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The gases used in current refrigeration systems are harmful to the environment (e.g. ozone depletion, greenhouse effect) [1-2]. An innovative and
promising alternative is magnetic refrigeration based on the magnetocaloric effects (MCE) of solid alloys used in the form of regenerators [3].
Several prototypes of magnetocaloric (MC) regenerators have been built and show a high coefficient of performance (COP), but very few are on
the market. These MC regenerators still have certain limitations, such as the brittleness of MC intermetallic alloys [4].
q Aims:
To develop and characterise a magnetocaloric composite highly loaded with magnetocaloric powder and based on polymer (PLA/LDPE + EVA + SA)
by mixing dedicated to the 3D extrusion and additive manufacturing process / To carry out numerical simulations of the thermo-magnetic-
mechanical coupling of the composite.
q Scientific challenges: The composite must have relevant magnetocaloric properties (DTad and DSm) similar to the reference bulks materials (Gd,

Gd derivative and Mn-Fe-Si-P).
where PLA denotes Polylactic Acid, LDPE Low - Density PolyEthylene, EVA Ethylene-Vinyl Acetate and SA Stearic Acid.

Elaboration, Shaping and Characterisation of MagnetoCaloric (or MC) Composites
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Classification of MC Materials with large MCE 
compared to Gd [5]

Modelling of field-induced Phase Transition in Ni-Co-Mn-In Single Crystal
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Introduction

COMPOMAG Project
(Innovative micro-structured magneto-caloric
composites for sustainable and eco-friendly
refrigeration machines and heat pumps).

• Shaping by extrusion [7]:

Problems: 
Ø Too simple shape
Ø Expensive tools
Ø Long development

LDPE+La(Fe,Si)13H

Shaping of MC composites:

Innovative and
little-studied process!

Layer by layer 
deposition of the 

composite

Feedstock 
(pellets)

Extrusion screw

10 cm

• Shaping by 3D printing based on Pellets [8]: 

Elaboration of highly loaded MC composites [6]:
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Constituents of the binder: Polymers Additives

Designation Polylactic Acid 
(PLA)

Low - Density 
PolyEthylene (LDPE)

Ethylene-Vinyl Acetate 
(EVA) Stearic Acid (SA) 

Function Dedicated to
3D printing

Dedicated to 
extrusion Improves elasticity Improves powder 

wettability

Materials in 
powder form

Transition 
temperature (K)

Entropy variation 
(J/kg.K)

Gd 293 3 ± 1

La(Fe,Si) 13H 235 9-12 ± 1

Ni50Co2Mn33In15 298 5 ± 1

Scanning Electron Microscopy observations

Its free surface
Backscattered image of a cross 

section cut by a femtosecond laser

500 µm 500 µm 

of a small printed plate (45*13*0,6 mm3)
X-ray Tomographic Analysis

Ø homogeneous distribution of pores
Ø Very good fusion between layers
Ø Porosity estimated at 6%

of a large composite (10*10*3 mm3)

Ø Optimization of printing parameters leads to a printed component with few defects
Ø Homogeneous distribution of 50 vol% of powder in the binder
Ø Low porosity uniformly distributed

Structural analysis of the printed magnetocaloric composite [6]
(with optimized print settings: V = 10 mm/s, Øbuse = 8 mm, T = 413 K):
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Materials ∆"!" (Jkg-1) ± 100 ∆#	(JK-1kg-1) ± 0,1
Powder La(Fe,Si)13H 3100 10,7 

Printed composite 2700 9,3

Evaluation of entropy !"#$"%$&' ∆) by DSC measurement

Reference Main binder Mass fraction ∅$%&& of powder 
La(Fe,Si)13H (% by mass)

Transition 
temperature (K) %' (%)

J. Lanzarini et al. [7] LDPE 92 293 92
Á. Díaz-García et al. [8] PLA 55 289 45

This work PLA 88 290 87

%' =
∆#()$*)&+!,	*,"	-.+!	$%&&
∆#*)/0,"*,"	-.+!	$%&&

Magnetocaloric evaluation criteria *'
, if %' =  ∅$%&& then same quantity of heat released or 
absorbed as the powder alone.

∆# = ∆"!"
(!"

Magnetocaloric characterization [6]:

Ø Estimation close to the literature for La(Fe,Si)13H powder (⁓10 JK-1kg-1 between 0-1T)
Ø High magnetocaloric properties of the composite thanks to its high powder charge and translated by the PM criterion
Ø The magnetocaloric effect of the composite respects a mixing law (i.e. proportional to the mass fraction of powder)

Optimized composite (i.e. highest powder loading, best suited 
for the elaboration and 3D printing processes):

Binder (47.5% LDPE + 47.5% EVA + 5%SA) 
+ 50 vol% of La(Fe,Si)13H powder (88% by mass).

In the framework of Thermodynamics 
of Irreversible Processes [10-12],
• Employed Variables:   

z : Volume fraction of Austenite

• Free Energy:

with the choice of the deformation tensor of Phase Transformation: 
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Elasticity

Magnetic Behavior

Pseudo-Elastic
Behavior

Chemical Thermal

Modeling of Phase Transformation induced by magnetic 
field, mechanical stress and variation of temperature

• Driving Force :
By putting each State Laws on the Dissipation expression, we identify the
Thermodynamic Driving Force that exert on the interface between Martensite and
Austenite as being:

The effect of Magnetism is proportional to the Applied Magnetic Field H and to the
difference of Magnetization at Saturation of Austenite ∆MS.

• Evolution law of variable z :
By introducing a Yield Surface and by writing the Consistency Equation, we obtain the
Evolution Law of the volume fraction z of the Austenite formed by Mechanical Stress,
Magnetic Field and Temperature variation as being:

π f *

π f *
σ ,H ,T ,z( ) = Δε tr : σ − k(1−z)σ
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Temperature cycling: Experiment [13] & simulation

Meta-magnetic behavior: experimentation [13] and simulation

Entropy variation during a temperature cycling: Simulation

STABILIZED cycles between 0 and 7 T 
at different temperatures

Ni-Co-Mn-In
(Single Crystal)

Ni-Co-Mn-In
(Single Crystal)

Part due to phase transformation:

Part due to magnetisation:

under 7T

Magnetisation M (emu/g) versus temperature T (K)
under a field of 7 T and without mechanical constraint

Tc

Ni-Co-Mn-In
(Single Crystal)
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Magnetic-field-induced shape recovery by reverse
phase transformation
R. Kainuma1, Y. Imano1, W. Ito1, Y. Sutou2, H. Morito1, S. Okamoto3, O. Kitakami3, K. Oikawa1, A. Fujita1,
T. Kanomata4 & K. Ishida1

Large magnetic-field-induced strains1 have been observed in
Heusler alloys with a body-centred cubic ordered structure and
have been explained by the rearrangement of martensite struc-
tural variants due to an external magnetic field1–3. These materials
have attracted considerable attention as potential magnetic actua-
tor materials. Here we report the magnetic-field-induced shape
recovery of a compressively deformed NiCoMnIn alloy. Stresses of
over 100MPa are generated in the material on the application of a
magnetic field of 70 kOe; such stress levels are approximately 50
times larger than that generated in a previous ferromagnetic
shape-memory alloy4. We observed 3 per cent deformation and
almost full recovery of the original shape of the alloy. We attribute
this deformation behaviour to a reverse transformation from the
antiferromagnetic (or paramagnetic) martensitic to the ferromag-
netic parent phase at 298K in the Ni45Co5Mn36.7In13.3 single
crystal.
Since magnetic-field-induced strain was reported for NiMnGa

(refs 1, 5), many other ferromagnetic shape-memory alloys, such
as FePd (refs 2, 6, 7), FePt (ref. 8), NiCoGa (refs 9, 10), NiCoAl
(refs 10–12) andNiFeGa (refs 13, 14; whosemartensite phase exhibits
ferromagnetism), have also been found. The origin of the extremely
large magnetic-field-induced strain is explained by the rearrange-
ment of martensite variants due to an external magnetic field, whose
driving force is related to the large magnetocrystalline anisotropy
energy of the martensite phase1–3. According to this mechanism,
because the driving force is limited by the anisotropy energy even if a
large external magnetic field is applied, the output stress induced by
the external magnetic field is restricted to only a few MPa (ref. 4).
Magnetic-field-induced transformation is a useful method for
obtaining an output stress larger than that resulting from the variant
rearrangement in the martensite phase. The transformation tem-
perature change (DT) induced by magnetic field change (DB) is
approximately given by the Clausius–Clapeyron relation in the
magnetic phase diagram:

dB

dT
¼ DS

DM
and DT <

DM

DS

! "
DB ð1Þ

where T is the absolute temperature, B is the applied magnetic field,
and DM and DS are the differences in magnetization and entropy
between parent andmartensite phases, respectively. To use magnetic-
field-induced transformation, a combination of a large DM and a
small DS is required for the martensitic transformation. The
martensitic transformation of previous ferromagnetic shape-
memory alloys is limited to the combination of ferromagnetic or
paramagnetic parent and ferromagnetic martensite phases, and no
large DT can be obtained because of the small DM (refs 7, 15, 16).

Very recently, our group at Tohoku University has reported some
new ferromagnetic shape-memory alloys in the NiMnIn, NiMnSn
and NiMnSb alloy systems17, in which the magnetization in the
martensite phase is very low in comparison to that of the parent
phase. Here we report that NiCoMnIn alloys, in which Co is added to
NiMnIn to increase the Curie temperature, show a high level of DTat
room temperature and that shape recovery can be obtained from
magnetic-field-induced reverse transformation.
Figure 1 shows the thermomagnetization curves for the 13.4In

alloy (seeMethods for compositions of the three alloys we studied) at
magnetic field strengths of H ¼ 0.5, 20 and 70 kOe. During the first
heating in amagnetic field ofH ¼ 0.5 kOe, the thermomagnetization
curve drastically decreased between 375K and 390K owing to the
transformation from ferromagnetic (or ferrimagnetic) to paramag-
netic in the parent phase, where the Curie temperature TC was
calculated to be TC ¼ 382 K. The magnetism of the parent phase
below TC is considered to be ferromagnetic rather than ferri-
magnetic, because the temperature dependence of the reciprocal
susceptibility in the paramagnetic state follows the normal Curie–
Weiss law. After heating to 473 K followed by furnace cooling, the

LETTERS

Figure 1 | Thermomagnetization curves of the Ni45Co5Mn36.6In13.4 alloy
measured in severalmagnetic fields by the sample extractionmethod. The
specimen quenched from 1,173Kwas first measured during heating in
H ¼ 0.5 kOe from room temperature to 473K followed by furnace cooling.
The magnetization change due to martensitic transformation was cyclically
measured in the temperature range from 330K to 200K in the following
order: H ¼ 0.5, 20 and 70 kOe. ‘7T’ indicates values obtained at 7 tesla
(¼70 kOe).
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dT/dH < 0
(T➘ si H➚)

H➚

Austenite
(ferromagnetic)

Martensite
(non-ferromagnetic)

Material State :

NiCoMnIn
(Single Crystal)

Magnetization versus Temperature from [9]

Phase Transformation induced by Stress s : Pseudo-elasticity (Well-known)
For dT/dH > 0, Phase Transformation induced by Magnetic Field H

(Jeong et al., Mat. Eng. A359 (2003))
Reverse Phase Transformation induced by Stress s (Also well-known)
For dT/dH <0, Reverse Phase Transformation induced by magnetic field H

= Meta-magnetic behaviour

Under H (only):
dT/dH < 0
(T➘ if H➚)

Under s (only):
dT/ds > 0
(T➚ if s➚)

Applied StressApplied Magnetic Field

Clausius-Clapeyron (or State) diagram from [12]
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