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 Contexte 

!  Alliages à Mémoire de Forme Magnétiques 
!  Grande déformation réversible (6%/10%) 
!  Chargement magnétique 
!  Chargement mécanique 
!  Chargement thermique 
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Fig. 1. Simple MSMA Actuator.

3. MSMA PROPERTIES AND CHARACTERISTICS

MSMA is an alloy of Ni2MnGa and can be seen as a
mixture of classic Shape Memory Alloy (SMA) and mag-
netostrictive material. In short, the microscopic behavior
of MSMA is similar to the one of SMA (Bhattacharya,
2003; Lagoudas, 2008) but strain can not only be due to
a martensite/austenite phase transformation but also due
to a martensite reorientation under magnetic fields. In this
second mode of working – martensite rearrangement –,
MSMA can be assimilated to magnetostrictive materials
(Terfenol-D) (du Tremolet de Lacheisserie, 1993) except
that it presents a much larger magneto-mechanical cou-
pling (6 % of maximal strain for Ni2MnGa instead of 0.16
% for Terfenol-D). The magnetic actuation significantly
increases the dynamical bandwidth of the crystallographic
changes because it uses a magneto-mechanical energy con-
version process instead of a thermo-mechanical process
for classical SMA actuation. Since the first results fifteen
years ago, MSMA materials have known some important
improvements, namely the working temperature range and
the maximum available strain. When actuated by mag-
netic fields, these materials now allow a large strain (up
to 6 %) with a response-time in the range of milliseconds
as compared to tenth of seconds or even seconds for SMA
(see (Söderberg et al., 2005; Pons et al., 2008) for reviews).
Currently, the most used MSMA are non-stoichiometric
Ni2MnGa monocrystals but a lot of studies are also being
conducted on thin films deposition and polycrystal sam-
ples (Kohl et al., 2006, 2007). Nevertheless, these latter
types are less adequate for actuation applications because
of a lower magneto-mechanical coupling. In this paper,
only Ni2MnGa monocrystal is considered.

In this alloy, the martensite phase can appear in three
di↵erent martensitic variants corresponding to the three
possible crystallographic directions in the sample (see
Fig. 2 (a)). At high temperature, the MSMA sample is
in austenitic phase (A) but after a cooling process, the
austenite phase is transformed into a martensite phase
without any favoured variants (M1, M2 and M3). If
a mechanical stress is applied in a specific direction,
then the fraction of variant with its short axis in this
direction grows. If this stress is high enough then the
sample will only contain this variant (for example M2 in
Fig. 2 (b)). If the stress decreases, the volume fraction
of the M2 variant will also decrease but with a large
thermo-magneto-mechanical hysteresis. In a similar way,
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Fig. 2. MSMA Behaviour: (a) Austenite phase and the
3 martensite variants, (b) Martensitic reorientations:
E↵ects of mechanical stress, magnetic field and tem-
perature.

if a magnetic field is applied, the variant with its easy
magnetization direction in the field direction, is favoured.
For Ni2MnGa MSMA, the easy magnetization direction
is the same as the short axis of the martensite variant.
In Fig. 2 (b), if magnetic and stress fields are orthogonal,
they both favour a di↵erent variant of martensite (M1 or
M2). The distribution between the magnetic field and the
mechanical stress allows then to control the macroscopic
strain. With a mechanical pre-stress, it is also possible
to design an actuator driven by the magnetic field only.
It should be stressed that by heating, austenite phase is
recovered. More details about the structural properties of
MSMA can be found in (Söderberg et al., 2005).

4. THERMODYNAMICS MODEL

Thermodynamics of irreversible processes has been used
to model the MSMA in (Gauthier et al., 2007) and an
overview with some extensions are proposed here. The
MSMA is submitted to an external voltage inducing a
magnetic field B. As only isothermal and isobaric MSMA
are considered in this work, we use the free Gibbs en-
ergy for the modeling. As state variables we chose the
extensive variables associated with the magnetic field i.e.
the magnetic flux �, the crystallographic composition i.e.
the martensite variant volume fraction and two geometri-
cal variables associated with crystallographic orientation
z, ✓, ↵, and the mechanical properties i.e. the strain. The
free Gibbs energy density function can be then written:
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 Contexte - Objectifs 
 
!  Problématiques scientifiques 

" Optimisation pour applications complexes 
" Comportement sous chargement multiaxial 
" Irréversibilités lors des grandes déformations 
" Milieux multi champs 
" Modélisation multiaxiale multiéchelle multiphasée 
 

!  Caractérisation expérimentale des mécanismes de transformation de phase 
des alliages à mémoire de forme magnétiques sous sollicitations simples par la 
mesure in situ (de l’évolution) des fractions de phase par DRX 

!  Développement d’un modèle multiéchelle couplé chemo-magnéto-mécanique 
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Principes – Alliages à Mémoire de Forme 

Propriétés: 
•  Pseudoélasticité  
    (haute température) 
•  Déformation résiduelle 
    (basse température) 
•  Effet mémoire de forme 
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Principes – Alliages à Mémoire de Forme 

Couplage ferromagnétique 
Déformation de magnétostriction 
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Principes – Transformation de phases 

!  Chargement thermique 
!  Chargement magnétique 
!  Chargement mécanique!

MECAMAT AUSSOIS, 23-27 janvier 2012 

Phenomenology and first step of modelling!

! ! ! ! ! !                                                                                                        !
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Experiments from S.J. Murray & al. (SPIE 2000)!
!

" "⇒  Variant rearrangement begins only when σ ≥ σy or H ≥ Hy!
!
!
Objectif : Build a Yield Function f = f(σ, H, z, ...)!
!
! !such that, ! z =!

 
!
!- under UNIAXIAL stress σ and magnetic field H!
!- under BIAXIAL magnetic field H!
!- …!
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Principes – Transformation de phases 

!  Suivi par diffraction des Rayons X!
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Matériau 

Ni2MnGa 
•  Monocristal {100}<001> (Goodfellow) 
•  Polycristaux (EEL - Univ. São Paulo)  
•  Polycristal fabriqué par assemblage de poudres 
•  Identification EBSD 
•  Mesures VSM 
•  Mesures DSC 
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Matériau 
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Matériau 
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Matériau 
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DRX sous champ magnétique 
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DRX sous champ magnétique 
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Résultats expérimentaux 
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Résultats expérimentaux 
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Modélisation 

!  Modélisation multiéchelle!

Hypothèses de modélisation 
#  Échanges thermiques non modélisés 
#  Interfaces non modélisées 
#  Minimisation énergie libre 
#  Homogénéisation (champ moyen) 

Déformation libre et contrainte associée!

✏↵L(T, ~H, ~E, {↵, �}, ...)
✏I = SE✏↵L

εL
I 
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Modélisation 

!  Modélisation multiéchelle!
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Principe de probabilité de présence associé à l’état énergétique  => Sommerfeld, Boltzmann!
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Modélisation 

!  Modélisation multiéchelle!
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Modélisation 

!  Couplage modèle de structure thermomécanique!

Modèle local 
 
 
 
 

Polycristal 
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ḟ(x, t), T (x, t � 1)

◆
T (x, t)

MMV + dilatation 

✓
T (x, t), �(x, t)

◆ ✓
f(x, t), �(x, t)

◆
Différences finies / Euler arrière!

MMV!



Projet IDEFIX!
Résultats de modélisation 
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Modèle de VER: DSC + diffraction – fonctionnel – couplage structure thermomécanique fonctionnel 
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Perspectives 

!  Mesures sur monocristaux – autres plans (suivi effectif) 
!  Mesures sur polycristaux (à chimie contrôlée) 
!  Mesures de champs cinématiques (localisation) 
!  Modèle de structure magnétique 
!  Confrontation modèle/expérience 
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Comparaison essai/modèle!
Dégagement de chaleur!

Bandes de transformation!
(chargement mécanique)!
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