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Abstract 

An influence of the Cu doping on the structural, magnetic and thermoelastic properties of the 

Heusler Ni44-xCuxCo6Mn39Sn11 (x=1–4 at.%) ribbons has been investigated. It is found that the 

addition of Cu stabilizes austenite phase. Martensite transformation (MT) temperatures 

generally decrease when Cu concentration increases, which is atributed to the atom size 

effect. The inverse magnetocaloric and elastocaloric effects in the vicinity of MT under 

moderate magnetic fields and stresses have been evaluated. Small Cu addition enhances both 

effects as compared to quaternary Ni–Co–Mn–Sn alloy.  

1. Introduction 

Many studies have been performed on Ni–Co–Mn–Sn metamagnetic shape memory 

alloys (MMSMAs) (see, e.g., Refs.[1-3]). These materials undergo a first order martensitic 
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transformation (MT) from ferromagnetic austenite to weak magnetic martensite. Due to a 

large magnetization difference (ΔM) between the high temperature parent phase-austenite and 

low-temperature martensite phase a field induced reverse martensitic transformation (FIRMT) 

occurs. This phenomenon results in a metamagnetic shape memory effect (MMSME) and an 

inverse magnetocaloric effect (IMCE). For IMCE, a positive magnetic entropy change 

(ΔSM≥0) and a negative adiabatic temperature change (ΔTad≤0) is observed, which means that 

the sample cools down when magnetic field is adiabatically applied (in contrast to the 

conventional MCE) [4].  

From practical point of view, a good magnetocaloric material should be characterized 

by the MT temperature near room temperature and should exhibit appropriate magnetocaloric 

properties, i.e. high values of the magnetic entropy change, ΔSM, as well as the refrigerant 

capacity (RC) at low magnetic fields [5]. Cong et al. have studied the influence of Co addition 

on magnetic properties and phase transformation temperature in Ni50-xCoxMn39Sn11 alloys. It 

is found that Ni44Co6Mn39Sn11 bulk alloy exhibits the largest ΔM across MT. However, the 

MT temperature is quite high for such an alloy equal to about 342 K [6]. On the other hand, it 

is known that the MT temperature and magneto-structural properties of Ni–Mn based Heusler 

alloys are very sensitive to a chemical composition and multiple doping. We assume that, 

particularly, an addition of Cu into the aforementioned Ni44Co6Mn39Sn11 alloy could be 

effective tool to fine control the temperature range of MT and improve its magneto-structural 

properties, as it is known that Cu substitution for Ni and Mn in the ternary Ni–Mn–Sn and 

Ni–Mn–Ga alloys could effectively tailor the magneto-structural transformation by affecting 

the magnetic coupling between Mn atoms [7]. As an example, the addition of 2 at.% of Cu 

into Ni46Mn43Sn11 decreases both the MT and Curie temperature of austenite (𝑇"#) while 

increases the value of ΔM resulting in an increase of ΔSM [7]. Huu et al. have also reported a 

decrease of the MT temperature with Cu addition in Ni50-xCuxMn37Sn13 (x=0, 1, 2, 4, 8 at.%) 
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alloys exhibiting relatively large values of ΔSM (5.4 J kg-1K-1 at 15 kOe) [8]. In the case of 

Ni50-xCuxMn36Sn11 (x=2, 4, 6 at.%) alloys, the 𝑇"# temperature slightly increases, while the 

MT temperature decreases upon Cu addition [9]. Note, that the decrease of MT temperature as 

a function of Cu doping is opposite to what it is expected from the increase of valence 

electron concentration (e/a) [10]. This decrease can be explained by the enlargement of the 

unit cell volume caused by replacing smaller atoms (Ni) by the larger ones (Cu) [11]. 

Furthermore, the addition of Cu into MMSMAs can enhance their ductility like in the case of 

Ni–Mn–Ga [12]. Castillo-Villa et al. have investigated the inverse magnetocaloric and 

conventional elastocaloric (eCE) effects in Ni43Mn40Sn10Cu7. Interestingly that IMCE was 

observed in latter alloy that shows a paramagnetic character of both austenite and martensite 

in a zero field. This fact reflects a strong coupling between the magnetic and crystal lattice 

degrees of freedom in MMSMAs [13].  

An influence of fifth element on the magnetocaloric effect and magneto-structural 

properties of Ni–Co–Mn–Sn has been reported in Refs. [14-16]. The results show that 

manufacturing of quinary alloys allows a fine tuning of MT temperature and improving their 

physical properties. 

Another factor affecting the transition temperatures and magneto-structural properties 

of MMSMAs is a fabrication method. Many reports concern just bulk alloys prepared by the 

arc- or induction melting methods. However, bulk alloys require a time consuming heat 

treatment in order to obtain a good homogeneity and desirable properties. On the other hand, 

melt-spinning process allows obtaining polycrystalline ribbons of good homogeneity leading 

to shortening of heat treatment time while enhancing MCE [17-19]. Furthermore, the ribbon 

shape is favorable for the applications [20]. 

This work presents the systematic study of the influence of Cu substitution for Ni on 

the structural, transition and magnetic characteristics exhibiting by the Heusler Ni44-
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xCuxCo6Mn39Sn11 (x=1–4 at.%) ribbons. Furthermore, both inverse magnetocaloric as well as 

inverse elastocaloric effects have been investigated. 

2. Experimental 

A series of Ni44-xCuxCo6Mn39Sn11 alloys with x=0, 1, 2, 3, 4 at. %, hereafter referred 

to as Cu0, Cu1, Cu2, Cu3 and Cu4, respectively, were prepared by induction melting from the 

high purity (˃99.99) elements in argon atmosphere. The extra 2 at. % of manganese was 

added to compensate losses connected with its evaporation during fabrication process. The as-

cast ingots were subsequently annealed at 1223 K for 5h. under argon atmosphere in order to 

ensure a good homogeneity. Then, the ribbons were fabricated by melting and ejecting with 

0.25 MPa overpressure onto a copper wheel rotating at the linear speed of 30 m s-1.  

The microstructure and chemical composition of ribbons were examined by using 

Philips XL30 Scanning Electron Microscope (SEM) and Tecnai G2 Transmission Electron 

Microscope (TEM) equipped with energy dispersive X-ray microanalyser (EDX). Thin foil 

samples for TEM observations were prepared with TenuPol-5 double jet electropolisher using 

an electrolyte of nitric acid (1/3) and methanol (2/3) at temperature of about 243 K. Room 

temperature X-ray diffraction (XRD) patterns  were collected by a Bruker D8 diffractometer 

using a Co radiation. Lattice parameter of paramagnetic austenite was studied by a Bruker D8 

at temperature of 430 K. Transformation behavior and thermal effects were investigated by a 

differential scanning calorimetry (DSC) using Metler DSC 823 instrument with 

cooling/heating rate of 10 K min-1. Magnetic properties as well as the characteristic 

temperatures of martensitic and magnetic transitions were examined by the LakeShore 7407 

vibrating sample magnetometer (VSM) equipped with a Janis made LN2 cryostat. 

Temperatures of both martensitic and magnetic transitions were estimated from the 

temperature dependences of physical properties by the two-tangents method. The 

thermomechanical measurements were carried out with a stress-control option of operation in 



5	
	

a Q800 TA Instruments Mechanical Analyzer (DMA) using the dynamic mode (temperature 

rate of 2 K min-1, strain amplitude of 10-4 and frequency of 1Hz) and static one (temperature 

dependence of strain ε(T) were measured under load applied along the ribbons axis with 

temperature rate of 5 K min-1). Isothermal stress-strain (σ-ε) curves were registered with a rate 

of 2.5 MPa min-1. 

3. Results and discussion 

3.1 Microstructure and structure characterization 

The microstructure and chemical composition of Ni44-xCuxCo6Mn39Sn11 (x=1, 2, 3, 4 

at. %) melt-spun ribbons have been investigated by SEM and TEM microscopy. Figure 1 

demonstrates SEM secondary electron (SEM SE) images of Cu1 ribbon taken at the free side. 

All ribbons possess a similar microstructure consisting of two types of grains, independently 

on the chemical composition. The first type is given by small equiaxed grains with the size of 

about 1–2 µm while the second type is represented by larger cells with various shapes being 

arranged in so-called clusters. Similar result was already observed in the Ni48Mn39.5Sn12.5 

ribbons by Czaja et al. [21]. It was also found that the free surface exhibits coarser 

morphology in comparison to the wheel side. Furthermore, one can see the difference in the 

microstructure between the initial alloy with the composition Ni44Co6Mn39Sn11 (referred to as 

Cu0), investigated in our previous work (Ref. [22]) and Cu-doped ribbons. It was shown that 

the microstructure of the quaternary alloy is composed of fine equiaxed grains, cells being 

more complicated in shapes and large grains of about 10–15 µm with martensite plates inside. 

The divergence between ribbons seems to be connected with the addition of the fifth element 

which affects the characteristic temperatures of MT as well as the crystal structure and 

microstructure.  

The chemical compositions of Ni44-xCuxCo6Mn39Sn11 (x=1, 2, 3, 4 at. %) melt-spun 

ribbons were analyzed by the EDX method. The results taken from the free side are listed in 
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Table 1. Moreover, detailed investigation shows that there is no difference in the distribution 

of elements between the free and the wheel side surfaces of the ribbons as well as along their 

cross-section. This was also shown by Santos et al. in the case of Ni50Mn37Sn13 ribbons [23]. 

Based on the EDX results the valence electron concentration per atom, e/a, was estimated as 

shown in the last column of Table 1. This was calculated from the sum of d and s electrons for 

Mn (7), Ni (10), Co (9), Cu (11), and s and p electrons for Sn (4). Table 1 shows that the 

substitution of Cu for Ni leads e/a to increase with respect to the initial alloy (e/a=8.15).  

Figure 2 presents TEM bright field (BF) images captured from  the grain interior (a) 

and  grain boundary (c) of Cu1 ribbon at room temperature. The corresponding selected area 

electron diffraction patterns (SAEDPs) are indexed in terms of the cubic L21 structure with 

[100] zone axis (b) and six-layered 12M martensite with [210] zone axis (d). Five additional 

spots between two fundamental maxima are easily obseved. This type of martensite is not 

often observed in MMSMAs, contrary to four-, five- and seven-layered structures. However, 

it has been found in the alloys, such as Ni44Co6Mn39Sn11 [22], Ni50Mn40Sn10 [24], and 

Ni44.5Co5.5Mn39.5Sn10.5 after homogenization for long time [25]. Moreover, it is clearly seen 

that martensite plates evolve from the grain boundaries of austenitic grains. This may be 

connected with two reasons such as grain boundaries represent favored places for the 

nucleation and the microsegregation of elements between grain boundaries and grain interiors 

afecting the e/a value. The coexistance of austenite and martensite as a consequence of local 

compositional fluctuation has been reported in the case of Ni46Mn41.5-xFexSn12.5 [26] and Ni50-

xMn37.5+xSn12.5 [27]. Cu2 also reveals mixed microstructure consisting of austenite and 

martensite. Figure 3 shows BF images and corresponding SAEDPs for Cu3. Besides L21 

austenite small amount of martensite phase, being indexed as the 4O orthorhombic four-

layered structure,  is also visible. Cu4 ribbon is found to be in a single austenite form. Thus, 

one can conclude that at room temperature the crystal structure of the investigated ribbons 
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evolves in the following sequence: 12M+L21 (Cu0) à L21+12M (Cu1, Cu2) à L21+4O 

(Cu3) à L21 (Cu4). It is obvious the substitution of Ni by Cu results in the stabilization of 

austenite.  

XRD measurements confirm TEM observations. Figure 4 depicts X-ray diffraction 

patterns of Ni44-xCuxCo6Mn39Sn11 (x=1–4 at.%) ribbons at room temperature taken from the 

free side. It is found that Cu1 and Cu2 ribbons reveal the mixture of L21 structure with trace 

amount of martensite being identified as a 12M six-layered  martensite. Ribbons containing 3 

and 4 at.% of Cu have pure L21 austenitic structure. No extra peaks indicating an existence of 

the additional phases are observed. In the case of Cu3, martensite phase is not detected by X-

ray diffraction patterns. This might be connected with a small amout of martensite which is 

below detection limit of XRD.  

Furthermore, the lattice parameter ac and unit cell volume Vc of L21 paramagnetic 

austenite for all ribbons were estimated and plotted in Figure 5. Calculations were made based 

on X-ray measurements carried out at 430 K in order to obtain fully austenite phase. It is seen 

that the lattice parameters as well as the unit cell volume rise up with the increase of the 

concentration of Cu in Ni44-xCuxCo6Mn39Sn11 ribbons. It is attributed to the substitution of 

smaller Ni atoms with the atomic radius of 0.125 nm by larger Cu atoms with the atomic 

radius of 0.128 nm [28].  

3.2 Transformation behavior and magnetic characterisation 

Figure 6 depicts DSC cooling and heating curves for Ni44-xCuxCo6Mn39Sn11 (x=0, 1, 2, 

3 at .%) melt spun ribbons. One can see exothermic and endothermic peaks corresponding to 

the forward and reverse martensitic transformation with start and finish characteristic 

temperatures (Tms, Tmf, Tas, Taf), respectively. The transformation temperatures TM and TA are 

determined as (Tms+Tmf)/2 and (Tas+Taf)/2, respectively. The width of thermal hysteresis, 

being a consequence of the first-order nature of MT, was calculated as a difference between 



8	
	

austenite finish and martensite start temperatures (ΔT=Taf-Tms). DSC curves enable also an 

estimation of the averaged MT enthalpy change (|ΔH|), calculated as the area under the 

exothermic and endothermic peaks. The entropy change of MT (ΔS) was estimated as |ΔH|/T0, 

where T0 is (Tms+Taf)/2. All results are listed in Table 2. Note that the DSC curves for Cu4 are 

not shown here, because MT takes place below the studied temperature range. 

The thermomagnetization dependences, M(T), for all ribbons are shown in Figure 7. 

They were measured under external magnetic field of 200 Oe during cooling (FC) and heating 

(FH). Upon cooling, samples undergo the magnetic transition from paramagnetic austenite to 

ferromagnetic austenite. During further cooling, the martensitic transformation from austenite 

to martensite with characteristic hysteresis is observed. The values of the characteristic MT 

temperatures (see Table 2) are in good agreement with data of the calorimetric measurements. 

Small variations between results are ascribed to the influence of different cooling/heating 

rates. 

It is well-known that the MT temperatures in the Heusler type SMAs are controlled by 

two main factors: (i) electron valence concentration and (ii) unit-cell volume [10, 29]. In the 

case of studied Ni44-xCuxCo6Mn39Sn11 (x=0–4 at.%) alloys, the MT temperatures are 

drastically shifted to lower temperatures with the addition of 1 at. % of Cu. Then, slightly 

increase for Cu2 ribbon. Further addition of Cu leads again to their decrease. Such a complex 

behavior was observed in Ni50Mn40-xSn10Fex as a result of the precipitation of the additional 

phases [30]. However, in the studied alloys no obvious signs of the precipitates were found. 

The aforementioned irregular behavior may be attributed to the e/a decrease from 8.15 to 

8.13, with regard to Cu0 [22], and further increase up to 8.16. Nevertheless, the general 

tendency for the MT temperatures in the studied ribbons is their decrease with increasing of 

the Cu concentration being opposite to the e/a rule. Figure 5 shows that the difference in 

atomic radius can be responsible for the reduction of the MT temperatures. As already 
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mentioned, the atomic radius of Cu and Ni is 0.128 and 0.125 nm, respectively [28]. Thus, 

replacing smaller Ni atoms by larger Cu atoms results in the decrease of the MT temperature. 

Many reports concerning Cu-doped Ni-Mn based Heusler alloys show similar results pointing 

out that the unit cell volume factor prevails over e/a [7–9, 31]. It is worth noting that the 

concept of the hybridization between Ni 3d and Mn 3d states was also put forward as an 

additional factor [32]. Accordingly, any change in Mn and Ni content as well as Cu addition 

may lead to the weakening the hybridization resulting in a reduction of the MT temperatures. 

This behavior has been observed in Mn50Ni40-xCuxSn10 [33], Ni50Mn36-xCoxSn14 [34], 

Ni50+xMn37-xSb13 and Ni50Mn37+xCrxSb13 [35].  

Magnetic and DSC measurements, as well as data from Table 2, show that 𝑇$# also 

shifts to lower temperatures with the replacement of Ni by Cu, which correlates with the 

increase of the volume cell of austenite. This is in line with fact that the hydrostatic pressure 

increases the Curie temperature of austenite [36]. Aguilar-Ortiz et al. confirmed that the 

substitution of smaller Ni atoms by larger Fe atoms leads to the enlargement of the austenite 

volume cell which causes 𝑇$# to decrease [37].  

Figure 8 shows the magnetization curves, M(H), at different temperatures around the 

martensitic transformation. The measurements were performed up to 15 kOe after every time 

zero-field cooling to temperature below Tmf in order to achieve fully martensite structure. 

Samples show metamagnetic behavior in temperature range of 248–299K, 242–302K, 216–

288K, 165–210K for Cu1, Cu2, Cu3, Cu4, respectively. The magnetic hysteresis corresponds 

to the magnetic field induced reversible martensitic transformation from martensite to 

austenite and back to martensite.  

3.2 Inverse magnetocaloric and elastocaloric effects 

Magnetic entropy change (ΔSM) has been estimated from magnetic isotherms using 

Maxwell’s relation	∆𝑆((𝑇, 𝐻) =
.(
./ 0

𝑑𝐻0
2 , where M and H are magnetization and 
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magnetic field, respectively. Temperature dependences of ΔSM under magnetic field of 15 

kOe are shown in Figure 9. Peak	value of ΔSM for Cu0, Cu1, Cu2, Cu3 alloys is 2.9 J kg-1K-1 

(345K), 2.1 J kg-1K-1 (275K), 6.3 J kg-1K-1 (293K) and 4.3 J kg-1K-1 (258K), respectively. The 

result for Cu4 ribbon is not shown here, due to its negligible value. It is known that total 

entropy change during MT (ΔSMT) contains the vibrational and magnetic contributions. 

Furthermore, the ΔSMT is highly dependent on the difference between Curie of austenite and 

martensitic transformation temperatures (𝑇34-TM). With the increase of the value of (𝑇34-TM), 

ΔSMT drops exponentially because of the magnetic contribution reduction [38]. In the case of 

Cu4 the difference between Curie point of austenite and martensite temperature is close to 

200 K, which results in extremely low value of ΔSM. From the practical viewpoint, refrigerant 

capacity (RC) is important parameter, which describes the total amount of thermal energy that 

can be transferred between hot and cold sinks in one ideal thermodynamic cycle. RC has been 

calculated by using the following equation: RC= ∆𝑆(
5678 ×𝛿𝑇;<0(, where 𝛥𝑆(

5678 is the 

maximum at ΔSM(T) curve and 𝛿𝑇;<0( is the full-width at half maximum of the same curve 

obtained under magnetic field change of 15 kOe. Furthermore, due to the first order nature of 

MT, the average hysteresis loss (HL) was calculated by the estimation of the area of M(T) 

curves at different temperatures. The effective RCeff has been obtained by subtracting HL 

from the total RC [39-41]. The quantified values of RCeff in magnetic field of 15 kOe for Cu0, 

Cu1, Cu2, Cu3 ribbons are 19 J kg-1, 31.4 J kg-1, 41.9 J kg-1, 50.8 J kg-1, respectively. One can 

see that, the addition of 2 at. % of Cu increases the value of ΔSM for more than two times in 

the magnetic field of 15 kOe. Moreover Cu addition leads to the enhancement of RCeff (Cu2, 

Cu3), while tuning the MT temperature close to ambient temperature.  

Figure 10 (a,b) depicts temperature dependences of strain, ε(T), recorded under 

various applied tensile stresses for Ni44Co6Mn39Sn11 and Ni42Cu2Co6Mn39Sn11 ribbons. The 

application of the stress higher than 20-30 MPa causes ribbons to fail due to their high 
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brittleness. The measurements were performed only for two ribbons due to limitation 

connected with the required geometry of ribbons such as length and width. Temperatures of 

reverse martensitic transformations (TA) were estimated from ε(T) curves and plotted in 

Figure 10(c) for both ribbons. TA temperature is shifted to lower temperatures with the 

increase of external stresses compared to the temperatures measured under 1MPa, which gives 

rise to stress-induced reverse martensitic transformation. This phenomenon has been observed 

previously on the Ni50Mn40Sn10 ribbon [42] being associated with the internal compressive 

stress introduced during fabrication process. This compressive stress opposes the external 

tensile stress. The isothermal entropy change (ΔS) was calculated by means of Maxwell’s 

relationship:	∆𝑆(𝑇, 𝜎) = .?
./ @

𝑑𝜎@
2 , where σ and ε are uniaxial stress and corresponding 

strain, respectively. Results for Cu0 and Cu2 ribbons are shown in Figure 11. The maxima in 

ΔS versus T under the stress of about 30 MPa correspond to about 0.2 J kg-1K-1 for Cu0 and 

0.5 J kg-1K-1 for Cu2 ribbon. Both values of ΔS are above zero indicating the inverse 

elastocaloric effect (see Ref.[42]). This effect is associated with the anomalous stress-induced 

reverse MT that occurs in both ribbons and can be considered as an analog of the inverse 

magnetocaloric effect in Ni–Mn–Ga Heusler alloys [42]. Additionally, the inverse 

elastocaloric effect has been also found in Fe-Rh [43] and in the decomposed Ti-Ni [44] 

alloys. In both cases, it was attributed to the stress-induced structural transformation due to 

the volume contraction across the structural transformation and internal stress caused by 

precipitates, respectively.  

4. Conclusions 

In summary, we have systematically studied the influence of the substitution of Ni by 

Cu in Ni44-xCuxCo6Mn39Sn11 melt-spun ribbons, with the aim to enhance their caloric 

properties and shift MT close to room temperature. It is found that the MT temperature 

decreases with the Cu addition, which is the opposite behavior to a well-known e/a rule. 
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However, it was experimentally confirmed that the unit cell volume effect is responsible for 

such a behavior. The substitution of Ni by Cu causes the unit cell volume to extend resulting 

in the decrease of the characteristic temperatures of MT. The crystal structure of alloys 

changes from two-phase structure where austenite is in grain interiors and martensite is 

located at the grain boundaries. Additionally, both the inverse magnetocaloric and 

elastocaloric effects in the vicinity of MT under moderate magnetic fields and stresses have 

been evaluated. Small addition of the fifth element, such as copper, strongly influences the 

structural and magneto-structural properties of the ribbons, also improving their functional 

properties important for applications. 
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Figure captions: 

 

Figure 1. SEM SE micrograph taken from the free side for Cu1 ribbon. 

 

Figure 2. TEM BF image (a) and corresponding SAEDP (b) taken from the grain interior; 

TEM BF image (c) and SAEDP (d) taken from the grain boundary for Cu1 ribbon. 
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Figure 3. TEM BF images (a), (c) and corresponding SAEDPs (b), (d) for Cu3 ribbon. 

 

Figure 4. X-ray diffraction patterns of Ni44-xCuxCo6Mn39Sn11 (x=1, 2, 3, 4 at.%) measured at 

the free side of the ribbons at room temperature. 

 

Figure 5. Dependence of lattice parameter ac and unit cell volume Vc of paramagnetic 

austenite at temperature of 430 K on the concentration of Cu for all ribbons. 
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Figure 6. DSC curves for Ni44-xCuxCo6Mn39Sn11 (x=0, 1, 2, 3 at.) ribbons.  

P l e a s e, r e m o v e   I n s e t 

 

Figure 7. Thermomagnetization curves measured under magnetic field of 200 Oe for (a) Cu1, 

(b) Cu2, (c) Cu3, (d) Cu4 ribbons. 
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Figure 8. Magnetization curves measured at different temperatures in the vicinity of the 

martensitic transformation in the ribbons: (a) Cu1, (b) Cu2, (c) Cu3 and (d) Cu4. 

 

Figure 9. Temperature dependence of magnetic entropy change for Cu1, Cu2 and Cu3 ribbons 

in the magnetic field of 15 kOe.  
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Figure 10. Temperature dependences of strain under various tensile stresses applied to Cu0 (a)  

and Cu2 (b)  ribbons. Temperature of the reverse martensitic transformation, TA, as a function 

of applied stress for the same ribbons.  

Please, make curves on (a) and (b) in color. Think about how distinguish between them when 

they are published in black-and-white 

 

Figure 11. Temperature dependence of isothermal entropy changes for Cu0 upon cooling (a)  

and Cu2 upon heating (b).  

Think about how distinguish between curves when they are published in black-and-white 
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Table 1. Actual chemical composition (in at.%) and electron concentration per atom (e/a) for 

Ni44-xCuxCo6Mn39Sn11 (x=1–4 at. %) ribbons. 

Ribbon Ni  Cu  Co  Mn  Sn e/a 

Cu1 42.4±0.3 1.3±0.1 6.1±0.1 39.6±0.1 10.6±0.1 8.13 

Cu2 42.0±0.5 2.4±0.1 6.0±0.3 39.0±0.5 10.7±0.3 8.16 

Cu3 41.0±0.4 3.3±0.1 6.2±0.1 38.7±0.3 10.7±0.3 8.16 

Cu4 40.0±0.2 4.3±0.1 5.9±0.1 39.0±0.5 11.0±0.2 8.17 

 

Table 2. Forward (TM, Tms, Tmf) and reverse (TA, Tas, Taf) martensitic transformation 

temperatures, determined by DSC and magnetic measurements, thermal hysteresis (ΔT), Curie 

temperature of austenite (𝑇$#), the averaged value of enthalpy for the forward and reverse MT 

(|ΔH|) and the averaged entropy change at the transition (|ΔS|) of Ni44-xCuxCo6Mn39Sn11 (x=0, 

1, 2, 3, 4 at.%) ribbons. 

 

 

Ribbon Method Tms 
(K) 

Tmf 
(K) 

TM 
(K) 

Tas  
(K) 

Taf  
(K) 

TA  
(K) 

ΔT  
(K) 

𝑇"#  
(K) 

|ΔH| 
(J g-1) 

|ΔS| 
(J kg-1K-1) 

Cu0 
DSC 329 301 315 332 345 339 16 - 9.3 27.7 

VSM 332 308 320 331 351 341 19 399 - - 

Cu1 
DSC 251 209 230 263 284 274 33 - 2.2 8.2 

VSM 251 205 230 259 286 273 35 393 - - 

Cu2 
DSC 260 209 235 281 292 287 32 - 3.8 13.8 

VSM 267 218 243 287 293 290 26 393 - - 

Cu3 
DSC 230 192 211 236 267 252 37 - 3.3 13.3 

VSM 230 187 209 232 265 249 35 384 - - 

Cu4 
DSC - - - 187 208 198 - - - - 

VSM 166 145 156 187 211 199 45 376 - - 


