-

usted in a way that the martensitic transformation is near room 

emperature in all samples. In order to compensate Mn evapora- 

ion during the melting process, an extra amount of 3 wt% Mn was 

dded to the nominal compositions. Subsequently, the arc-molten 

ngots were suction cast into cylinders of 3 mm diameter and 30 
2 
m height, annealed for 24 h at 900 °C under Ar and quenched in 

ater. An overview of all samples discussed in this study can be 

ound in Table 1 . 

X-ray diffraction (XRD) at room temperature was executed in 

 Stoe Stadi P diffractometer using Mo K α1 radiation and a 2 θ
ange from 5 to 50 ° of 0.01 ° step size. Temperature-dependent XRD 

as conducted in a purpose-built diffractometer with Mo K α radi- 

tion, a 2 θ range from 7 to 58 ° and a step size of 0.009 °. A de-

ailed description of the diffractometer can be found in [38] . For 

he measurements in both setups, a small piece of each suction- 

ast sample was ground into powder of particle sizes < 40 μm. 

o guarantee the relaxation of the deformation-induced stresses, 

he powder was annealed in Ar atmosphere for 20 min at 900 °C, 

ollowed by quenching in water. Structural analysis was carried 

ut by Rietveld refinement using the FullProf/WinPlotr software 

39,40] and JANA2006 [41] in a superspace approach [42] for mod- 

lated martensite. 

Microstructure and chemical composition were characterized 

y backscatter electron imaging (BSE) and energy-dispersive x-ray 

pectroscopy (EDX) in a Tescan Vega3 and Phillips XL30 FEG high- 

esolution scanning electron microscope (SEM). Nanoscale struc- 

ural characterizations were done using a 200 kV JEOL JEM 2100-F 

ransmission Electron Microscope (TEM). For this purpose, a TEM 

amella was prepared by cutting a slice of approximately 100 μm 

hickness of a bulk sample. Subsequent thinning down to an elec- 

ron transparent lamella was achieved by an ion milling two-step 

rocess using a Gatan 691 Precision Ion Polishing System (PIPS). 

irst the angles and ion beam energy were set to 8 ° and 5.5 keV, 

espectively, and milling was done until a small hole was observed 

n the sample center. In the second step, an angle of 2 ° and an 

on beam energy of 2 keV was used in order to remove the dam- 

ges from the previous step of milling. A Zeiss Axio Imager.D2M 

ptical microscope equipped with a LN 2 cryostat was used for 

emperature-dependent microstructural investigations. Thereby, a 

eating and cooling rate of 2 Kmin 

−1 was applied. 

Magnetic measurements were performed in a Lake Shore vi- 

rating sample magnetometer (VSM) and a Quantum Design phys- 

cal property measurement system (PPMS-14 T). Isofield curves of 

agnetization were accomplished with a heating and cooling rate 

f 2 Kmin 

−1 . Isothermal magnetization measurements were exe- 

uted up to 2 T with a field-application rate of 0.005 Ts −1 in tem-

erature steps of 2 K. A discontinuous temperature protocol was 

hosen to erase effects of the magnetic field-induced transforma- 

ion history. For this purpose, the sample was heated after field 

pplication and removal to the full austenite and cooled to the full 

artensite state before the measurement temperature was set. The 

sothermal magnetization data were utilized for the computation 

f the isothermal entropy change �s T (T,H) . 

Adiabatic temperature changes �T ad were determined by a dif- 

erential T-type thermocouple attached to the sample in a purpose- 

uilt device which generates a sinusoidal magnetic field profile 

f up to 1.9 T [43] . In agreement with the determination of 

s T (T,H) , the abovementioned discontinuous measurement proto- 

ol was chosen. 

Differential scanning calorimetry (DSC) was executed in a Net- 

sch DSC 404 F1 Pegasus using a heating and cooling rate of 5 

min 

−1 . The start and finish temperatures of the martensitic and 

ts reverse transformation as well as the Curie temperature of the 

ustenite T C 
A were determined via the double tangent method. 

Compressive strength and elastocaloric experiments were con- 

ucted in an Instron 5967 30 kN universal testing machine, 

quipped with a temperature chamber. For all measurements, 

ylinders of 5 mm height were cut from the annealed suction-cast 

ods. The strain along the cylinder axis was recorded by a strain 

auge extensometer (Instron 2620) attached to the compression 

latens and the force was detected via a load cell. The compressive 
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Table 1 

Chemical compositions of annealed Ni 49.9 Mn 35.3 + x In 14. 8 -x Fe y determined from EDX, secondary phase fraction and average grain diameter 

of the matrix phase. 

Sample ID y x Composition matrix Composition secondary phase Secondary phase (wt%) Grain diameter (μm) 

Fe0 0 0 Ni 50.6 Mn 34.9 In 14.5 110 ± 24 

Fe2 2 0.6 Ni 49.7 Mn 34.6 In 13.5 Fe 2.2 156 ± 74 

Fe4 4 0.8 Ni 48.2 Mn 34.3 In 13 Fe 4.5 822 ± 215 

Fe6 6 1.5 Ni 48 Mn 34.5 In 13 Fe 4.5 Ni 42.1 Mn 32.9 In 2.4 Fe 22.6 5.2 58 ± 14 

Fe8 8 2.3 Ni 47.4 Mn 35 In 13.1 Fe 4.5 Ni 37.7 Mn 35.5 In 1.6 Fe 25.2 11.5 60 ± 15 

Fig. 1. BSE images of as-cast Fe0 and annealed Fe0-Fe8 samples. On the right-hand side, additional BSE images in higher resolution are provided for Fe6 and Fe8. The grey 

contrast corresponds to matrix and black contrast to secondary γ -phase. 
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trength tests were performed with a strain rate 3 × 10 -4 s -1 . In 

he elastocaloric experiments, each sample was initially mechan- 

cally trained by five superelastic cycles to ensure a reproducible 

aterial response and subsequently measured using a strain rate 

f 3 × 10 -2 s -1 for quasi-adiabatic conditions [44] . The adiabatic 

emperature change �T ad was recorded by a K-type thermocouple 

ttached to the sample surface. 

. Results and discussion 

.1. Microstructural and structural analysis 

Fig. 1 illustrates the SEM-BSE images of the as-cast (exemplar- 

ly for Fe0) and annealed (complete series Fe0 to Fe8) suction-cast 

amples. In the as-cast state, a radially-symmetric microstructure 

ith an average grain diameter of 57 ±13 μm is found which re- 

ults from the crystallization of the material opposite to the heat 

ow in the cylinder-shaped mold. A very similar microstructure 

ncluding the average grain diameter can be observed for all as- 

ast samples independent of the Fe-concentration. In contrast, a 

rain coarsening from Fe0 to Fe4 can be noticed after annealing. 

hile Fe0 shows an average grain diameter of 110 ±24 μm, there 

s an increase to 822 ±215 μm for Fe4. Besides that, the columnar- 

ty has entirely disappeared in Fe4. Upon further addition of Fe, 

 strongly Fe-enriched and In-depleted secondary γ -phase is pref- 
3 
rentially precipitated at grain boundaries during annealing which 

an be seen for Fe6 and Fe8. According to the EDX results shown 

n Table 1 , the secondary γ -phase is formed as soon as the sol- 

bility limit of 4.5 at% Fe in the matrix phase is exceeded. The 

-precipitates cause a grain boundary pinning which results in a 

efinement of the grains in Fe6 and Fe8 to an average diameter 

f about 60 ±15 μm. This value is in excellent agreement with the 

rain diameter of the as-cast samples. It should be emphasized, 

hat the secondary phase fraction in Fe8 (11.5 vol% � 11.5 wt%) is 

ore than doubled compared to Fe6 (5.2 vol% � 5.2 wt%) causing 

 considerable amount of precipitates also within the grains in Fe8. 

t both locations, between and within the grains, the precipitates 

xhibit an ellipsoidal shape with the long axis aligned along the 

rain boundaries in the former and in 45 ° angles in the latter case. 

he precipitates have an average length of ca. 3 μm in Fe6 and ca. 

 μm in Fe8, while the width is reduced to about 1.5 μm in Fe6

nd Fe8, respectively. 

In Fig. 2 room-temperature XRD patterns of the complete an- 

ealed series (Fe0 to Fe8) are displayed. Independent of the Fe- 

oncentration, the matrix phase exhibits an austenitic L2 1 struc- 

ure, which is indicated by the presence of the (111) reflection at 

a. 12 °. The diffractograms of Fe6 and Fe8 confirm the occurrence 

f the secondary phase, which can be indexed with a fcc A1 struc- 

ure. The lattice parameter of the secondary γ -phase (a = 0.3635 

m for Fe8) and the austenite matrix (a = 0.5986 nm for Fe8) are 
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Fig. 2. XRD patterns of the annealed Fe0-Fe8 powder. 

Table 2 

Lattice constants of L2 1 austenite matrix and A1 sec- 

ondary γ -phase obtained from XRD measurements of Fe0- 

Fe8 powder. 

Sample 

ID 

Lattice constant (nm) 

Matrix Secondary phase 

Fe0 0.5993 

Fe2 0.5984 

Fe4 0.5984 

Fe6 0.5973 0.3626 

Fe8 0.5986 0.3635 
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n good accordance with literature data of similar stoichiometries 

45] . An overview of the lattice parameters of all samples is given 

n Table 2 . 

Fig. 3 (a) exhibits a bright field TEM image of Fe8 in which both 

hases, L2 1 matrix and the γ -precipitates, are present. Thereby, 

he L2 1 matrix is under zone axis condition. The corresponding se- 

ected area diffraction patterns of the L2 1 matrix phase along the 

111] zone axis (see Fig. 3 (b)) and the secondary γ -phase along the 

110] zone axis (see Fig. 3 (c)) display a good agreement with the 

rystal structures obtained by XRD. Interestingly, the high resolu- 

ion TEM images in Fig. 3 (d) and (e) show a similar d-spacing of

he lattice planes perpendicular to the interface for both phases in- 

icating a coherent phase boundary. Chluba et al. [46] have exem- 

larily shown for the shape-memory alloy TiNiCu that the forma- 

ion of coherent precipitates can significantly improve reversibil- 

ty and cyclic stability during superelastic cycling. It is also worth 

entioning that in contrast to the work of Sepehri-Amin et al. 

47] no nanoprecipitates are observed in the matrix. 

.2. Martensitic transformation behavior 

.2.1. Transition temperatures and entropy changes 

In order to study the influence of Fe-doping and the corre- 

ponding microstructural changes on the martensitic transforma- 

ion behavior, we performed DSC measurements which are shown 

n Fig. 4 . The exothermic peaks upon cooling and the endother- 

ic peaks during heating can be attributed to the martensitic and 

ts reverse transformations, respectively. The corresponding tran- 

ition temperatures T t,M 

= ( M s + M f )/2 and T t,A = ( A s + A f )/2, ther-

al hysteresis �T hys = T t,A - T t,M 

and transition entropy changes �s t 
re summarized in the insets of Fig. 4 (see also Table 3 ). The lat-

er have been obtained by integrating the baseline subtracted heat 
4 
ow per mass unit Q˙ of the calorimetric peaks according to 

s t = 

∫ 
1 

T 

(
˙ Q − ˙ Q base line 

)(dT 

dt 

)−1 

dT . (1) 

The top left inset of Fig. 4 (a) exhibits a good agreement of T t,M 

nd T t,A in Fe0-Fe8. While T t,M 

shows a variation of 14.7 K, T t,A dif-

ers only by 11 K. In addition, a significant increase of thermal hys- 

eresis �T hys can be noticed in Fe8 as compared to Fe0-Fe6, which 

ill be discussed in detail in section 3.2.2. The good coincidence of 

 t,M 

and T t,A in Fe0-Fe8 has been achieved by adjusting the Mn/In- 

atio as shown in Table 1 . It should be emphasized, that a good 

greement of the transition temperatures T t with respect to the 

urie temperature of the austenite T C 
A is crucial for a comparison 

f the caloric properties in metamagnetic shape-memory alloys. 

ottschall et al. [48] have demonstrated exemplarily for Ni-Mn- 

n-(Co) that �s t decreases upon increasing T C 
A - T t due to a rising 

agnetic entropy contribution �s mag which counteracts the lattice 

ntropy change �s lat according to 

s t = | �s lat | − | �s mag ( T ) | . (2) 

Within the Fe-doping series, T C 
A varies only by 3.8 K. As a 

onsequence, from Fe0 to Fe6 an almost constant | �s t | of about 

1.5 Jkg -1 K 

−1 and 23 Jkg -1 K 

−1 can be observed upon the for- 

ard and reverse martensitic transformation, respectively (see bot- 

om right inset of Fig. 4 ). However, a further increase of the Fe- 

oncentration results in a significant drop of | �s t | to 11.2 Jkg -1 K 

−1 

nd 15.2 Jkg -1 K 

−1 in Fe8. The decrease can be attributed to the 

ising phase fraction (11.5 wt%) of γ -precipitates which do not 

ndergo a martensitic transformation. Recall that in Fe6 the sec- 

ndary phase only accounts for 5.2 wt%. 

.2.2. Thermal hysteresis 

A notable difference between Fe0-Fe6 and Fe8 can also be ob- 

erved in the thermal hysteresis �T hys of the martensitic trans- 

ormation (see top left inset of Fig. 4 ). While from Fe0 to Fe6 

T hys varies between 8 K and 10.5 K only, an increase to 24.3 

 can be observed for Fe8. Intrinsically, �T hys in metamagnetic 

hape-memory alloys is dominated by the geometrical compatibil- 

ty of the martensite and austenite state which can be estimated 

ia the middle eigenvalue λ2 of the transformation stretch ma- 

rix. For a rising deviation of λ2 from unity │λ2 -1 │ several studies 

49–51] demonstrate a drastic increase of �T hys . The transforma- 

ion stretch matrix and the corresponding eigenvalues can be ob- 

ained from the lattice parameters of martensite and austenite ac- 

ording to the procedure presented in [52,53] . In this work, the lat- 

ice parameters of both phases were determined by temperature- 

ependent XRD which is provided in detail as supplementary ma- 

erial. The calculated λ2 eigenvalues are listed in Table 3 . The mi- 

or deviations of λ2 from unity indicate an excellent geometric 

ompatibility of the matrix phase in all samples. Thereby, the com- 

atibility in the Fe-containing samples seems to be slightly im- 

roved in comparison with Fe0. However, overall no clear depen- 

ence of │λ2 -1 │ on the Fe-concentration and only a small vari- 

tion of λ2 can be found. As a consequence, no correlation of λ2 

ith �T hys is observed. 

Extrinsically, microstructural aspects such as grain size or sec- 

ndary phases are the main factors influencing �T hys [47,54] . In 

rder to explain the significantly enlarged �T hys in Fe8, it is worth 

omparing the microstructures of Fe6 ( �T hys = 10.5 K) and Fe8 

 �T hys = 24.3 K). Both samples exhibit similar grain sizes but dif- 

erent volume fractions of γ -precipitates. While in Fe6 the pre- 

ipitates occur almost exclusively at grain boundaries, a signifi- 

ant amount of precipitates can also be observed within the grains 

n Fe8. In consequence, the martensite front can easily propagate 

hrough the grains in Fe6 as shown by temperature-dependent op- 

ical microscopy in Fig. 5 . It should be noticed that the marten- 
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Fig. 3. TEM images of Fe8. (a) Bright field TEM image. (b),(c) Selected area electron diffraction patterns of L2 1 matrix phase (b) and secondary γ -phase (c). (d) High- 

resolution TEM (HRTEM) image at the interface of L2 1 matrix phase and secondary γ -phase. (e) Corresponding average background subtraction filtered HRTEM image of 

region of interest (marked by yellow box in (d)). 

Table 3 

Martensite and austenite start and finish temperatures (i.e. M s , M f , A s , A f ), corresponding transition temperatures T t,M , T t,A , thermal hysteresis �T hys , 

transition entropy changes �s t,M , �s t,A , Curie temperatures of the austenite T C 
A and λ2 eigenvalues of Fe0-Fe8. λ2 eigenvalues were calculated from 

temperature-dependent XRD data (see supplementary material). All other parameters were determined from DSC measurements. 

Sample ID M s (K) M f (K) A s (K) A f (K) T t,M (K) T t,A (K) �T hys (K) �s t,M (Jkg −1 K −1 ) �s t,A (Jkg −1 K −1 ) T C 
A (K) λ2 

Fe0 287.4 275.8 283.5 295.6 281.6 289.6 8 -22 23.2 315.4 1.0046 

Fe2 282.0 273.0 281.0 290.4 277.5 285.7 8.2 -21.9 23.2 318.1 1.0022 

Fe4 284.8 278.9 290.1 294.5 281.9 292.3 10.4 -19.4 20.2 318.6 1.0025 

Fe6 288.8 283.6 294.2 299.1 286.2 296.7 10.5 -21.1 22.8 316.4 1.0019 

Fe8 277.7 265.2 292.3 299.2 271.5 295.8 24.3 -11.5 15.2 314.8 1.0029 

Fig. 4. DSC curves of Fe0-Fe8. The corresponding transition temperatures T t,M , T t,A 
and transition entropy changes �s t,M , �s t,A of Fe0-Fe8 are shown in the top left 

and bottom right inset, respectively. The white and gray areas in the insets indicate 

the single- and dual-phase samples, respectively. 
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ite preferentially nucleates within the grains and grows highly 

nisotropic, parallel to the long axis of the columnar grains (videos 

f the martensitic transformation in Fe6 and Fe8 are provided as 

upplementary material). As the growth of martensite takes place 

n the Heusler matrix without hindrance by the precipitates, �T hys 

f dual-phase Fe6 is similar as compared to the single-phase sam- 

les. In Fe8 the increased amount of precipitates within the grains 

onstraints the nucleation and growth of martensite, which is in- 

icated by smaller variant sizes (see Fig. 5 ). Hence, increased fric- 

ional work dissipation is expected causing hysteresis growth. In 

ddition, the significantly enlarged temperature-induced transition 

idth ( M s - M f ) in Fe8 suggests an increase of the stored elastic

train energy. Hamilton et al. [55] proposed that an enhanced elas- 

ic energy relaxation can be promoted by higher precipitate vol- 

me fractions resulting as well in a rising �T hys . 
5 
.3. Magnetocaloric effect 

In order to utilize the transition entropy changes �s t reported 

n section 3.2.1 by the application of magnetic fields, large changes 

f magnetization �M are essential. According to the Clausius- 

lapeyron equation 

�M 

�s t 
= − d T t 

μ0 dH 

(3) 

igh values of �M ensure a significant field sensitivity ( dT t /μ0 dH ) 

f the first-order transformation and thus drive the magnetocaloric 

ffect [56] . Fig. 6 displays the isofield M(T) curves in 1 T. A dis-

inct �M can be observed upon the transition between low mag- 

etization martensite and high magnetization austenite in all Fe- 

oped samples. In comparison with Fe0, a slight increase of the 

ustenite magnetization is apparent for Fe2 and Fe4. With further 

ncrease of the Fe-concentration, the austenite magnetization is re- 

uced due to the precipitation of the secondary γ -phase in Fe6 

nd Fe8. According to the ternary Ni-Mn-Fe magnetic phase dia- 

ram, the secondary phase is paramagnetic in the given composi- 

ion and temperature range [57] . In the martensite state, Fe4, Fe6 

nd Fe8 exhibit an increased magnetization compared with Fe0 

nd Fe2 which can be attributed to compositional changes of the 

atrix phase. In consequence, Fe2 shows the highest and Fe8 the 

owest �M upon the first-order transformation. 

The inset of Fig. 6 illustrates the resulting field sensitivities of 

he forward ( dT t,M 

/μ0 dH) and the reverse ( dT t,A /μ0 dH) martensitic 

ransformation which have been determined from M(T) measure- 

ents in 0.1, 1, and 2 T by linear regression. While ( dT t,M 

/μ0 dH) 

aries within -3.2 KT −1 and -4.1 KT −1 , ( dT t,A /μ0 dH) ranges between 

2.5 KT −1 and -3.3 KT −1 in the Fe-doping series. The field sensi- 

ivities are in excellent agreement with the theoretical values ob- 

ained from �M/ �s t according to equation 3 . The minus-signs of 

 dT t /μ0 dH) refer to a stabilization of the ferromagnetic austenite to- 

ards lower temperatures in rising magnetic fields. 

The isothermal entropy changes �s T (see Fig. 7 (a)) upon the 

orresponding metamagnetic transition from martensite to austen- 

te have been computed from M(H) curves (not shown here) up to 
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Fig. 5. Temperature-dependent optical microscopy of Fe6 (left) and Fe8 (right) upon cooling through martensitic transformation. The grey phase corresponds to matrix and 

the bright phase to γ -precipitates. The small black features correspond to pores and manganese oxides. 

Fig. 6. Isofield magnetization curves in 1 T of Fe0-Fe8. The inset depicts the field 

sensitivities dT t,M /μ0 dH (M) and dT t,A /μ0 dH (A) as a function of the nominal Fe con- 

tent. The white and gray area in the inset indicate the single- and dual-phase sam- 

ples, respectively. 
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)
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dH. (4) 

For Fe0-Fe6 comparable �s T values between 15 Jkg −1 K 

−1 and 

7 Jkg −1 K 

−1 can be observed due to similar field sensitivities 

 dT t,A /μ0 dH) and temperature-induced transition widths. In Fe8, 

s T decreases to 9 Jkg -1 K 

-1 which can be attributed to a rising 

raction of the non-transforming secondary phase as well as a 

roadening of the transformation near A s . The corresponding adia- 

atic temperature changes �T ad in field changes of 1.9 T are shown 

n Fig. 7 (b). While │�T ad │ varies within 3.0 K and 3.7 K for Fe0-

e6, a decrease to 2.5 K can be noticed in Fe8. Compared to �s T ,

he decay in Fe8 is less pronounced as �T ad is an intensive vari- 

ble and with this not directly reduced by the secondary phase 

cting as inactive mass. In this case, the slight reduction of │�T ad │
n Fe8 can result from the aforementioned transition broadening 

nd the heat transfer between matrix and secondary phase. It is 

orth mentioning that despite the reduction of �s T and │�T ad │
n Fe8, a good agreement with literature values for “Fe-free” Ni- 
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Fig. 7. (a) Isothermal entropy changes �s T of reverse martensitic transformation 

in magnetic field changes of 2 T and (b) adiabatic temperature changes �T ad in 

magnetic field changes of 1.9 T of Fe0-Fe8. 
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Fig. 8. (a) Compressive stress-strain curves of Fe0-Fe8 measured at 300 K. The 

martensite start stress σ Ms and the compressive strength σ comp are exemplarily in- 

dicated for Fe8. (b) Compressive strength σ comp as a function of the Fe-content. The 

white and gray area indicate the single- and dual-phase samples, respectively. The 

inset shows the fracture surface of Fe6. 
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n-In of similar transition temperatures and field changes is ob- 

ained [47,58–60] . 

The peak-like shape of �s T and �T ad in all samples indicates 

hat the reverse martensitic transformation is not completed in 

eld changes of 2 T and 1.9 T, respectively. This is also confirmed 

y comparing �s T with the transition entropy changes �s t,A de- 

ermined from DSC (see Table 3 ). Hence, even higher values of 

s T and �T ad can be achieved upon the reverse martensitic trans- 

ormation when the magnetic field change is raised further [61] . 

he negative (positive) values of �s T ( �T ad ) at high temperatures 

esult from the conventional magnetocaloric effect being present 

round T C 
A . 

.4. Mechanical properties 

Fig. 8 (a) displays the compressive stress-strain curves of Fe0- 

e8 at 300 K. Hence, all samples are initially in the austenite 

tate. At small strains, the linear elastic region of the austenite 

s followed by the onset of a stress-induced martensitic transfor- 

ation at σ Ms . Compared to Fe0 and Fe2, a minor increase of 
Ms can be observed for Fe4-Fe8. Upon the transition, increasing 

lopes are apparent for higher Fe-concentrations. In Fe6 and Fe8, 

his can be attributed to the presence of γ -precipitates hinder- 

ng the martensite growth by internal stress fields or dislocation 

eneration at the matrix/precipitate phase boundary [62,63] . Xu 

t al. [64] report similar effects for the precipitation of γ -phase 

t grain boundaries in Ni-Fe-Ga magnetic shape-memory alloys. It 
7 
hould be emphasized that the effect of precipitates on the stress- 

nduced martensitic transformation can significantly differ from 

he thermally-induced transition described in section 3.2.2. The ris- 

ng transformation slopes in Fe2 and Fe4 could be attributed to 

hanges in grain orientation/texture due to abnormal grain growth 

34] . 

When the strain is increased further, elastic deformation and 

ubsequently yielding of the martensite can be noticed until frac- 

ure occurs at the compressive strength σ comp . Average values of 

comp were obtained by testing at least two specimens per Fe- 

ontent and are summarized in Fig. 8 (b). While Fe0 exhibits a 

comp of about 700 MPa, a decrease to 400 MPa can be noticed 

n Fe4. This decay can result from the significantly enlarged grains 

n Fe4. In contrast to that, an increase of σ comp to 1068 MPa and 

233 MPa is apparent for Fe6 and Fe8, respectively. This can be 

ttributed to the presence of precipitates hindering intergranular 

racture which is typically observed in single-phase Ni-Mn-based 

eusler compounds [65–67] . As shown in the inset of Fig. 8 (b), 

he γ -precipitates lead to crack deflection at grain boundaries. In 

ddition, dislocation loops can be observed in the direct surround- 

ng of the precipitates. Besides the toughening caused by precip- 

tates, smaller grain sizes in Fe6 and Fe8 can further enhance 

comp . 
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Fig. 9. (a) Temperature-time profile of Fe6 during compressive superelastic cy- 

cles up to various stresses. In the inset the corresponding stress-strain curves are 

shown. (b) Adiabatic temperature change �T ad as function of the applied compres- 

sive stress (loading and unloading) in Fe0-Fe8. All samples were tested at a starting 

temperature of A f + 20 K. 
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.5. Elastocaloric effect 

.5.1. Stress-dependence of the elastocaloric effect 

The influence of Fe-doping on the elastocaloric performance 

as investigated by monitoring the stress-induced adiabatic tem- 

erature change �T ad upon compressive superelastic cycling up to 

arious stresses at a starting temperature of A f + 20 K. Adiabatic 

onditions were simulated by a strain rate of 3 × 10 -2 s -1 during 

oading and unloading [44] . In addition, a holding time of 25 s was

ntroduced for thermal relaxation. The resulting temperature-time 

rofiles and the corresponding stress-strain curves are exemplar- 

ly shown for Fe6 in Fig. 9 (a). The increasing temperature at about 

 s can be attributed to the stress-induced martensitic transfor- 

ation during loading and the decreasing temperatures at about 

0 s refer to its reverse transformation upon unloading. A rising 

 �T ad | is apparent at higher maximum stresses. While for applica- 

ion and removal of 200 MPa, a �T ad of + 1.9 K and -2.6 K can be

bserved, a stress of 600 MPa results in a �T ad of + 9.5 K and -9 K,

espectively. This originates from an increasing transformed phase 

raction at higher stresses which is indicated by rising superelastic 

trains and stress hysteresis in the inset of Fig. 9 (a). Accordingly, a 

aturation of �T ad can be observed when the stress is high enough 

o fully induce the transformation. 
8 
Fig. 9 (b) depicts the maximum values of �T ad upon loading 

nd unloading as a function of applied stress for Fe0-Fe8. Miss- 

ng data points for Fe0-Fe4 at high stresses are caused by ma- 

erial failure during the experiment due to a lower compressive 

trength of these alloys. It is found that the stress required to sat- 

rate �T ad increases with higher Fe-concentrations. While in Fe0 

nd Fe2 about 300 MPa are sufficient, ca. 500 MPa are required in 

e8. This can be explained by the increasing transition slopes at 

igher Fe-concentrations (see Fig. 8 (a)). 

To evaluate the influence of Fe-doping on the saturated elas- 

ocaloric effect, the highest values of | �T ad | in Fe0-Fe8 are com- 

ared. Upon unloading, similar �T ad values of about -9 K are ob- 

ained for Fe0-Fe6 as the transition entropy changes of the ma- 

rix phase are in good agreement. As discussed in section 3.2.1, the 

ransition entropy change of the matrix is significantly lowered in 

e8 resulting in a �T ad of about -6 K upon unloading. Additionally, 

he heat transfer from matrix to secondary phase can contribute 

o the decrease of | �T ad | in Fe8. During loading, a similar depen-

ence of the saturated elastocaloric effect on the Fe-concentration 

s found. Thereby, about 0.5-2 K higher values of | �T ad | are ob-

ained as compared to unloading due to frictional heating [68] . 

.5.2. Cyclic stability 

In order to analyze the influence of Fe-doping on the cyclic sta- 

ility, temperature-time profiles were recorded upon compressive 

uperelastic cycling with a maximum stress of 300 MPa. The start- 

ng temperature of A f + 20 K and the strain rate of 3 × 10 -2 s -1 

uring loading and unloading are equal to the measurements pre- 

ented in the previous section. Solely, the holding time after load- 

ng was reduced to 15 s due to time considerations. In Fig. 10 (a)

nd (b) the temperature-time profiles are exemplarily depicted for 

e0 and Fe6. Fig. 10 (c) summarizes the number of cycles and the 

yclic �T ad upon unloading for Fe0-Fe8. In Fe0, a cyclic �T ad of 

8 K upon unloading is found. However, after 10 cycles degrada- 

ion is visible until brittle fracture occurred after 15 cycles. When 

he Fe-concentration is increased, from Fe0 to Fe4, the cycles to 

ailure slightly decrease as a result of the grain growth. Note that 

 similar trend can be observed for the compressive strength (see 

ig. 8 (b)). Accordingly, a drastic increase of the cyclability is found 

or Fe6 and Fe8. Both samples were cycled more than 160 0 0 times 

ithout functional or structural degradation. This corresponds to 

n increase of more than three orders of magnitude as compared 

o Fe0 which can be attributed to the formation of the secondary 

-phase hindering crack propagation upon cyclic loading. Thereby, 

 cyclic �T ad of -4.5 K in Fe6 and -3.2 K in Fe8 is observed. 

As discussed earlier, the reduction of �T ad as compared to Fe0 

nd Fe2 is caused by a smaller transformed phase fraction at the 

aximum stress of 300 MPa in Fe6 and Fe8. To account for this ef- 

ect, additional cycling experiments were carried out with a maxi- 

um stress of 200 MPa for Fe0 and Fe2. In this case, the cyclic val-

es of �T ad are similar to the one in Fe6 indicating similar trans- 

ormed phase fractions. Though the number of cycles increases to 

94 in Fe0 and 42 in Fe2 a significant discrepancy to Fe6 and Fe8 

s found. 

The superior performance of Fe6 and Fe8 is also outlined when 

he number of cycles and the corresponding cyclic �T ad upon un- 

oading are compared to other metamagnetic shape-memory mate- 

ials such as Ni-Mn-Ga- [69–72] , Ni-Mn-In- [30,31,73–77] , Ni-Mn- 

n- [67,78,79] , Ni-Mn-Ti- [80] and Ni-Mn-Al-based [81] alloys (see 

ig. 10 (d)). While the cyclic elastocaloric effect is maintained, the 

yclability is increased by almost one order of magnitude. 

It should be emphasized, that the combination of a high cyclic 

tability with a large elastocaloric and magnetocaloric effect, as 

chieved for Fe6, excellently meets the requirements for mul- 

icaloric cooling applications in which magnetic fields and uniax- 

al are applied sequentially [23] or simultaneously [24] . This way, 



L. Pfeuffer, J. Lemke, N. Shayanfar et al. Acta Materialia 221 (2021) 117390 

Fig. 10. (a), (b) Temperature-time profiles of Fe0 and Fe6 during compressive cyclic loading up to 300 MPa. (c) Number of cycles and corresponding cyclic �T ad of Fe0-Fe8 

for compressive cyclic loading up to 300 MPa. Additional experiments were carried out up to 200 MPa for Fe0 and Fe2. All measurements were performed at a starting 

temperature of A f + 20 K. For Fe0-Fe4, the number of cycles corresponds to the cycles to failure. The white and gray area indicate the single- and dual-phase samples, 

respectively. (d) Comparison of cyclic �T ad and number of cycles achieved in this work (Fe6 and Fe8) with other metamagnetic shape-memory materials (Ni-Mn-Ga- [69–

72] , Ni-Mn-In- [30,31,73–77] , Ni-Mn-Sn- [67,78,79] , Ni-Mn-Ti- [80] and Ni-Mn-Al-based [81] alloys) upon cyclic loading. The number of cycles corresponds to the maximum 

values reported in the literature independent on the occurrence of failure. The cyclic �T ad in (c) and (d) corresponds to the values upon unloading. 
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ven larger cyclic caloric effects can be achieved as compared to 

heir single caloric counterparts. 

. Conclusions 

This work presents a microstructure design strategy to simulta- 

eously achieve large magnetocaloric and elastocaloric effects with 

uperior cyclic stability in Ni-Mn-In Heusler compounds by alloy- 

ng with Fe. We demonstrate that exceeding a solubility limit of 

.5 at% Fe in the Ni-Mn-In Heusler matrix results in precipitation 

f a strongly Fe-rich and In-depleted γ -phase during annealing. 

he γ -phase forms a coherent interface with the Heusler phase 

atrix and is preferentially nucleated at grain boundaries hinder- 

ng intergranular fracture during cyclic loading. As a result, a large 

lastocaloric effect of -4.5 K could be observed in > 160 0 0 cycles 

ithout degradation. This corresponds to an increase of the cyclic 

tability by more than three orders of magnitude as compared to 

ingle-phase Ni-Mn-In-(Fe). If Ni-Mn-In is Fe-doped within the sol- 

bility limit, grain coarsening occurs which reduces the cyclic sta- 

ility. 

At the same time, the excellent magnetocaloric properties of 

ingle-phase Ni-Mn-In-(Fe) can be maintained in dual-phase sam- 

les when the amount of Fe is adjusted in a way that precipitates 

re almost exclusively present at grain boundaries. In this case, 

he martensite can propagate in the Heusler matrix without hin- 

rance by the γ -phase resulting in a similar thermal hysteresis and 

ransition width. In combination with a large change in magneti- 
9 
ation, an isothermal entropy change of 15 Jkg −1 K 

−1 and an adia- 

atic temperature change of -3 K have been obtained in a magnetic 

eld of 2 T, which can be provided by permanent magnet assem- 

lies. When the amount of Fe is increased further, and with this a 

onsiderable amount of γ -phase is formed within the grains of the 

eusler matrix, the transition width and thermal hysteresis drasti- 

ally increase causing a degradation of the magnetocaloric effect. 

Besides a significant improvement of the cyclic stability in 

ingle-caloric cooling applications, our new microstructure design 

rovides excellent suitability for multicaloric cooling using mag- 

etic field and uniaxial stress. By a suitable sequential [23] or si- 

ultaneous [24] combination of both stimuli cyclic caloric effects 

re likely to be raised even further. 
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Temperature-dependent structural analysis 

Figure S1 exhibits the XRD patterns of Fe0-Fe8 upon cooling from 300 K to 180 K. The matrix phase of 
all samples displays at 300 K an austenitic L21 structure which transforms during cooling to a 3M 
modulated monoclinic martensite. The secondary γ-phase in Fe6 and Fe8 doesn’t undergo a 
martensitic transformation and is therefore not reviewed in detail here. The lattice parameters of 
austenite and martensite are summarized in Table S1. For the former a slight deviation can be 
observed when compared to the values which have been obtained from room-temperature XRD (see 
Table 2 in main manuscript). This deviation originates from the usage of two different 
diffractometers for the room-temperature and temperature-dependent measurements. It is also 
worth mentioning, that the temperature-induced transition width of the XRD-powder samples is 
clearly enlarged as compared to the bulk samples which can be attributed to size effects of the 
transformation [1]. 

At temperatures where both phases, austenite and martensite, coexist the eigenvalues λ1≤ λ2≤λ3 of 
the transformation stretch matrix were calculated (see Table 1). While (1- λ1) and (λ3-1) corresponds 
to the maximum recoverable strain under compressive and tensile loading, │λ2-1│ represents the 
geometrical compatibility of both phases. In order to compare the eigenvalues of Fe0-Fe8, the data 
at 240 K were chosen as they provide for each sample an adequate amount of martensite to ensure a 
reliable refinement of the lattice parameters. The corresponding values are highlighted by a bold font 
in Table S1. All the same, it should be noticed that the eigenvalues do not exhibit a strong variation 
with temperature. As a function of the Fe-content, the eigenvalues exhibit a small deviation for Fe0 
as compared to Fe2-Fe8. Thus, Fe0 exhibits a maximum recoverable compressive strain (1- λ1) and a 
maximum recoverable tensile strain (λ3-1) which is about 0.05 % - 0.2 % lower than for the Fe-
containing samples. The geometric compatibility │λ2-1│ shows a deviation of 0.46 % from unity for 
Fe0 and decreases to 0.19 % - 0.29 % in the Fe-containing samples. Besides this deviation for Fe0, no 
trend of the eigenvalues as a function of the Fe-concentration can be observed.   

Similar to the eigenvalues, the relative volume change ΔV/V0 of the martensitic transformation 
displays a deviation for Fe0 as compared to Fe2-Fe8. In Fe0 the transition is accompanied by a 
volume decrease of 0.49 %, which in good agreement with literature data for ternary Ni-Mn-In [2]. In 
contrast to that, Fe2-Fe8 exhibit much larger volume reductions between 0.71% and 0.78 %. Besides 
the deviation for Fe0, no trend is found for ΔV/V0 as a function of the Fe-content. 
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Figure S1: XRD-patterns of Fe0-Fe8 upon cooling from 300 K to 180 K in 20 K steps. All samples exhibit a 
martensitic transformation from high-temperature L21 austenite to low-temperature 3M modulated monoclinic 
martensite. The reflections of L21 austenite and 3M modulated martensite are exemplarily shown for Fe0. Si 
was used as a reference. 
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 Table S1: Evolution of lattice parameters, eigenvalues (λ1,λ2,λ3) and relative volume change ΔV/V0 of Fe0-Fe8 
during cooling from 300 K to 180 K in 20 K steps. The data at 240 K were used to compare the eigenvalues of the samples 
and are therefore highlighted by a bold font. 
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Sample ID Temperature Lattice Parameters λ1 λ2 λ3 ΔV/V0 
[K] aA [Å] aM [Å bM [Å] cM [Å] β [°] q [Å-1] % 

Fe0 

300 6.0013 
280 5.9984 4.3865 5.6572 4.3319 92.43 0.3584 0.9431 1.0047 1.0503 
260 5.996 4.3906 5.6464 4.3317 92.54 0.3589 0.9417 1.0045 1.0522 
240 5.9946 4.3936 5.6375 4.3318 92.59 0.3599 0.9404 1.0046   1.0534 -0.49
220 4.3948 5.6296 4.3315 92.62 0.3618 
200 4.3962 5.6231 4.3315 92.67 0.362 
180 4.3977 5.6182 4.3307 92.72 0.3623 

Fe2 

300 5.9926 
280 5.9913 
260 5.989 4.3885 5.6285 4.3265 92.82 0.3528 0.9397 1.0022 1.0549 
240 5.989 4.3901 5.6202 4.3266 92.85 0.354 0.9385 1.0022 1.0556 -0.72
220 4.3923 5.6135 4.3264 92.9 0.3536 
200 4.3935 5.6064 4.3262 92.97 0.3534 
180 4.3953 5.6005 4.3261 93 0.3542 

Fe4 

300 5.9849 
280 5.9826 
260 5.9813 4.3847 5.6318 4.3188 92.68 0.3482 0.9416 1.0034 1.0539 
240 5.9827 4.3825 5.6226 4.3192 92.73 0.3553 0.9398 1.0025 1.0538 -0.71
220 5.9835 4.3835 5.6152 4.3195 92.77 0.3564 0.9384 1.0022 1.0541 
200 4.3855 5.6078 4.3194 92.81 0.358 
180 4.3874 5.6017 4.3189 92.85 0.3564 

Fe6 

300 5.9848 
280 5.9835 
260 5.9831 4.3816 5.6248 4.3203 92.81 0.3546 0.9401 1.0019 1.0543 
240 5.983 4.384 5.6161 4.3208 92.85 0.3538 0.9387 1.0019 1.0551 -0.78
220 5.9826 4.3845 5.6089 4.3202 92.88 0.3543 0.9375 1.0016 1.0555 
200 5.9812 4.3874 5.6012 4.3198 92.92 0.3555 0.9365 1.0016 1.0565 
180 -- 4.3886 5.5949 4.3194 92.96 0.357 

Fe8 

300 5.9857 
280 5.9832 
260 5.9838 
240 5.9835 4.3838 5.6191 4.321 92.72 0.3624 0.9391 1.0029 1.0539 -0.74
220 5.9826 4.3843 5.6146 4.321 92.79 0.3603 0.9385 1.0025 1.0547 
200 4.385 5.609 4.3209 92.85 0.3561 
180 4.3867 5.603 4.3206 92.9 0.3585 
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