
3D-printable composites for magnetic refrigeration
based on Ni-Mn-In-Co magnetic shape memory
alloys
V. Sánchez-Alarcos  

 
Universidad Pública de Navarra

D. L. R. Khanna 
Universidad Pública de Navarra

P. La Roca 
Bariloche Atomic Centre

V. Recarte 
Universidad Pública de Navarra

F. D. Lambri 
CONICET-UNR, Ingeniería y Agrimensura

F. G. Bonifacich 
CONICET-UNR, Ingeniería y Agrimensura

O. A. Lambri 
CONICET-UNR, Ingeniería y Agrimensura

I. Royo-Silvestre 
Universidad Pública de Navarra

A. Urbina 
Universidad Pública de Navarra

J. I. Pérez-Landazábal 
Universidad Pública de Navarra

Research Article

Keywords: Magnetic composite, Metamagnetic shape memory alloy, Polycaprolactone, Fused deposition
modelling, Magnetic refrigeration

Posted Date: January 10th, 2024

DOI: https://doi.org/10.21203/rs.3.rs-3787690/v1

https://doi.org/10.21203/rs.3.rs-3787690/v1
https://doi.org/10.21203/rs.3.rs-3787690/v1


License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: No competing interests reported.

https://creativecommons.org/licenses/by/4.0/


 1 

3D-printable composites for magnetic refrigeration based on Ni-Mn-In-Co 

magnetic shape memory alloys 

 
V. Sánchez-Alarcos1,2*, D. L. R. Khanna1,2, P. La Roca3, V. Recarte1,2, F. D. Lambri4, F. G. 

Bonifacich4, O. A. Lambri4, I. Royo-Silvestre 1,2, A. Urbina1,2, J. I. Pérez-Landazábal1,2.  
 

1Department of Physics, Universidad Pública de Navarra, Campus de Arrosadia, 31006 Pamplona, Spain 
2Institute for Advanced Materials and Mathmatics (INAMAT2), Universidad Pública de Navarra, Campus de 

Arrosadia, 31006 Pamplona, Spain  
3Centro Atómico Bariloche (CNEA), CONICET, 8400 Bariloche, Argentina  
4CONICET-UNR. Laboratorio de Materiales, Escuela de Ingeniería Eléctrica, Facultad de Ciencias Exactas, 

Ingeniería y Agrimensura, Avda. Pellegrini 250, (2000), Rosario, Argentina 

 
 

 
*corresponding author: vicente.sanchez@unavarra.es 

 

 

 
Abstract 

 

A high filling load (62% weight) printable magnetic composite has been successfully 

elaborated from the dispersion of Ni45Mn36.7In13.3Co5 alloy microparticles into a PCL polymer 

matrix. The composite material has been prepared by solution method, resulting in a very 

homogeneous particles dispersion into the matrix. The structural transitions in the polymer do 

not seem to be affected by the addition of the metallic microparticles, which in turn results in a 

significant increase of the mechanical consistency. The good ductility of the elaborated 

composite allows its extrusion in flexible printable filaments, from which 3D pieces with 

complex geometries has been grown. The high measured magnetocaloric response of the 

composite and the possibility to print high surface/volume ratio geometries make this material 

a promising candidate for the development of heat exchangers for clean and efficient magnetic 

refrigeration applications. Furthermore, numerical simulations confirm that, in terms of heat 

transference, a bulk Ni-Mn-In-Co cubic piece may be even less efficient than a PCL/Ni-Mn-In-

Co wire containing the same amount of magnetic active material. 
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1. INTRODUCTION 

Nowadays, refrigeration plays a crucial role, not only in terms of comfort (e.g. air 

conditioning) but also for many key aspects of our modern life, such as food and medicine 

conservation, cooling of electronic devices, etc...[1] Some estimations quantify between 15% 

and 30% the share of the total worldwide electricity consumption used for refrigeration and air 

conditioning [2]. A significant reduction of the energy consumption and the replacement of 

harmful gases required by the traditional vapor compression technology are the main challenges 

for the refrigeration industry [3]. In this respect, magnetic refrigeration through the 

magnetocaloric effect (MCE) is considered as a viable clean and energy-efficient alternative 

technology [4–7].  

MCE occurs in all ferromagnetic materials, but it becomes strongly intensified by a phase 

transition (giant MCE), as observed first in Gd5Si2Ge2 [8]. Among magnetocaloric materials, 

metamagnetic shape memory alloy (MSMA) stand out due to the giant inverse magnetocaloric 

effect they show, enhanced by the latent heat of a field-induced martensitic transformation [9–

11]. If one considers the figure of merit η =│Q/W│introduced by X. Moya et al [12] (where W 

is the amount of work needed to drive the caloric effect and Q is the heat exchanged with the 

thermal bath), Ni-Mn-In-Co alloys present the highest values of η compared to other 

magnetocaloric materials. Unfortunately, bulk polycrystalline Ni-Mn-In-Co alloys are very 

brittle and suffer from rapid failure upon repetitive thermal or mechanical cycling. This is an 

important drawback, as long-term cycling of the material is inherent to the solid-state 

refrigeration. To tackle this problem, usage of the functional material in powder form (with 

micro or nanosized particles) consolidated in a polymer matrix to form a composite has been 

considered as an alternative to the pure bulk material, since the polymer may give structural 

integrity and formability while the particles provide magneto-thermal functionality [13–15]. 
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On the other hand, for any magnetic refrigeration applications, the design of well-

controlled geometries of heat exchangers (increased surface to volume ratio) is crucial to obtain 

a good performance and efficiency in the heat transfer between the active material and the 

surroundings [16]. In this sense, if functional Ni-Mn-In-Co particles are embedded in printable 

thermoplastic polymers, the obtained composite material could be also used to feed a standard 

Fused Deposition Modelling (FDM) 3D printer, which would allow the growth of complex 

geometries otherwise not achievable from the brittle bulk. Moreover, the relatively low 

extruding temperatures used in FDM prevent the possible deterioration of the physical 

properties of the metallic particles, contrary to what occurs in Selective Laser or Electron Beam 

Melting techniques used for direct 3D printing of metallic materials, in which the melting and 

the rapid solidification of the material modify the microstructure with undesired phases and 

introduce both composition gradients and strong texture [16–19].  

The inclusion of magnetic particles in 3D printable polymer matrix composites has been 

intensively studied during last years in the seek for new integrated functionalities. Nanoparticles 

of ferrites are, by far, the most used active material to incorporate magnetic action on 3D printed 

polymeric devices. For instance, soft actuators based on magneto-sensitive materials with 

outstanding magnetic-control performance and able to actuate under several stimuli 

(temperature, light, magnetic field,…) have been widely developed for applications in 

industrial, medical and other fields [20–23]. On the other hand, the feasibility of the production 

of permanent magnets by 3D printing, using composites made of magnetic microparticles of 

MnAl-based alloys in a polymer matrix, has been shown by E. Palmero et al [24–27]. In a 

similar way, the suitability of the use of a 3D printable magnetic composites (magnetocaloric 

(La,Ce)(Fe,Mn,Si)13–H particles in a PLA matrix) for magnetic refrigeration applications has 

been very recently confirmed [28]. Nevertheless, the elaboration of printable magnetic 
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composites based on Ni-Mn-In-Co alloys, which, apart from its large and very efficient 

magnetocaloric effect, are free of rare-earths, precious, expensive, toxic or non-earth abundant 

elements [11], remains in turn unexplored. 

In order to obtain polymer-based composites suitable for the development of 

magnetocaloric devices, high filler loadings are desirable to partially offset the inherent low 

thermal conductivity of the polymers. Polycaprolactone (PCL) showing low melting point and 

high ductility close to ambient temperature appears as a good candidate for the development of 

high filling-factor composites for MCE applications [29–31]. On this basis, in the present work 

a Ni-Mn-In-Co/PCL magnetic composite with a high proportion of active microparticles (MPs), 

able to feed standard and cheap FDM 3D printers, has been elaborated and characterized. In 

spite of the thermal conductivity is highly reduced due to the presence of the polymeric material, 

numerical simulations performed before elaboration show the feasibility of using FSMA-PCL 

polymeric composites as heat exchangers for magnetic cooling devices. Composites with filler 

load close to 70% have been successfully extruded in flexible printable filaments, from which 

3D pieces with complex geometries could be grown. From the analysis of its thermal, 

mechanical and magnetic properties (in particular, magnetocaloric effect), the elaborated 

material appears as a promising candidate for the development of heat exchangers for magnetic 

refrigeration applications.  

 

2. MATERIALS AND METHODS 

2.1 Numerical simulations 

The suitability of using PCL/Ni-Mn-In-Co composites as heat exchangers in magnetic 

cooling devices has been preliminary analyzed from numeric calculations. In particular, finite 

element simulations have been peformed to compare the heat transfer kinetics of cubic pieces 



 5 

of pure Ni-Mn-In-Co with that of composite wires containing the same amount of active 

material. Simulated wires were cylindrical (0.6 mm diameter -same as our FDM printer nozzle- 

and 600 mm length) and spherical MPs with an average diameter of 85 µm were randomly 

distributed along the wires, the initial temperature of the particles being 5 K higher than that of 

the surrounding (polymer matrix and environment, assumed to be initially at room temperature, 

RT). The cross section of the wire borders was modelled using an adiabatic (Neumann) 

boundary condition to avoid heat transfer along the axis of the wire. Energy balances were 

calculated by a homebrew 3D FEM transient heat-transfer simulation, meshing was done via 

Gmsh (an OpenSource mesh generator) and the simulation code was implemented via Matlab. 

Simulations calculate the dynamics of the thermal energy transfer towards or from the 

surroundings, the transfer rating being dependent on the length of the wire, percentage of 

particles, quality of cooling/heat transfer to the medium and material properties (thermal 

conductivity, K, specific heat, Ce, and density, ρ). Ni-Mn-In-Co MPs were assigned to 

subdomain 1 and PCL to subdomain 2, with their corresponding values 𝜌1=8100 kg/m3, 𝜌2=1150 kg/m3, 𝐾1=10 Wm-1/K, 𝐾2=0.2 Wm-1/K, 𝐶𝑒1=478 Jkg-1/K and 𝐶𝑒2=1928 Jkg-1/K. The 

differential equation for each point in the space is  𝐶𝑒𝑖𝜌𝑖 𝜕𝑇𝑖𝜕𝑡 − ∇ · 𝐾𝑖∇𝑇𝑖 = 0 being i the index 

of the subdomain and −𝐾𝑖∇𝑇𝑖 · n = ℎ(𝑇𝑖 − 𝑇𝑒𝑥𝑡) the mixed (Robin) boundary condition [32]. The 

quality of cooling/heat transfer to the surrounding fluid has been modelled through a single 

convection coefficient, h. The convection coefficient h takes typical values for different 

conditions of the surrounding fluid. Therefore, h = 50 is suitable for the interface between most 

materials and stagnant water or air at low velocity, h = 1000 is appropriate for forced convection 

of water or air, while h = 106 (equivalent to the Dirichlet condition) models a perfect 

refrigeration circuit at high fluid speeds [33]. 
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2.2 Elaboration of Ni-Mn-In-Co microparticles 

A Ni45Mn36.7In13.3Co5 alloy (expected to show a giant magnetocaloric effect, even after 

milling [34,35]) was produced by arc melting from pure elements. The obtained ingot was 

homogenized at 1170 K during 24 hours and then slowly cooled to room temperature. The bulk 

alloy was subjected to 15 minutes milling in a Retsch PM-100 planetary ball mill at 300 rpm 

with a 5:1 ball-to-powder ratio, and those MPs below 100 µm were selected after sieving. No 

narrower sieve was performed since the mixture of fine and coarse particles has been recently 

shown to favor the achievement of high filling factors in similar polymer-based magnetic 

composites [27]. In order to recover the expected degradation of both the MT and the saturation 

magnetization caused by milling [36,37], the MPs were subjected to a 45 minutes post-mill 

annealing treatment at 873 K. 

 

2.3 Production of PCL/Ni-Mn-In-Co composites 

On the seek for composites with a high fraction of magnetically-active particles, 

different composites were elaborated from the dispersion of an increasing concentration of the 

ball-milled MPs into commercial PCL, by solution casting method. The preparation procedure, 

illustrated in Figure 1, was as follows: one part (in mass) of PCL was diluted in three parts of 

dichloromethane (DCM) and continuously stirred at RT until a viscous and translucent 

homogeneous liquid was obtained. The Ni-Mn-In-Co MPs were then added to the liquid, the 

temperature was increased up to 313 K and the mixture was continuously stirred for around two 

hours until a homogenous dark solution was reached. The temperature was again increased up 

to 353K and hexane was incorporated to the dark solution (three times the total weight of the 

solution) in order to induce the solid-liquid phase separation. The evaporation of DCM 

increased the hexane/DCM ratio, which in turn helped the precipitation process thus giving rise 
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to a foam of polymeric matrix with homogeneously distributed MPs inside. The foam was 

finally dried for an hour at RT. 

The highest achieved particle concentration (weight %) compatible with an admissible 

mechanical consistency (understood as the ability to be extruded in windable filaments) was 

70%, above which all the elaborated composites suffered from severe brittleness. All 

subsequent studies were therefore performed on this PCL30/MPs70 high filling factor composite. 

It is worth noting that the corresponding volume concentration of MPs in the magnetic 

composite is 25%, which indeed lies inside the concentration range endorsed by the simulations 

above.  

 

2.4 3D printing 

The foam obtained for this specific PCL30/MPs70 composite was extruded into 

continuous and flexible wires using a Felfil Evo extruder with a 1.75-mm circular cross-section 

nozzle. The magnetic filaments were used to feed an Artillery Sidewinder X1 3D printer based 

on the FDM technology, from which several 3D objects with different shapes and sizes could 

be printed. In particular, as shown in Figure 2, a honeycomb maze-like piece was successfully 

printed as an example of the intricate geometries attainable from this material. Printing was 

performed at 473 K and a 0.6 mm diameter nozzle was used to prevent head clogging. The bed 

temperature was 303 K and the printing speed was 12.5 mm/min, slow enough to ensure cooling 

of previous layers. In all cases, the Open Source-Software CURA 4.12.1 (Ultimaker B.V. 

Utrecht, Netherlands) was used to format the printing algorithm (layer thickness of 0.3 mm and 

100% infill density). 
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2.5 Characterization  

The composition of the elaborated alloy was checked by electron dispersive 

spectroscopy (EDS) using a Zeiss EVO 15 VP Scanning Electron Microscope (SEM), also used 

to check the MPs size and to analyze both the distribution of MPs inside the polymer matrix 

and the surface morphology of the magnetic filaments. The sequence of magnetostructural 

transitions taking place on both the MPs and the composite were determined from differential 

scanning calorimetry (Q-100 DSC, TA Instruments), while the thermal stability of the 

composite was studied from Thermogravimetry Analysis (Mettler Toledo TGA/DSC 3+), 

measurements carried out in all cases on heating/cooling ramps at 10 K/min. The mechanical 

properties of the composite were analyzed by Dynamic Mechanical Analysis (DMA) 

measurements (damping, Q-1, and dynamic shear modulus, G’), carried out in an inverted 

torsion pendulum, working in forced oscillations at natural frequencies on around 3 Hz, under 

atmospheric Argon pressure. Damping was determined by measuring the relative half width of 

the squared resonance peak for a specimen driven into forced vibration, using [14,38]  

( )
0

12tan





−
=  (1) 

where ω0 is the resonant frequency, and ω1 and ω2 are the frequencies at which the amplitude 

of oscillation reduces to 1/√2 of the maximum value. The samples for DMA were 3D printed 

parallelepiped bars of around 1 x 3-4 x 15 mm. Finally, the magnetic properties were analyzed 

from temperature dependence M(T) and field dependence M(H) magnetization measurements 

performed by SQUID magnetometry (QD MPMS XL-7). The MCE (specifically, the 

magnetically-induced isothermal entropy change, ΔSiso) was estimated from a set of 

magnetization curves measured on heating under different magnetic fields ranging from 100Oe 

to 60 kOe, following the expression ∆S𝑖𝑠𝑜 = 𝑆(𝑇, 𝐻) − 𝑆(𝑇, 𝑂) =  ∫ (𝜕𝑀𝜕𝑇 )𝐻 𝑑𝐻𝐻0   [39] 
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3. RESULTS AND DISCUSSION 

Figure 3 shows the remaining thermal energy in the material (Main panel: normalized, 

Inset: absolute values) as a function of time for composite wires made up from PCL matrix and 

10%, 30% and 50% volume fraction of functional MPs, together with the corresponding curves 

for the corresponding bulk Ni-Mn-In-Co pieces (2.6 mm, 3.7 mm and 4.4 mm cubes, 

respectively). It is worth noting that, despite the low thermal conductivity of the polymer 

matrix, in all cases and for all convection regimes (poor/passive, normal/forced and perfect) the 

thermal energy transfer is much faster in the wires than in the corresponding bulk cubes. In 

particular, under passive or forced transfer conditions, it takes up to 15 times less time for the 

30% and 50% wires to transfer heat compared to the respective cubes, which means a very 

relevant improvement of the heat transference velocity. Nevertheless, the absolute energy 

transferred is also important since larger quantities of heat transferred in short times results in 

a higher transference efficiency. So, the ratio between the initial energy and the time () required 

to reduce to 1% the initial stored energy 𝜂 = 𝑄𝑖/𝜏, can be a useful indicator to assess the ability 

of the composite to transfer heat from the source (active material) to the refrigeration fluid. 

Table 1 shows the calculated values of both the transfer time and η, the latter presented both 

per volume of active material (𝜌𝜂𝑎𝑐𝑡 = 𝜂/𝑉𝑎𝑐𝑡) and per total volume (𝜌𝜂𝑡𝑜𝑡 = 𝜂/𝑉𝑡𝑜𝑡) in order to 

better compare. As expected, the larger is the cube size the lower is the ability of the active 

material to transfer heat from the source. However, interestingly, wires make better use of the 

active material since more energy per second is transferred for the same amount of used alloy 

(except for the particular case of 10% MP composites working under perfect convection). What 

is more, wires with 30% and 50% of MPs make better use even of the total material volume, 

compared to the corresponding cubic bulk piece. Therefore, it seems that not only the heat 

transfer quickness but also the harnessing of magnetic material, available space and net mass 
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would be better in the composite wires than in the alloy cubes. Hence, the numerical results 

support the idea that PCL/Ni-Mn-In-Co composites with high specific surface can be even more 

efficient than a standard Ni-Mn-In-Co metallic piece in terms of heat transference, which does 

indeed encourage the fabrication of printable functional PCL/Ni-Mn-In-Co composites for 

magnetocaloric applications.  

Regarding the elaborated alloy, Figure 4 shows the DSC thermogram obtained on 

heating/cooling between 230 K and 400 K the just sieved Ni-Mn-In-Co MPs. The observed 

exothermic and endothermic peaks evidence the occurrence of a reversible MT just below RT, 

showing the typical thermal hysteresis. The MCE linked to the magnetic-field induction of such 

MT is shown in the upper inset as a function of both temperature and applied field. A net highest 

ΔSis value of 8 J/kgK is achieved at around 270 K, temperature at which the reverse MT takes 

place under 6 T.  Even though this value is far from the highest values obtained in some similar 

bulk alloys [40], the broadening of the peak temperature range (ΔT) as a consequence of the 

milling-induced deformation results in a very large Refrigeration Cooling Power, 𝑅𝐶𝑃 ≈ ∆𝑆𝑖𝑠𝑜 ·∆𝑇, which is indeed the main performance metric to rank magnetocaloric materials [41]. In 

particular, a 𝑅𝐶𝑃 = 380 𝐽/𝑘𝑔 is obtained for the MPs under a 6 T applied field, close to the 

higher values reported up to now in literature for this alloys system [40]. The elaborated 

particles show therefore both small sizes compatible with the extruder nozzles (see lower inset) 

and a huge MCE response, thus meeting the two main requirements to be used as a 

magnetically-active material in printable composites for magnetic refrigeration applications.  

The microstructure of the PCL30/MPs70 elaborated magnetic composite has been analyzed 

from SEM observations. Figure 5 shows the micrographs obtained in a longitudinal section of 

a freshly extruded composite filament. A very homogeneous dispersion of the MPs is observed 

all along the studied filaments, which show a quite regular diameter of 1.5 ± 0.2 mm. The high 
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homogeneity of the MPs dispersion is even more evident in the Ni mapping image, where 

deeper particles can be also detected. This seems to confirm that no significant agglomeration 

of particles occurred neither during the composite elaboration nor because of the extrusion 

process. As previously mentioned, such a proper distribution of particles with different sizes 

could be behind the successfully achieved combination of high filling-factor and high ductility 

[27].  

The DSC thermogram obtained on heating/cooling a sample of the extruded filament is 

shown in Figure 6a. As indicated, the very large endothermic peak observed around 330 K 

corresponds to the melting of the PCL matrix whereas the exothermic one around 300 K is 

linked to the polymer crystallization taking place on subsequent cooling. The calculated 

enthalpies for melting and crystallization in the composite are 25.0 J/g and 26.4 J/g, 

respectively, which in both cases represent around 38% of the pure PCL enthalpies (∆𝐻𝑚𝑒𝑙𝑡𝑃𝐶𝐿 =66𝐽/𝑔 and ∆𝐻𝑐𝑟𝑦𝑠𝑡𝑃𝐶𝐿 = 69𝐽/𝑔 [31]), a slightly higher value than the nominal 30% PCL weight 

concentration. On the other hand, the much smaller enthalpy change associated to the MT in 

the metallic MPs (~ 20 times lower) makes the corresponding peaks to be hardly detected in 

the thermogram. Interestingly, the melting and crystallization temperatures in the composite are 

very close to those in pure PCL (whose thermogram has been rescaled in the graph for the sake 

of clarity), pointing out a very small influence of the presence of the particles on the structural 

transitions in the polymer.  

In order to check the composition of the elaborated composite, TGA measurements were 

performed on two different composite samples, extracted from the beginning and the end of the 

extruded wire. Figure 6b shows the temperature dependence of weight (percentage) measured 

on heating both the composite and pure PCL samples from RT up to 900 K. The weight losses 

observed between 600 K and 750 K correspond to the PCL decomposition, in such a way the 
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mass fraction of MPs on the composite can be directly determined as the remnant mass 

percentage at the end of the thermal scan. The MPs concentration thus obtained is around 62%, 

in perfect agreement with that inferred from the melting and crystallization enthalpy values. 

The fact that the actual MPs concentration is lower than the nominal concentration could be 

due to some unwanted mixing of the extra PCL added as a pushing agent in the extruder (in 

order to be able to extract all the introduced composite material). In any case, the same final 

mass fraction is observed for the two composite samples, which confirms a very high degree of 

homogeneity on the particles dispersion along the filament. A considerable shift of the PCL 

decomposition to lower temperatures is, in turn, observed as a consequence of the addition of 

MPs. This is in accordance with previous results [31,42,43] where the increase in the pyrolysis 

of PCL chains has been ascribed to the limitation of the movement of polymeric chains caused 

by the incorporation of magnetic particles. Nevertheless, the composite decomposition is well 

above the usual printing temperatures in FDM 3D printing, so no influence whatsoever is 

expected in any elaboration or operation step. 

The effect of the metallic fillers on the mechanical response of the material has been 

analyzed from DMA measurements performed on two identical parallelepiped samples 3D 

printed from both the composite and pure PCL. As shown in Figure 7, the dynamical modulus 

around RT (expected working temperatures) is much higher in the composite, which means a 

greater stiffness and therefore an increased mechanical consistency as a result of the metallic 

particles addition, in accordance with the rule-of-mixture models [44,45]. Such behavior could 

be also related to the associated decrease in the mobility of the polymer chains, as already 

proposed in similar composites [46]. On the other hand, although no significant modulus defect 

is observed linked to the occurrence of the MT in the metallic MPs, a well-defined damping 

peak is indeed clearly detected in the internal friction measurement, as shown in the inset. This 
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is quite interesting since it confers the material an extra damping capacity at RT which may be 

useful to mitigate the impact of low frequency mechanical vibration in the printed devices.   

 The magnetic properties of the composite have been tested in a small piece cut from a 

3D printed sample. In order to better compare, the measured magnetization is shown in Figure 

8a as a function of the applied magnetic field both for the alloy MPs and for the composite 

sample. The overall behavior is the same and, as expected, just a net decrease in magnetization 

is observed because of the reduced amount of magnetic material. In particular, the 

magnetizations values under a 6 T applied field (which could be assimilated to saturation 

magnetization) are 51.6 emu/g and 82.5 emu/g for the composite and the MPs, respectively, in 

perfect agreement with the above-mentioned estimation of 62% of MPs in the wire. This 

matching is quite relevant as it means that the concentration of particles in the composite has 

not been affected at all by the FDM printing process. Finally, the magnetic refrigeration 

capacity of the composite has been assessed from the estimation of the MCE. Figure 8b show 

the temperature and field dependence of ΔSiso, obtained from the corresponding magnetization 

measurements in the printed sample. A highest ΔSiso value of 3.8 J/kgK is obtained at 6 T, which 

results in a RCP ≈ 200 J/kg, an endorsing value for the elaboration of heat-exchanger for 

magnetic refrigeration applications.  

 

 

4. CONCLUSSIONS 

A high filling load printable magnetic composite has been successfully elaborated from 

the dispersion of Ni45Mn36.7In13.3Co5 alloy microparticles into a PCL polymer matrix. The 

composite material has been prepared by solution method, resulting in very homogeneous 

particles dispersion. The good ductility of the elaborated composite allows its extrusion in 
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flexible printable filaments, from which 3D pieces with complex geometries has been grown. 

The structural transitions in the polymer does not seem to be affected by the addition of the 

metallic microparticles, which in turn results in a significant increase of the mechanical 

consistency. The high measured magnetocaloric response, together with the support of 

numerical simulations confirming that PCL/Ni-Mn-In-Co wires can be even more efficient than 

a corresponding Ni-Mn-In-Co metallic cube in terms of heat transference, make this material a 

promising candidate for the development of heat exchangers for clean and efficient magnetic 

refrigeration applications 
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Figure captions 

 

FIG. 1: Schematic representation of the composite preparation procedure. 

 

FIG. 2:  Extruded filaments and 3D FDM printed pieces. 

 

FIG. 3:  Heat transference as a function of time for composite wires made up from PCL matrix 

and 10%, 30% and 50% volume fraction of functional MPs, together with the corresponding 

curves for the equivalent bulk Ni-Mn-In-Co cubic pieces. Main panel: normalized, Inset: 

absolute values. 

 

FIG. 4: DSC thermogram obtained on the just sieved Ni-Mn-In-Co MPs. Upper inset: MCE as 

a function of temperature and applied field. Lower inset: SEM micrograph on the powder. 

 

FIG. 5: (a) SEM micrograph on a longitudinal section of the composite wire. (b) Corresponding 

Ni-mapping image. 

 

FIG. 6: (a) DSC thermogram on a sample of the extruded filament. (b) Temperature dependence 

of weight (percentage) measured on heating both the composite and pure PCL samples from 

RT up to 900 K.  

 

FIG. 7: Temperature dependence of dynamical modulus for composite and pure PCL 3D printed 

samples. Inset: Internal friction as a function of temperature.  
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FIG. 8: (a) Magnetization of both the MPs and the composite at 300 K, as a function of the 

applied field. (b) Isothermal magnetically-induced entropy change as a function of temperature 

and applied magnetic field for the elaborated composite. 

 

 

 

 

 
Table captions 

 

TAB. 1: Calculated values of transfer time (τ), transferred energy per time and volume of 

magnetic active material (𝜌𝜂𝑎𝑐𝑡 = 𝜂/𝑉𝑎𝑐𝑡), and transferred energy per time and total volume 

(𝜌𝜂𝑡𝑜𝑡 = 𝜂/𝑉𝑡𝑜𝑡), both for the composite wires and the corresponding metallic cubic pieces.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 



 21 

 

 

 

 

 

 

 

 

Fig.1 

Sánchez-Alarcos et al. 

 

 

 

 

 



 22 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2 

Sánchez-Alarcos et al. 

 

 

 



 23 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3 
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Fig.5 
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Fig.6 
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Fig.7 
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Table 1 

Sánchez-Alarcos et al. 

Refrigeration 

regime 

 Wire  Cube 

MP 

(% vol)  

τ 
(s) 

𝜌𝜂𝑎𝑐𝑡
   

 x105 (J/sm3) 

 𝜌𝜂𝑡𝑜𝑡
  

x105  (J/sm3) 

 Side 

(mm) 

τ 
(s) 

𝜌𝜂𝑎𝑐𝑡 = 𝜌𝜂𝑡𝑜𝑡  

x105 (J/sm3) 

h = 50    

(Poor) 

10 34.01 5,62 0,56  2.6 159.00 1,21 

30 39.83 4,86 1,46  3.7 229.70 0,84 

50 43.26 4,48 2,24  4.4 271.58 0,71 

         

h = 1000 

(Normal) 

10 2.46 78,6 7,86  2.6 8.28 23,4 

30 2.21 87,7 26,3  3.7 12.57 15,4 

50 2.68 72,2 36,1  4.4 14.48 13,4 

         

h = 106  

(Perfect) 

10 0.44 433 43,3  2.6 0.35 539 

30 0.10 1860 559  3.7 0.72 268 

50 0.07 2450 1220  4.4 1.06 181 


