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R É S U M É

Nous développons, en trois étapes, une approche globale de calcul à la fatigue des Alliages à
Mémoire de Forme. La détermination de la loi de comportement permet le calcul de l’état ther-
momécanique stabilisé de la structure. Afin d’obtenir une meilleure prédiction de cette réponse,
la dissymétrie entre traction et compression et le couplage fort thermomécanique sont ajoutés
aux modèles ZM. Ensuite, le calcul numérique de l’état stabilisé est réalisé grâce à une générali-
sation de la Méthode Cyclique Directe, permettant un gain de temps de calcul considérable par
rapport à la méthode incrémentale. Enfin, la durée de vie en fatigue est déterminée par un critère
de fatigue énergétique qui tient compte de l’effet de la pression hydrostatique. La dépendance
de la durée de vie vis-à-vis de la température et de la fréquence de chargement est discutée. Les
perspectives concernent la validation des lois de comportement et du critère de fatigue pour des
chargements non proportionnels.

Mots-clés : Matériaux à Mémoire de Forme, Dissymétrie, Couplage thermomécanique, Mé-
thode Cyclique Directe, Dissipation, Fatigue.

A B ST R A C T

We develop a comprehensive approach for fatigue analysis of SMAs in three steps: first, the
determination of the constitutive law allows the computation of the stabilized thermomechanical
state of the structure. In order to better predict this state, tensile-compressive asymmetry and
strong thermomechanical coupling are introduced into the ZM models. Second, the stabilized
state is computed using an extension of the Direct Cyclic Method, which is shown to provide
significant saving in computation time compared to the conventional incremental method. Third,
the fatigue lifetime of the structure is determined with an energy-based criterion accounting for
the influence of the hydrostatic pressure. The dependence of the fatigue lifetime on temperature
and loading frequency is discussed. The prospects of this work include the validation of the
constitutive laws and fatigue criterion for the case of non proportional loadings.

Keywords: Shape Memory Alloys, Tensile-compressive asymmetry, Thermomechanical cou-
pling, Direct Cyclic Method, Dissipation, Fatigue.
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1 I N T R O D U C T I O N

1.1 Introduction and motivation 1

1.2 Overview of Shape Memory Alloys 3

1.2.1 The martensitic transformation 3

1.2.2 Different behaviors 3

1.2.3 Applications of Shape Memory Alloys 7

1.3 Research objectives 7

1.4 Outline of dissertation 8

1.5 Notations used in the thesis 9

1.1 introduction and motivation

For more than thirty years, industries and scientists have shown a great interest in studying
a specific class of materials, called "smart materials". These materials exhibit interesting prop-
erties and could be used in a wide variety of industrial applications. Shape Memory Alloys
(SMAs) are one specific kind of smart materials. Their specific behaviors arise from the possi-
bility of SMAs to undergo a reversible martensitic transformation, which can be induced either
by thermal, mechanical or thermomechanical loadings. The material can sustain large reversible
deformations (until 10 %), recovered either by heating (shape memory effect) or by mechanical
unloading (pseudoelasticity). Discovered in the 1930’s, their first applications came only thirty
years later, when some Nickel-Titanium alloys were found to exhibit the Shape Memory effect.
Since then, the shape memory effect and the pseudoelasticity, their two main properties, have
promoted their use in many applications ranging from the biomedical field (as orthodontic wires,
stents...) to the aeronautic industries, as actuators. Shape Memory Alloys are also used in civil
engineering as seismic dampers.

In many of these applications, SMA structures are subject to cyclic thermomechanical loadings
that may induce fatigue failure of the structure after a small number of cycles. Fatigue studies
have begun in the 1850’s after the Versailles-Paris train accident for classical metals. Wöhler
curves (also called SN curves) exhibit two main fatigue domains with different properties: the
high-cycle fatigue domain, where structures have an infinite lifetime and are shown to behave
elastically at both the macroscopic and the mesoscopic scales. Energy dissipation may occur in
some grains but remains confined (elastic shakedown at the mesoscale); the low-cycle fatigue
domain, where structures fails after a small number of cycles, because of energy dissipation at
each cycle.

Fatigue of Shape Memory Alloys deals with low-cycle fatigue, as we are mainly interested in
the fatigue occurring in the pseudoelastic domain. Fatigue studies for SMAs remain scattered,
in the sense that no 3D criterion including all major effects associated with SMA has yet been
proposed. The different studies of the literature include experiments on the effect of different
parameters (either loading parameters or metallurgical properties) on the fatigue lifetime, met-
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1.1 introduction and motivation 2

allurgical studies, or few fatigue criteria, which are mainly restricted to 1D Manson-Coffin type
criteria.

This thesis aims to fill this gap by proposing a comprehensive approach for fatigue design of
SMA structures. To this end, a precise constitutive law, reproducing all main effects displayed
by the material, is required for determining the thermomecanical asymptotic state with good
accuracy. Indeed, it is well known that for metallic structures, the fatigue lifetime is investigated
using the stabilized thermomechanical state as an input to a fatigue criterion.

For Shape Memory Alloys under pseudoelastic loading, we identified four issues that must be
taken into account in order to get an accurate evaluation of the fatigue lifetime of a SMA struc-
ture. First, a reliable constitutive law that takes into account the evolution of the yield stresses
with temperature and loading direction is required; this includes the tension-compression asym-
metry exhibited by shape memory alloys. Second, the constitutive law must consider the effect of
the latent heat of phase transformation which induces a strong thermomechanical coupling that
influences drastically the mechanical response. Third, an original numerical method to compute
the stabilized state of the structure must be developed. In fact, the classical incremental method
may lead to prohibitive computation time. Finally, the fatigue criterion should be defined and
validated for 3D structures, and should account for all the observed thermomechanical effects,
which are not reproduced by simple Manson-Coffin laws.

Our work aims at developing such a fatigue approach that considers the aforementioned
issues. This is achieved in three steps.

The first step is devoted to the computing of the asymptotic state. It consists in proposing a
cyclic constitutive law accounting for all the pre-cited effects able to predict the stabilized state
of a SMA structure. Among the cyclic models available in the literature, we choose to work on
the ZM models developed by Zaki and Moumni [2007a,b], because both monocycle and cyclic
models are developed within the same framework, at a macroscopic scale; it allows the predic-
tion of any behavior of SMAs with only two driving mechanisms (phase transformation and
orientation of martensite), including 3D non proportional cyclic loadings. As the ZM models do
not account for tensile-compressive asymmetry nor for thermomechanical coupling, these two
effects are introduced in the models within this thesis, and the extended models are validated
against experimental data. Modelling the thermomechanical coupling is achieved for both the
monocycle and the cyclic models. The developed extensions of the models widen the validity do-
main of the ZM models, to tension, compression and torsion loadings, for loading rates ranging
from 10−5 to 10−2 s−1.

The second step concerns the development of a numerical method allowing direct determina-
tion of the asymptotic state of a SMA structure submitted to cyclic loadings.

The third step deals with the prediction of the fatigue lifetime of the structure using the ther-
momechanical stabilized state computed in the two first steps. To this end, a modified energy-
based criterion is proposed, which relates the fatigue lifetime of the structure to a combination
of the hysteresis area at the stabilized cycle and of the maximum hydrostatic pressure. It is
shown that choosing the hysteresis area as a fatigue parameter allows taking into account the
effect of thermomechanical coupling on the fatigue lifetime. An attempt of validation for torsion
experiments is given.

The next section is devoted to a brief description of the unusual behaviors and the applications
of Shape Memory Alloys. A more detailed description of the objectives of the PhD as well as the
outline of the dissertation are then given.
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1.2 overview of shape memory alloys

Shape Memory Alloys (SMAs) are metallic alloys which exhibit interesting properties when
subject to thermomechanical loadings: they can recover large inelastic strains upon heating
(shape memory effect) or accommodate large strains that can be recovered with the removal of
the load (pseudoelasticity). The unusual properties of SMAs are associated with their capability
to undergo the martensitic phase transformation.

1.2.1 The martensitic transformation

The martensitic transformation is a solid-solid phase change, from a solid phase called austen-
ite into another solid phase with lower crystallographic symmetry called martensite. The lower
symmetry of this phase enables the existence of several martensite variants defined by the ori-
entation of their habit plane1. The existence of a martensitic variant depends on the thermome-
chanical state. Two types of martensitic structures may exist within a SMA:

• self-accommodating martensite, when all variants are equiprobable. The martensite is said
to be "twinned" in this case and no macroscopic strain is observed.

• detwinned martensite, when a stress state favors the growth of some particular variants of
martensite; this leads to the apparition of a macroscopic strain.

In SMAs, the martensitic transformation is a thermoelastic transformation, because the inter-
faces between phases are mobile enough to allow the shrinkage of the martensite plates through
a backward movement [cf. Otsuka and Wayman, 1999]; it is crystallographically reversible. The
crystallographical theory of the martensitic transformation has been studied by Wechsler et al.
[1953] and Bowles and Mackenzie [1954]. The martensitic transformation is characterized by an
inelastic transformation of the crystal lattice. It is a displacive transformation involving collec-
tive and cooperative motions of atoms, on a distance smaller than the lattice parameters, with no
diffusion. The martensitic transformation is a first-order transition; during a martensitic trans-
formation, martensite and austenite coexist, separated by an invariant plane. Volumetric and
shear strains are created, with shear strain being far greater. During the transformation, a latent
heat is absorbed or released, according to the direction of transformation. The amount of heat
produced is proportional to the volume fraction of the transformed material.

Finally, the transformation is greatly influenced by temperature and by stress; the influence
of stress is related to the displacive character of the martensitic transformation. It is possible
to summary the different ways the martensitic transformation can occur in a stress-temperature
diagram (cf. Fig. 1). In three regions separated by the transformation lines, the material is single-
phased and its deformation is thermoelastic. Forward and reverse transformations, reorientation
of twinned martensite and detwinning occur when the loading path crosses a transformation line.
The behavior of shape memory alloys strongly depends on the thermomechanical loading path.

1.2.2 Different behaviors

This section introduces the different behaviors of SMAs according to the loading path.

1 A habit plane is a crystallographic plane or system of planes along which certain phenomena such as twinning occur.
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One Way Shape Memory Effect

The Shape Memory Effect is probably the most well-known property of shape memory alloys.
The material response is represented in the stress-strain-temperature diagram shown in Fig. 2.
An initially austenitic structure is first cooled at zero strain to get twinned martensite without
macroscopic strain (path (a) → (b) in Figs. 1 and 2). The SMA is then deformed (path (b) → (c)

in Figs. 1 and 2), the martensite gets detwinned, leading to the creation of inelastic strains,
which remain after unloading (path (c) → (d) in Figs. 1 and 2). The apparent permanent
strain is recovered by heating above a temperature A0

f , characteristic of the material (path (d) →
(e) in Figs. 1 and 2). Temperature A0

f is the austenite finish temperature, at which reverse
transformation is completed.

Pseudoelasticity

Pseudoelasticity is associated with a stress-induced martensitic transformation. The stress-
strain curve is schematically represented on Fig. 3. An austenitic material is loaded thermoe-
lastically until the martensitic yield stress is reached: the direct transformation begins and de-
twinned martensite is directly formed (path (f) → (g) in Figs. 1 and 3). The large inelastic strain
obtained at the end of the load is recovered during unloading (path (g) → (f) in Figs. 1 and
3). As the yield stresses for direct and reverse phase change are different, this gives rise to an
hysteresis, which reflects the energy dissipated in the cycle.

Assisted two-way shape memory effect

The assisted two-way shape memory effect (or superthermal effect) is associated with a tem-
perature induced transformation under constant stress (path (h) ↔ (i) in Figs. 1 and 4). The
applied stress favors the nucleation of preferentially oriented martensite variants: the martensite
is detwinned. Thus, by cooling the material, a macroscopic strain is obtained which is recovered
by heating above the Af temperature2 (cf. Fig. 4).

Two-Way Shape Memory Effect

The two-way shape memory effect has been reported for the first time by Perkins [1974].
Contrary to the previous effects, it is an acquired (not intrinsic) property of Shape Memory
Alloys. Cyclic repetitions of a thermomechanical loading path are necessary to induce it (training
phase). Indeed, during the heating phase of the one-way shape memory effect, all the inelastic
strain is not recovered and a residual strain remains, which accumulates during the cycles until
saturation. This residual strain introduces microstructural oriented defects and internal stresses
inside the structure, that favor some variants of martensite. When the material is trained, cooling
the structure in the absence of external stress produces a transformation strain because of the
internal stress state existing inside the structure. It is thus possible to transit between two stable
shapes by heating or cooling without any applied stress assistance.

The loading path of the two-way shape memory effect is similar to the one of the superthermal
effect (cf. Fig. 4).

Rubber-like effect

The aging of the martensite phase enables the reversal of martensite twins: the inelastic strain
formed during loading is recovered, leading to a reversible twinning and detwinning of marten-
sitic variants. This effect is called rubber-like effect and has been discovered by Olander in 1932
in AuCd alloys.

2 Af stands for the austenite finish temperature under a stress σ.
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Figure 1. Schematic phase diagram of SMA. The different lines stand for the different properties: orienta-
tion of martensite (path b → c), pseudoelasticity (path f ↔ g), superthermal effect (path h ↔ i).
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Figure 2. Thermomechanical response for the shape memory effect in the stress-strain-temperature dia-
gram.
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1.2.3 Applications of Shape Memory Alloys

The different behaviors of SMAs make them promising candidates for a wide range of appli-
cations, namely:

• In the biomedical field, NiTi SMA is used for manufacturing stents, bone clips, orthodontic
wire, ..., because of the biocompatibility of NiTi alloy.

• In the aeronautics industry, they are used as actuators to open or close the trailing edge
flaps of drones, as variable-geometry chevrons (VGCs) [Mabe et al., 2006], adaptative
wings.

• In civil engineering, their damping capacity makes them good candidates for dissipative
devices in seismic regions.

1.3 research objectives

A good understanding of fatigue in SMAs is necessary to improve the safety of the SMA
materials in industrial applications as shape memory materials usually operate under cyclic
loadings. Designing structures against fatigue requires a precise prediction of the thermome-
chanical stabilized state as well as a reliable fatigue criterion. The aim of this work is to propose
a comprehensive approach for fatigue design of SMA structures. This approach is split into three
major steps:

1. the development of a suitable constitutive law, that is able to predict with good accuracy
the cyclic thermomechanical response of a SMA;

2. the development of a numerical method allowing direct determination of the asymptotic
state;

3. the study of the fatigue behavior and the development of a fatigue criterion to predict the
fatigue lifetime of the structure and the location of the crack initiation.

To this aim, the objectives of this research are to:

• Propose extensions of the constitutive models developed by Zaki and Moumni [cf. Zaki
and Moumni, 2007a,b] to account for different effects that are not reproduced by the actual
model, namely:

– tensile-compressive asymmetry,

– thermomechanical coupling,

– simulation of non proportional loadings...

This is the aim of chapters 2 to 4.

• Develop an efficient numerical method for the computation of the stabilized cycle; this is
done in chapter 5.

• Study the fatigue behavior, and especially:

– validate the fatigue criterion proposed by Moumni et al. [2005];

– study the frequency and temperature dependencies of the fatigue life.

This is the aim of chapter 6.
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1.4 outline of dissertation

The outline of the dissertation is the following:
• The second chapter is devoted to a review of the constitutive models developed by Zaki and

Moumni (ZM models). After a short presentation of the two models, an analytical solution of
an SMA cylinder subjected to torsion loading is proposed; the solution shows non monotonic
evolution of the stress along the radius of the cylinder during unloading. Finally, specific return
mapping algorithms are developed for the ZM constitutive laws. Some results of structures
subjected to different proportional and non proportional loading paths are exhibited using these
return mapping algorithms.

• The third chapter introduces tensile-compressive asymmetry in the ZM monocycle model.
Uneven expressions of different quantities are defined, which are functions of both the second
and third invariants. This extension of the ZM model is validated with experimental data in ten-
sion and compression simultaneously for pseudoelastic and orientation loadings. Moreover, the
model predicts tension, compression and shear yield stresses over a large range of temperature
with good accuracy.

• The fourth chapter deals with thermomechanical coupling in SMAs. Strong dependence
of the phase change yield stresses on temperature together with the presence of heat sources
due to phase change lead to a strong thermomechanical coupling in SMA. Consequently, the
mechanical response becomes dependent on strain rate, unless temperature variation is avoided
by external control. It is then important to be able to predict such variations of the mechanical
response. This is accounted for in the model by coupling the heat equation with the mechanical
equilibrium and constitutive equations. The problem exhibits strong couplings: an evolution of
the fraction of phases changes temperature, while the change in temperature leads to a change in
yield stress and thus in the further evolution of the fraction of phases. The proposed algorithm
takes into account these strong couplings. Both monocycle and cyclic models are extended and
validated against experimental data. The main experimental features are reproduced with good
accuracy by the coupled models, namely changes in the slopes of the phase change plateaus
and in the hysteresis area. The changes in mechanical response are shown to depend on the
geometry and on the thermal boundary conditions, which is experimentally verified. The main
difficulty arises from the heterogeneous character of phase change, leading to localization of the
temperature variation; as our model is at a macroscopic scale, no influence of the microscopic
structure is accounted for and only an average response is estimated.
• The fifth chapter proposes a direct method to compute the mechanical stabilized state of an

SMA structure subjected to cyclic loadings. Among the different methods existing in literature,
we choose to extend the Direct Cyclic Method. Numerical results show that, for structures
subjected to proportional loadings, a considerable gain of computation time is achieved using
this direct method in comparison with the classical incremental method.
• In the last chapter finally, the fatigue of Shape Memory Alloys is discussed. The energy-

based criterion, initially proposed by Moumni et al. [2005], is extended to account for the role
of the hydrostatic pressure on the fatigue lifetime of structures. An attempt of validation of the
criterion for torsion experiments is proposed. Finally, the influence of the thermomechanical
coupling on the fatigue property of SMAs is discussed.

As a conclusion, a summary of the main novelties, a global review of our approach, as well as
some prospects are given.



1.5 notations used in the thesis

We summarize in this section the main notations used in all the manuscript. All tensors or
vectors are written in bold.

Notation Meaning Expression

1 Second-order identity tensor

tr M Trace of tensor M
∑

iMii

dev M Deviator of M M− 1
3 (trM) 1

MVM Von-Mises equivalent norm of M
√

3
2devM : devM

α Dissipative variable

β Non dissipative variable

ε Macroscopic strain tensor 1
2

(

∇ξ+t ∇ξ
)

εori Martensite orientation strain tensor

λ Lagrange multiplier associated with equality constraint

λeq Equivalent Lamé coefficient
νEeq

(1−2ν)(1+ν)

µ, ν1, ν2 Lagrange multipliers associated with inequality constraints

µA Austenite shear modulus EA
2(1+ν)

µM Martensite shear modulus EM
2(1+ν)

µeq Equivalent shear modulus
Eeq

2(1+ν)

ν Poisson coefficient of the material

ξ Displacement field

ξd Imposed displacement field

ρ Density of the material

σ Stress tensor

σVM Von-Mises equivalent stress
√

3
2s : s

Ψ Pseudo-potential of dissipation
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Notation Meaning Expression

Aα Thermodynamic force associated to the dissipative variable α −∂W
∂α

cp Specific heat capacity

D Total dissipation D1 +D2

D1 Intrinsic dissipation

D2 Thermal dissipation

EA Young modulus of austenite

Eeq Equivalent Young modulus
(

1−z
EA

+ z
EM

)−1

ElA
1+ν
EA

ElM
1+ν
EM

ElMA ElM − ElA

EM Young modulus of martensite

f Body force applied on the structure

F1
z Direct phase change yield function

F2
z Reverse phase change yield function

Fori Orientation yield function

I Interaction energy

J2 Second invariant of a deviatoric tensor a
√
a : a = 1

2 tr
(

a2
)

J3 Third invariant of a deviatoric tensor a 1
3 tr

(

a3
)

K Equivalent elasticity tensor (1− z)K−1
A + zK−1

M

k Specific conductivity

L Lagrangian W+Wl

PA − ν
EA

PM − ν
EM
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Notation Meaning Expression

PMA PM − PA

Pmax Maximum hydrostatic pressure 1
3 max {tr (σ)}

s Entropy density −∂W
∂T

s Stress deviator devσ

S Equivalent compliance tensor K−1

T Temperature

T0 A reference temperature

Td Contact force applied on boundary of the structure

W Helmholtz free energy of the material (1− z)WA + zWM + I

WA Helmholtz free energy of austenite

Wl Potential associated with internal constraints

WM Helmholtz free energy of martensite

z Volume fraction of martensite

Table 1. Notations used in the thesis.
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A global approach for fatigue design requires the computation of the stabilized response
of a structure subject to cyclic thermomechanical loadings. The first step is the choice of a
constitutive law, that should be, on the one hand sufficiently simple to be easily implemented
into a finite element code, to allow the computation of industrial structures by avoiding too large
computation times, and on the other hand, sufficiently precise and complete to reproduce the
actual behavior of the structure with good accuracy.

This chapter gives an overview of the constitutive models that will be used within the frame of
the global approach; these models will be extended in the following chapters and implemented
in a finite element code. In first section, the main constitutive models for SMAs are reviewed. In
the second section, the original ZM constitutive models for both monocycle and cyclic behaviors
of Shape Memory Alloys are presented. In the third section, the monocycle model is used to
derive an analytical solution for a boundary value problem involving a Shape Memory Alloy
cylinder subjected to torsion. The fourth section develops the return mapping algorithms for
both proportional and non proportional pseudoelastic loadings in the case of the ZM models.
Finally, some prospects are given.

2.1 constitutive models for shape memory alloys

Constitutive modelling of SMAs has received considerable attention in the last thirty years.
The differents models available in the literature are usually classified into three categories: mi-
croscale approaches, micro-macro models, and macroscale models.

• Microscopic approaches are interested in modelling processes at the lattice scale, such as
nucleation, interface motion, phase change kinetics, twin growth... Among the different contri-
butions, Falk [1980] used the Ginsburg-Landau theory to develop a model for the martensitic

12
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phase transformation, introducing new order parameters to describe nucleation and propagation
of the martensitic plates. Different models [cf. e.g. Ball and James, 1987; Bowles and Macken-
zie, 1954; Wechsler et al., 1953] assumed the existence of an invariant plane [Wayman, 1994] to
study the orientation and structure of the martensite plates. Other microscopic models have
been proposed by Gall et al. [2001]; Achenbach and Müller [1982]; Sittner and Novak [2000]...

• Micro-macro models have been initiated by Patoor et al. [1988] and combined microscale
ingredients, by studying the constitutive behavior at the grain level, and homogenization tech-
niques to obtain the macroscopic quantities. It has been used e.g. by Sun and Hwang [1993];
Fischer and Tanaka [1992]; Patoor et al. [2006]. The main limitation of these models is that they
lead to an important number of degrees of freedom, which generate high computation time, and
they often define parameters that are not easy to identify.

• Macroscopic models are simpler to identify and to use for structure computations. However,
multiaxial loading paths are not usually well predicted by these models, and they generally
focus on the simulation of one particuliar behavior of the SMA.

Among the 1D models, Tanaka [1986] introduced three variables for the description of SMA
behavior, which are the macroscopic strain, temperature and the volume fraction of martensite.
The authors proposed an exponential evolution of the volume fraction of martensite with respect
to the stress state and to temperature. The model by Liang and Rogers [1990] is somewhat
similar, using a cosine law for the evolution of the martensite volume fraction. Subsequent work
proposed enhancement of the initial model to account, e.g., for the detwinning of martensite
responsible for the shape memory effect. Brinson and Huang [1996] separated the martensite
volume fraction into a stress-induced and a temperature-induced fractions. Tanaka et al. [1995]
extended Tanaka’s model to account for cyclic behavior by introducing residual strain and stress
fields.

Ivshin and Pence [1994] proposed a 1D Reuss model with three energy wells (two wells are as-
sociated with two variants of martensite and one well with austenite). A similar three-well model
was proposed by Muller and Seelecke [2001], but it was based on statistical thermodynamics.

Abeyaratne et al. [1994] proposed a 1D model which introduces the maximum orientation
strain as only internal variable.

A 3D model developed within the thermodynamic framework of Generalized Standard Mate-
rials was proposed by Frémond [2001] and extended in subsequent works. It introduces different
variants of martensite and accounts for internal constraints using indicator functions.

Raniecki and Lexcellent [1998] developed a 3D model which was extended and improved
unpon in a number of later publications. The authors also used the martensite volume fraction
as internal variable, introduced (in a subsequent work) an interaction energy between the phases
and derived the evolution laws from yield functions.

Bo and Lagoudas [Bo and Lagoudas, 1999a; Lagoudas and Bo, 1999a; Bo and Lagoudas, 1999b;
Lagoudas and Bo, 1999b] developed a 3D model accounting for most of the phenomena exhibited
by SMAs, by introducing a volume fraction of martensite and an orientation strain tensor for
martensite. A generalization of this model was proposed by Lagoudas and Entchev [2004] to
account for plastic strain induced by training.

Using the same plasticity framework, Auricchio et al. [Auricchio et al., 2009; Auricchio and
Petrini, 2002] developed several 1D and 3D models and extended their work to cyclic loading
[Auricchio and Sacco, 2001].

Finally, Bekker and Brinson [1997, 1998] proposed a 1D model which was later extended to
3D. The model introduces the volume fraction of self-accommodated and oriented martensites,
and their evolution laws are described from the state diagram of the SMA using "switching
points". The loading path is partitioned into a series of arcs in stress-temperature space that are
connected by "switching points".
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A limited number of models account for the cyclic behavior of shape memory alloys. For Abe-
yaratne and Kim [1997], the cyclic evolution of SMA response is explained by the generation of
irreversible defects, promoting the formation of martensite. In their model, the thermodynamic
force associated with martensite formation depends on the density of defects. The higher the
density, the lower the stress threshold for the forward phase transformation. The model also
introduces an asymptotic limit for the internal variables in order to reproduce the stabilization
of the material response. The model is experimentally validated. Lexcellent and Bourbon [1996]
introduced the cumulated fraction of martensite to account for the evolution of the hysteresis
loop until stabilization. Finally, the model developed by Tanaka et al. [1995] accounts for cyclic
evolution of the mechanical response, by introducing residual stress and strain.

We choose to work on the two models developed by Zaki and Moumni [2007a,b]. Their models
(monocycle model and cyclic model) are developed in the framework of Generalized Standard
Materials and allow to simulate the different behaviors of SMAs with two internal variables and
the associated yield criteria. These are 3D macroscopic models, which account for phase change
and martensite reorientation, and are thus good candidates for use for structure calculations.
The next section presents the detailed review of the two models.

2.2 review of the zm models

The Zaki-Moumni model for shape memory alloys is based on the theory developed by
Moumni [1995]. It was first introduced by Zaki and Moumni [2007a] and was later extended
to account for cyclic SMA behavior and training [Zaki and Moumni, 2007b], low-cycle fatigue
[Moumni et al., 2009] and plastic yield of martensite [Zaki et al., 2010]. The model is developed
within the framework of Generalized Standard Materials with internal constraints [Halphen
and Nguyen, 1975; Moumni et al., 2008] in order to guarantee thermodynamic consistency. An
overview of this framework is provided in Appendix B. The monocyclic model is presented in
section 2.2.1 followed by the cyclic model (section 2.2.2).

2.2.1 Presentation of the model

This section summarizes the model developed in [Zaki and Moumni, 2007a].

State variables and free energy

The description of the SMA behavior is done using six internal variables:

• ε, the macroscopic strain tensor,

• εA, the local strain tensor of austenite,

• εM, the local strain tensor of martensite,

• z, the volume fraction of martensite,

• εori, the martensite orientation strain tensor,

• T , the temperature.

The two-phase structure is modeled using a Reuss model, where austenite is assumed to
behave elastically, while martensite can undergo orientation. Due to the choice of the state
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variables, the thermodynamic potential is chosen as the Helmholtz free energy density, taken as
the sum of the free energy density of each phase and of an interaction energy:

W =W (T,εA,εM, z,εori) = (1− z)

[

1

2
εA : KA : εA

]

+ z

[

1

2
(εM − εori) : KM : (εM − εori) +C(T)

]

+G
z2

2
+

z

2
[αz+β (1− z)]

(

2

3
εori : εori

)

.

(2.1)

In the above expression, KA and KM are the elasticity tensors of austenite and martensite respec-
tively. G, α, and β are material parameters that influence the size of the superelastic hysteresis
loop and the slopes of the stress-strain curve during phase change and martensite orientation.
C(T) is a heat density associated with phase change, which depends on temperature through the
relation:

C(T) = ξ(T −A0
f ) + κ, (2.2)

where ξ and κ are material parameters and A0
f is the reverse phase change finish temperature

under zero stress. ξ is related to the latent heat of phase change, since:

ξ =
∂W

∂T∂z
. (2.3)

Internal constraints

The state variables obey the following physical constraints:

• The macroscopic strain tensor ε is an average over the Representative Elementary Volume
(REV) of the strains within austenite and martensite. By construction of the ZM model
(Reuss model), ε is given by

(1− z)εA + zεM − ε = 0; (2.4)

• z is the volume fraction of martensite, restricted to the [0,1] interval;

• The equivalent orientation strain is limited by a maximum value γ:

γ−

√

2

3
εori : εori > 0. (2.5)

Because the above constraints are assumed to be perfect, they derive from the following con-
straints potential [cf. Moumni, 1995]:

Wl = −λ : [(1− z)εA + zεM − ε] − µ

(

γ−

√

2

3
εori : εori

)

− ν1z− ν2 (1− z) , (2.6)

where λ, ν1, ν2, and µ are Lagrange multipliers subjected to the Kuhn-Tucker conditions:

ν1 > 0, ν1z = 0,

ν2 > 0, ν2 (1− z) = 0,

and µ > 0, µ

(

γ−

√

2

3
εori : εori

)

= 0.

(2.7)
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Lagrangian and derivation of the state laws

The sum of the Helmholtz energy density (2.1) and of the constraints potential (2.6) gives the
Lagrangian

L = W+Wl, (2.8)

which is then used to derive the state equations:

∂L

∂ε
= σ

∂L

∂εA
= 0

∂L

∂εM
= 0

−
∂L

∂z
= Az

−
∂L

∂εori
= Aori

∂L

∂λ
= 0.

(2.9)

From these state equations, the stress-strain relation is obtained:

σ = K : (ε− zεori) , (2.10)

where K is the equivalent elasticity tensor of the material, given by:

K =
(

(1− z)KA
−1 + zKM

−1
)−1

. (2.11)

Pseudo-potential and complementary laws

The volume fraction of martensite and the orientation strain tensor are dissipative variables.
Their evolution laws are derived from a pseudo-potential of dissipation Ψ:

Ψ = Ψ (z, ż, ε̇ori) = [a (1− z) + bz] |ż|+ z2Y

√

2

3
ε̇ori : ε̇ori, (2.12)

where a1, b, and Y are positive material parameters. This expression of the pseudo-potential of
dissipation satisfies the different properties listed in section B.2.

According to Eq. (B.12), the thermodynamic forces associated with z and εori are sub-
gradients of the pseudo-potential of dissipation Ψ.

Az ∈ ∂żΨ (z, ż = 0, ε̇ori) ,

Aori ∈ ∂ε̇ori
Ψ (z, ż, ε̇ori = 0) ,

(2.13)

which can be expressed as:

∀ż, Ψ (z, ż, ε̇ori) −Ψ (z, 0, ε̇ori) > Az (ż− 0) ,

∀ε̇ori, Ψ (z, ż, ε̇ori) −Ψ (z, ż, 0) > Aori : (ε̇ori − 0) ,
(2.14)

From these relations, the yield functions for phase change and martensite orientation are
obtained. Namely,

1 Contrary to the expression given by Eq. (60) of [Zaki and Moumni, 2007a], we propose to determine κ as κ = a . Indeed,
during the heating phase of the one-way shape memory effect, both the phase change criterion and the orientation
criterion are equal to zero, leading to a decrease to zero of the orientation strain when z = 0. Thus C

(

A0
f

)

= a in Eq.
(59) of [Zaki and Moumni, 2007a]
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• F1
z , for forward phase change (ż > 0),

F1
z =

1

3
ElMAσ2

VM +
1

2

(

1

3
ElMA + PMA

)

(tr σ)2 −C(T) +σ : εori

− (G+ b) z− a (1− z) −

[

(α−β) z+
β

2

](

2

3
εori : εori

)

6 0,

(2.15)

• F2
z for reverse phase change (ż 6 0),

F2
z =−

1

3
ElMAσ2

VM −
1

2

(

1

3
ElMA + PMA

)

(tr σ)2 +C(T) −σ : εori

+ (G− b) z− a (1− z) +

[

(α−β) z+
β

2

](

2

3
εori : εori

)

6 0,

(2.16)

where ElMA and PMA are related to the Young modulus of austenite and martensite as
expressed in Table 1 in section 1.5.

• Fori for martensite orientation,

Fori =

∥

∥

∥

∥

∥

σ−
2

3
[αz+β (1− z)]εori −

µ

z

∂

∂εori

(
√

2

3
εori : εori

)∥

∥

∥

∥

∥

VM

− zY 6 0. (2.17)

The evolutions of state variables z and εori are governed by the complementary laws associated
with the yield functions:

F1
z 6 0, ż > 0, F1

z ż = 0,

F2
z 6 0, ż 6 0, F2

z ż = 0,

ε̇ori = η
∂Fori

∂Aori
, Fori 6 0, η > 0, Foriη = 0.

(2.18)

2.2.2 Extension to cyclic loading

The initial model was extended to account for training in [Zaki and Moumni, 2007b].

Introduction of new state variables

Experimental observations show an evolution of the hysteresis loop with the number of cycles
up to stabilization (cf. Fig. 5).
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Figure 5. Cyclic stress-strain response.

To model this evolution, new state variables are introduced:

• A residual strain tensor εr, to account for the appearance of residual strain during cycling,

• An internal stress tensor B, which is created due to the incompatible residual strain,

• The cumulated fraction of martensite ze, which allows to model the evolution of the hys-
teresis loop during cycling. It is defined by:

ze =

∫t

0
|ż|dt. (2.19)

Almost all material parameters become function of this variable:

∀f ∈ {a, b,G, ξ, κ, γ} , f = f(0) +
(

f(sat) − f(0)
)(

1− exp
(

−
ze

τ

))

, (2.20)

where for all the above parameters, f(0) and f(sat) correspond respectively to the value of the
parameter for untrained SMA and for completely trained SMA. τ is a time constant associated
with the stabilization of the response. Moreover, α and β depend on ze through their dependence
on γ:

α =
σrf − σrs

γ
, β =

σrf

γ
. (2.21)

The previous state variables are still considered in this extended model.
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Change in the free energy and state laws

The Helmholtz free energies of each phase are modified to introduce the residual strain. In the
free energy of martensite, an extra term is added, which corresponds to the creation of internal
stress. This leads to:

W =(1− z)

[

1

2
(εA − εr) : KA : (εA − εr)

]

+ z

[

1

2
(εM − εori − εr) : KM : (εM − εori − εr) +C(T) −

2

3
B : εori

]

+G
z2

2
+

z

2
[αz+β (1− z)]

(

2

3
εori : εori

)

.

(2.22)

No new internal constraint is added in the extended model. Thus, the potential associated with
the internal constraints remains unchanged, except it is now a function of ze. However, there
are new state laws associated with the new state variables:

−
∂L

∂εr
= Ar, −

∂L

∂B
= AB, −

∂L

∂ze
= Ae, (2.23)

where Ar, AB and Ae are the thermodynamic forces associated with the variables εr, B and
ze respectively. The stress-strain relation becomes:

σ = K : (ε− zεori − εr) , (2.24)

where K is still given by Eq. (2.11).

Pseudo-potential and complementary laws

The new state variables are dissipative variables; it is thus necessary to define their evolution
laws. To this end, empirical laws are proposed: they are not derived from a pseudo-potential
but they fit the experimental observations:

• As the cumulated fraction of martensite is related to the volume fraction via Eq. (2.19) , its
evolution law follows the evolution of z:

że = |ż| ; (2.25)

• From an experimental point of view, the residual strain increases exponentially with the
number of cycles. This is modeled by the following empirical law:

ε̇r =
εsat

r

τ

(

3

2

s

σVM

)

exp (−ze/τ) że; (2.26)

• Finally, the evolution of the internal stress is given by:

Ḃ =
Bsat

τ

εori
√

2
3εori : εori

exp (−ze/τ) że. (2.27)
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Bsat and εsat
r are positive scalars; εsat

r represents the maximum residual strain in tension, as-
sociated with the stabilized superelastic loop. These empirical laws satisfy the second law of
thermodynamics, since they lead to positive values of dissipation.

The evolution laws of z and εori are not modified and still derive from the pseudo-potential
of dissipation, whose expression is unchanged, except the dependence on ze of the material
parameters a and b. Thus, the yield functions are modified, due to the changes in the free
energy:

F1
z =

{1

3
ElMAσ2

VM +
1

2

(

1

3
ElMA + PMA

)

(tr σ)2 −C(T, ze)
}

+

(

σ+
2

3
B

)

: εori − (G+ b) z− a (1− z) −

[

(α−β) z+
β

2

](

2

3
εori : εori

)

,

(2.28)

F2
z =−

{1

3
ElMAσ2

VM +
1

2

(

1

3
ElMA + PMA

)

(tr σ)2 −C(T, ze)
}

−

(

σ+
2

3
B

)

: εori + (G− b) z− a (1− z) +

[

(α−β) z+
β

2

](

2

3
εori : εori

)

,

(2.29)

Fori =

∥

∥

∥

∥

∥

∥

(

σ+
2

3
B

)

−
2

3
[αz+β (1− z)]εori −

2µ

3z

εori
√

2
3εori : εori

∥

∥

∥

∥

∥

∥

VM

− zY. (2.30)

The complementary laws remain unchanged.

This completes the presentation of the ZM models.

2.3 analytical solution in torsion

In this section, we propose an analytical resolution of an SMA cylinder structure subject to tor-
sion loading. This solution will be used in order to validate the numerical algorithm developed
in section 2.4. First, the problem and the main assumptions are presented. Second, the different
steps of the resolution during loading are detailed: elastic solution, transformation radii and
stress-strain relation in the transformation plateau. For the unloading path, only the differences
with the loading solution are given. Finally, the results are discussed.

2.3.1 Position of the problem and main hypotheses

A cylindrical shaft, oriented as shown on Fig. 6, with radius Re and height h, is acted upon
at its ends by an imposed torsional displacement (maximum twist angle: φmax). The lateral
surface of the shaft is stress free. All plane cross sections normal to the z-axis remain plane, and
the deformation consists of relative rotation of the cross sections. A set of cylindrical coordinates
(er,eθ,ez) is used. The boundary conditions of the problem are:

on z = 0 : ξr = ξθ = 0, Tz = 0,

on z = h : ξr = 0, ξθ = φr, Tz = 0,

on r = Re : T = 0,

(2.31)

where T is the imposed force on a given surface, Tz is the component of the imposed force along
the z-axis, and ξ = (ξr, ξθ, ξz) is the displacement vector. The elastic solution to the problem is



2.3 analytical solution in torsion 21

obtained under the assumption of small perturbations2, implying that φrz
h << 1 and φr

h << 1.
No warp of the cross sections is assumed.

er

e 

ez

! =0, 

!r=0, 

Tz=0

z=0,

! ="r, 

!r=0, 

Tz=0

z=h,

Reh

Figure 6. Position of the problem

2.3.2 Stress-strain response

Elastic solution during loading

Because of the symmetry of the problem, only one component of the stress and strain fields is
not vanishing:

ε = εθz (eθ ⊗ ez + ez ⊗ eθ) , (2.32)

σ = σθz (eθ ⊗ ez + ez ⊗ eθ) , (2.33)

and only depend on r. This is in agreement with the equilibrium equation div σ = 0, and
satisfies the boundary conditions (2.31). The elastic strain and stress fields are given by:

ε =
φr

2h
(eθ ⊗ ez + ez ⊗ eθ) , (2.34)

σ =
µAφr

h
(eθ ⊗ ez + ez ⊗ eθ) ; (2.35)

µA is the austenitic shear modulus. This solution holds until the yield function for direct phase
change is equal to zero. The transformation strain is taken as3

εori =

√
3

2
γ (eθ ⊗ ez + ez ⊗ eθ) . (2.36)

2 Small perturbation = small displacement and small strain
3 This expression originates in the nullity of the orientation yield function. More details are given in the next section 2.4.2.
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Considering the expression of the stress field, simplified expressions of the phase change criteria
are used, which only depend on σθz and on z.

F1
z = ElMAσ2

θz −C+
√
3σθzγ− (G+ b) z− a (1− z) −

[

(α−β) z+
β

2

]

γ2, (2.37)

F2
z = −ElMAσ2

θz +C−
√
3σθzγ+ (G− b) z− a (1− z) +

[

(α−β) z+
β

2

]

γ2. (2.38)

Direct transformation radii

Given the expressions of the stress and strain fields, the transformation front propagates from
the outer surface to the center of the cylinder, dividing the cylinder into three zones for suffi-
ciently high rotation angle: the outer ring corresponds to fully martensitic material, the inner
zone to fully austenitic material and the middle one to the transformation zone. The limits of
these zones are determined by the nullity of the phase change criterion, assuming that the solu-
tion remains elastic at the boundary of an elastic zone (cf. Fig. 7). For a given angle φ, the direct

z=0

0<z<1

z=1

rms

rmf

Figure 7. Definition of the direct transformation radii

transformation begins at a radius rms such that F1
z (z = 0) = 0,

rms =

−
√
3γ+

√

3γ2 + 4ElMA

(

C+ a+ β
2 γ

2
)

2µAElMA

h

φ
, (2.39)

The direct transformation ends at rmf such that F1
z (z = 1) = 0,

rmf =

−
√
3γ+

√

3γ2 + 4ElMA

(

C+G+ b+
(

α− β
2

)

γ2
)

2µMElMA

h

φ
. (2.40)

A fully martensitic zone (i.e. r > rmf radius) exists either for high rotation angle or for high
external radius of the cylinder.
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Solution in the direct transformation zone

In the transformation zone, the elastic expression of the strain field (2.34) holds, and the stress
field is still assumed to have only one non vanishing component (cf. Eq. (2.32)). As shown by
Suquet [2008], these expressions of the fields satisfy the equilibrium equation and the different
boundary conditions. In the direct transformation zone, stress, strain and volume fraction of
martensite are related through two equations:

• the stress-strain relation

σθz = 2µeq

(

εθz −

√
3zγ

2

)

with µeq =
1

2 (1+ ν)

(

1− z

EA
+

z

EM

)−1

;

(2.41)

• the nullity of the phase change criterion F1
z , for z in [0, 1] leads to:

z =
ElMAσ2

θz +
√
3γσθz −C− a− β

2 γ
2

G+ b− a+ (α−β)γ2
. (2.42)

The combination of these two equations gives a polynomial equation of degree three for σθz.

El2MA

D
σ3
θz +

3
√
3

2

ElMAγ

D
σ2
θz +

[

ElA −
ElMA

D

(

C+ a+
β

2
γ2

)

+
3

2

γ2

D

]

σθz

−

√
3

2

C+ a+ β
2 γ

2

D
γ = εθz,

(2.43)

with

D = G+ b− a+ (α−β)γ2. (2.44)

The positive root of Eq. (2.42) for z = 0 gives the yield stress for beginning of the direct phase
change σms and the positive root of Eq. (2.42) for z = 1 gives the finish stress of the direct phase
change σmf:

σms =
−
√
3γ+

√

3γ2 + 4ElMA(C+ a+ β
2 γ

2)

2ElMA
,

σmf =

−
√
3γ+

√

3γ2 + 4ElMA

(

C+G+ b+ (α− β
2 )γ

2
)

2ElMA
.

(2.45)

Consequently, on the direct phase change plateau, the stress belongs to the interval:

σθz ∈ [σms, σmf] . (2.46)

The stress-strain relation in the transformation zone is given by the inversion of Eq. (2.43).
Among the three solutions, only one belongs to the interval (2.46) . When the volume fraction of
martensite is equal to 1 (fully martensitic material), the response is elastic:

σ = 2µM (ε− εori) (2.47)
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where ε and εori are given by Eq. (2.34) and Eq. (2.36) respectively and µM is the shear modulus
of martensite.

In summary, the solution during loading is:

ξ(r) =
φrz

h
eθ, ∀r ∈ [0, Re], (2.48)

ε(r) =
φr

2h
(eθ ⊗ ez + ez ⊗ eθ) ∀r ∈ [0, Re], (2.49)

σ(r) =
µAφr

h
(eθ ⊗ ez + ez ⊗ eθ) , z = 0, for r 6 rms, (2.50)

σ(r) =

(

µMφr

h
− 3µMγ

)

(eθ ⊗ ez + ez ⊗ eθ) , z = 1, for r > rmf. (2.51)

For 0 6 z 6 1, σθz is given by Eq. (2.43), and z by Eq. (2.42).

Unloading

The twist angle reached at the end of the loading is φmax; for an unloading angle φd, the
displacement and strain fields are given by

ξd(r) =
rz

h
(φmax −φd)eθ, ∀r ∈ [0, Re], (2.52)

εd(r) =
r

2h
(φmax −φd) (eθ ⊗ ez + ez ⊗ eθ) ∀r ∈ [0, Re]. (2.53)

To get the stress field, it is necessary to determine whether the reverse transformation takes
place or not for a given φd. The nullity of the reverse phase change criterion F2

z leads to
equations similar to Eqs. (2.42 ,2.43); this allows the determination of hypothetic volume fraction
of martensite and stress field. Special attention must be paid: at the beginning of the unloading,
this hypothetic volume fraction, solution of F2

z = 0, may be higher than the volume fraction
calculated at the end of the loading zmax(r). This is because the beginning of the unloading is
elastic. Thus, as long as the volume fraction obtained as the solution of F2

z = 0 is higher than
the volume fraction calculated at the end of the loading for a given point r, the solution is elastic,
and the stress is given by:

σd(r) = σmax(r) − 2µ (zmax(r))εd(r). (2.54)

This holds as long as

F2
z (σd(r), zmax(r)) < 0. (2.55)

When the value of the stress is such that the phase change criterion becomes equal to zero for
z = zmax(r), this signifies that the computed volume fraction is equal to zmax(r) and thus the
reverse phase change begins at this point. The calculated volume fraction becomes then lower
than the volume fraction reached at the end of the loading, and a similar system of equations as
Eqs. (2.42 ,2.43) is solved to obtain the stress field.

2.3.3 Results

The equations are solved with a numerical solver. The parameters are given in Table 2. Results
are first given for the same values of Young modulus for austenite and martensite, EA = EM =

24000 MPa (cf. Fig. 8 and 9). As expected, during loading, the transformation front begins
at the outer radius of the cylinder and propagates towards the center. The unloading curves
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show non monotonic evolution of the stress along a radius. Indeed, Eq. (2.54) shows that, for
constant elastic moduli, the stress decrease is proportional to the radius value r, through the
strain decrease: σd(r) = σmax(r) − 2µεd(r). The stress decrease is larger at the outer surface.
For the points with biphasic microstructure, the slope of the stress decrease is higher than the
slope of the plateau, leading to a negative slope of stress versus r. Similarly, for large unloading
angles φd, a negative slope is observed between the fully austenitic response and the phase
change plateau. Indeed, at these points, the stress decrease is too small to reach the yield
stress to induce reverse phase change at this unloading angle. The reverse phase change front
also propagates from the outer surface r = Re towards the center. The stress-strain curves for
different radii are given on Fig. 9.
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Figure 8. Evolution of the stress field in the cross section of the cylinder: (a) for different loading angles
and (b) for different unloading angles. φmax = 17 °. In these figures, EA = EM = 24000 MPa.
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Figure 9. Stress-strain response at different radii: r=5 mm (blue), 15 mm (red), 25 mm (magenta), 35 mm
(black), 45 mm (green). In this figure, EA = EM = 24000 MPa.

In the case where the two phases have different Young moduli, the tendencies are identical,
except that during reverse phase change both radius and Young modulus changes cause the
negative slope of the stress vs. radius curve (cf. Figs. 10 and 11).
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Parameters values

EA 61500 MPa a 6.8920 MPa

EM 24000 MPa b 6.9091 MPa

ν 0.3 G 4.6556 MPa

α 2750 MPa β 5500 MPa

Y 110 MPa A0
f 40 ◦C

ξ 0.2914 MPa/◦C κ 6.8920 MPa

γ 4.0 % φmax 17 °

Re 50 mm h 100 mm

Table 2. Model parameters
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Figure 10. Evolution of the stress field in the cross section of the cylinder: (a) for different loading angles,
and (b) for different unloading angles. φmax = 17 °. In these figures, EA = 61500 MPa and
EM = 24000 MPa.
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2.3.4 Evolution of the response in the section and torque-angle response

During torsion experiments, measurements give the torque and the angle to which the struc-
ture is subject. For our problem, the torque is given by:

M =

∫2π

θ=0

∫Re

r=0
σθzr

2drdθ = 2π

∫Re

r=0
σθz(r)r

2dr. (2.56)

A typical torque-angle response given by the ZM model is shown in Fig. 12. The curve presents
three different responses : the first part is the elastic response of the austenite phase. The second
part is the phase change plateau. Contrary to tensile curve, the beginning of the plateau is
gradual, because of the non homogeneous stress state of the cross section. The last part of the
curve begins when the outer radius is fully martensitic. The slope of the curve still evolves due to
the propagation of the end of the phase front. During unloading, the slope of the first unloading
part is equal to the slope of the beginning of the loading part (for equal Young moduli for both
phases): the unloading is first elastic for the whole cylinder. This corresponds to the linear part
of the torque-angle unloading response. The reverse transformation starts at the external radius
of the cylinder and propagates to the center.

2.4 numerical resolution: return mapping algorithm

The non-linear behavior of SMA structures requires the development of a specific algorithm
to compute the pseudoelastic response of the structure. This is the aim of this section.

2.4.1 Position of the problem

The problem consists of determining the stabilized response of a superelastic shape memory
alloy structure occupying a volume Ω assuming infinitesimal transformations and isothermal,
quasistatic possibly cyclic loading over a time interval [0, T ]. The structure is subject to a distri-
bution of body forces f(x, t) over Ω× [0, T ] and contact forces Td(x, t) over part of the boundary

∂ΩT ; the remaining part ∂Ωξ is subject to an imposed displacement field ξd(x, t).
The problem consists of the following equations:

• Static and kinematic admissibility

divσ+ f = 0 in Ω, (2.57)

ξ = ξd in ∂Ωξ, (2.58)

σ.n = Td in ∂ΩT. (2.59)

• Strain compatibility

ε =
1

2

(

∇ξ+t
∇ξ
)

in Ω. (2.60)

• Constitutive equations

σ = K : (ε− zεori) , or, for cyclic loadings, σ = K : (ε− zεori − εr) . (2.61)

where the evolution laws of z and εori are governed by the yield functions F1
z , F2

z and
Fori (cf. Eqs. (2.15)-(2.17) or, for cyclic loadings, (2.28)-(2.30)) and by the verification of the
Kuhn-Tucker conditions (cf. Eqs. (2.18)).
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Figure 11. Stress-strain response at different radii: r=5 mm (blue), 15 mm (red), 25 mm (magenta), 35 mm
(black), 45 mm (green). In this figure, EA = 61500 MPa and EM = 24000 MPa.
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Figure 12. Torque-angle curve. In this figure, EA = EM = 24000 MPa.
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2.4.2 Presentation of the return mapping algorithm

Simplification to the case of proportional loadings

Restricting the discussion to the case of proportional loadings in pseudoelasticity, the stress
tensor σ in any Representative Elementary Volume of the SMA can be written in terms of a
scalar variable t as

σ = tσ0, (2.62)

where σ0 is a constant tensor defining the direction of the state of stress in R
6 while t deter-

mines its algebraic magnitude. Likewise, the orientation strain tensor εori maintains a constant
direction in the deviatoric strain space, which can easily be shown to be parallel to that of the
stress deviator s: writing the orientation yield function Fori for z = 0+ and considering that the
Lagrange multiplier µ remains equal to zero for z = 0+ gives

∥

∥

∥

∥

tσ0 −
2β

3
εori

∥

∥

∥

∥

VM

6 0, (2.63)

which cannot hold unless εori is proportional to the stress deviator. If one further assumes that
the orientation finish stress is lower than the critical stress for forward phase change (i.e. that
σrf < σms), the created martensite is completely oriented for any value of z. This is in accord
with the properties of SMA reported by Patoor et al. [2006]. εori can be written in this case as

εori = γε0, (2.64)

where ε0 is a constant deviatoric tensor proportional to s and satisfying

√

2

3
ε0 : ε0 = 1. (2.65)

The simplified form given in (2.64) can be used to readily determine εori, bypassing the need
for the yield function Fori and for the associated consistency conditions.

Under the above assumptions, the stress-strain relation can be written as

σ = K : (ε− zγε0) . (2.66)

In the following, the elasticity tensor K or the compliance tensor S = K−1 are equally used.

Algorithm for proportional loadings

The loading history is divided into N intervals over which the mechanical problem is solved
incrementally, using a return mapping algorithm. Assuming the solution is known for load
increment n (n > 0), the solution at increment n+ 1 is determined iteratively. In the equations
below, the increment number is written as a subscript and the iteration number k as a superscript
enclosed in parentheses.

The algorithm involves two steps:

• First, the equilibrium equations (Eqs. (2.57)-(2.60)) are solved assuming the SMA to be
elastic (i.e. maintaining the internal variables constant). This is the so-called predictor step.
The following discrete form of the stress-strain relation is used in this step:

σ
(0)
n+1 = S

(0),−1
n+1 :

(

εn+1 − z
(0)
n+1γε0

)

with z
(0)
n+1 = zn. (2.67)
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• The yield functions are computed with the new stress field σ
(k)
n+1 and the unchanged

values of the internal variables. If they are positive, a corrector step is introduced to
enforce consistency with the constitutive equations.

– If F is a yield function governing phase change (F =
{

F1
z ,F

2
z

}

), the associated consis-

tency condition F
(k)
n+1 = 0 can be written in discrete form as follows:

F
(k−1)
n+1 + ∂σF

(k−1)
n+1 : ∆σ

(k)
n+1 + ∂zF

(k−1)
n+1 ∆z

(k)
n+1 = 0, (2.68)

where ∆a
(k)
n+1 = a

(k)
n+1 − a

(k−1)
n+1 for any variable a to be incremented.

– Similarly, the stress-strain relation can be written in discrete incremental form as

∆σ
(k)
n+1 = S

(k−1),−1
n+1 :

[

∆ε
(k)
n+1 −

(

∆S
(k)
n+1 : σ

(k−1)
n+1 +∆z

(k)
n+1γε0

)]

, (2.69)

where ∆ε
(k)
n+1 = 0 (ε is not updated in the corrector step) and the increment of the elastic

compliance tensor is given by (cf. Eq. (2.11))

∆S
(k)
n+1 = (SM −SA)∆z

(k)
n+1. (2.70)

Eq. (2.69) becomes

∆σ
(k)
n+1 = −S

(k−1),−1
n+1 : R

(k−1)
1,n+1 ∆z

(k)
n+1, (2.71)

with

R
(k−1)
1,n+1 = (SM −SA) : σ

(k−1)
n+1 + γε0. (2.72)

The increment of the martensite volume fraction is then calculated as

∆z
(k)
n+1 = −

F
(k−1)
n+1

−∂σF
(k−1)
n+1 : S

−1,(k−1)
n+1 : R

(k−1)
1,n+1 + ∂zF

(k−1)
n+1

. (2.73)

The corrector step is repeated until consistency is achieved with the constitutive equations. The
algorithm is then repeated until a solution is reached that fulfills both equilibrium and consis-
tency conditions. The algorithm is summarized in Table 3. In this algorithm, Fn+1 is the loading
applied on the structure at the instant tn+1, and ‖.‖ is for instance the maximum norm over the
second order tensor space.

Extension to proportional cyclic loadings

The restriction to proportional loadings of the ZM cyclic model leads to the same simplifica-
tions for the stress-strain relation:

σ = S−1 : (ε− zγε0 − εr) , (2.74)

where ε0 is proportional to the stress deviator s and verifies Eq. (2.65); γ now depends on ze.
The algorithm is similar except that all parameters must be derived with respect to ze. The
return mapping algorithm for the cyclic model is given in Table 4.
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Input: model parameters, σn, zn, Fn+1, two tolerances: tol1, tol2.
Output: εn+1, σn+1, zn+1.

Set k = 0, z
(0)
n+1 = zn, S

(0)
n+1 = Sn.

1. Compute the displacement field by solving the equilibrium equation:

K
(

z
(k)
n+1

)

.U
(k)
n+1 = Fn+1.

2. Compute the strain field:

ε
(k)
n+1 = 1

2

(

∇U
(k)
n+1 +t

∇U
(k)
n+1

)

.

3. Thermoelastic prediction and return mapping algorithm:

a) Compute the thermoelastic prediction (Eq. (2.67)) and evaluate the yield functions

(i = 1, 2): F
i,(k)
z,n+1 = Fi

z

(

σ
(k)
n+1, z

(k)
n+1

)

.

b) If F
i,(k)
z,n+1 < 0 (or during the iterations

∣

∣

∣F
i,(k)
z,n+1

∣

∣

∣ < tol1) then set k = k+ 1 and go to
4.

c) Else, compute the increment of the martensite volume fraction ∆z
(k+1)
n+1 (Eq. (2.73)).

d) Update the state variables σ
(k)
n+1, z

(k)
n+1.

e) Set k = k+ 1 and go to 3.

4. Compute the residual: R = K
(

z
(k+1)
n+1

)

.U
(k+1)
n+1 − Fn+1

5. If ‖R‖ > tol2 then go to 1., else end.

Table 3. Return mapping algorithm for proportional loadings.
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• Input: model parameters, zn, ze,n, Bn, εr,n, ∆εn+1.

• Output: σn+1, zn+1, ze,n+1, Bn+1, εr,n+1, updated model parameters and elastic prop-
erties.

1. Set k = 0,

εn+1 = εn +∆εn+1, z
(k)
n+1 = zn, z

(k)
e,n+1 = ze,n,

B
(k)
n+1 = Bn, ε

(k)
r,n+1 = εr,n, S

(k)
n+1 = Sn.

2. Calculate a thermoelastic prediction :

σ
(k)
n+1 = S

(k),−1
n+1 :

(

εn+1 − z
(k)
n+1ε

(k)
ori,n+1 − ε

(k)
r,n+1

)

where S
(k)
n+1 is the compliance tensor given by S

(k)
n+1 =

(

1− z
(k)
n+1

)

SA + z
(k)
n+1SM

and evaluate the yield functions :

F1
z

(

σ
(k)
n+1, z

(k)
n+1,B

(k)
n+1, z

(k)
e,n+1

)

,

F2
z

(

σ
(k)
n+1, z

(k)
n+1,B

(k)
n+1, z

(k)
e,n+1

)

.

If F
1,(k)
z,n+1 6 0 (or during the iterations

∣

∣

∣F
1,(k)
z,n+1

∣

∣

∣ < tolerance) (loading), or F
2,(k)
z,n+1 6 0 (or

during the iterations
∣

∣

∣F
2,(k)
z,n+1

∣

∣

∣ < tolerance) (unloading) then exit.

3. Else, compute the increment of the martensite volume fraction. For example, during direct
phase change, the following equation must be solved:

0 = F
1,(k−1)
z,n+1 +

[

−∂σF
1,(k−1)
z,n+1 : S

−1,(k−1)
n+1 : R

(k−1)
1,n+1 + ∂zF

1,(k−1)
z,n+1 + ∂zeF

1,(k−1)
z,n+1

]

∆z
(k)
n+1,

where :

R
(k−1)
1,n+1 = (SM − SA) : σ

(k−1)
n+1 + γ

(k−1)
n+1 εori

+

[

z
(k−1)
n+1

εori

τ

(

γsat − γ0
)

+
εsatr

τ

(

3

2

s
(k−1)
n+1

σ
(k−1)
VM,n+1

)]

exp

(

−
z
(k−1)
e,n+1

τ

)

.

4. Update the state variables and the parameters of the model.

5. Set k = k+ 1 and go to 2.

Table 4. Return mapping algorithm for the cyclic model.
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General case of phase change combined with reorientation of martensite

For general loading paths, both phase change and martensite reorientation can take place
simultaneously. It is thus necessary to develop an algorithm where both state variables can
evolve. For the clarity of the equations, this paragraph is restricted to the monocycle ZM model,
and only the case of direct phase change is presented. As soon as the martensite is formed, it is
assumed to be totally oriented (this is justified when σrf < σms):

√

2

3
εori : εori = γ (2.75)

is always verified. The Lagrange multiplier µ associated to this unilateral constraint takes non
zero values, and the orientation yield function can be written as (cf. Eq. (81) from [Zaki and
Moumni, 2007a]):

Fori = XVM − zY with X = s−
2

3γ2
(s : εori)εori. (2.76)

The problem is governed by the following constitutive equations:

σ = S−1 : (ε− zεori) (2.77)

F1
z (σ, z,εori) 6 0, ż > 0, żF1

z = 0 (2.78)

Fori (σ, z,εori) 6 0, ε̇ori = η
∂Fori

∂X
=

3ηX

2XVM
, η > 0, ηFori = 0. (2.79)

The algorithm involves two steps, as previously: the predictor step and the corrector step.
• The predictor step consists in computing the strain increment and the stress state assuming

an elastic evolution (i.e. without any evolution of the internal variables).

z
(0)
n+1 = zn,

ε
(0)
ori,n+1 = εori,n,

σ
(0)
n+1 = S−1

(

z
(0)
n+1

)

:
(

εn+1 − z
(0)
n+1ε

(0)
ori,n+1

)

(2.80)

• The corrector step: the criteria are computed with the new stress state and the unchanged
values of internal variables. If the inequalities

F1
z

(

σ
(k)
n+1, z

(k)
n+1,ε

(k)
ori,n+1

)

6 0

and Fori

(

σ
(k)
n+1, z

(k)
n+1,ε

(k)
ori,n+1

)

6 0,
(2.81)

are simultaneously verified, the increment is elastic, and no evolution of the internal variables
has to be computed. Else, the evolution of z and of εori must be computed. Three sets of discrete
equations are used to obtain the relations between the increments of the different state variables,
namely:

• Taylor series of degree one of both yield functions,

F
1,(k)
z,n+1 =F

1,(k−1)
z,n+1 + ∂σF

1,(k−1)
z,n+1 : ∆σ

(k)
n+1

+ ∂zF
1,(k−1)
z,n+1 ∆z

(k)
n+1 + ∂εori

F
1,(k−1)
z,n+1 : ∆ε

(k)
ori,n+1 = 0,

(2.82)

F
(k)
ori,n+1 =F

(k−1)
ori,n+1 + ∂σF

(k−1)
ori,n+1 : ∆σ

(k)
n+1

+ ∂zF
(k−1)
ori,n+1∆z

(k)
n+1 + ∂εori

F
(k−1)
ori,n+1 : ∆ε

(k)
ori,n+1 = 0,

(2.83)
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• the discrete stress-strain relation,

∆σ
(k)
n+1 = S

(k−1),−1
n+1 :

[

∆ε
(k)
n+1 −

(

∆S
(k)
n+1 : σ

(k−1)
n+1 +∆z

(k)
n+1ε

(k−1)
ori,n+1 + z

(k−1)
n+1 ∆ε

(k)
ori,n+1

)]

,
(2.84)

where ∆S
(k)
n+1 is function of ∆z

(k)
n+1, given by Eq. (2.70);

• and the discrete consistency condition,

∆ε
(k)
ori,n+1 =

3

2
η

X
(k)
n+1

X
(k)
VM,n+1

=
3

2
ηN

(k)
n+1, (2.85)

where N
(k)
n+1 = 3

2

X
(k)
n+1

X
(k)
VM,n+1

is a unit tensor. For elastoplastic constitutive laws, the elastic predic-

tion of the unit tensor is shown to be parallel to the final unit tensor [see, e.g. Bonnet and Frangi,
2006]. In the case of pure martensite reorientation, without phase change, this relation holds
true:

N
(k)
n+1 = N

(k),elas
n+1 . (2.86)

However, in the general case, the equality is not verified; as the increment of orientation tensor
has to be normal to the final orientation surface, we assume that the elastic prediction of the unit
tensor is better oriented than the unit tensor at the previous time step and thus decreases the
number of iterations of the return-mapping algorithm. This is why, in the following algorithm,

the tensor N is N
(k)
n+1, calculated as the elastic prediction (Eq. (2.86)). Because of the iterations

of the return-mapping algorithm to get the nullity of the orientation yield function, the final
orientation tensor satisfies the constitutive law.

The values of the multiplier η and of the increment of the martensite volume fraction are given
by:

∆z
(k)
n+1 = −

F
1,(k−1)
z,n+1

Az
−

Atr

Az

(

BzF
1,(k−1)
z,n+1 −AzF

(k−1)
ori,n+1

AzBtr −BzAtr

)

(2.87)

η =
BzF

1,(k−1)
z,n+1 −AzF

(k−1)
ori,n+1

AzBtr −BzAtr
(2.88)

with:

Az = ∂zF
1,(k−1)
z,n+1 − ∂σF

1,(k−1)
z,n+1 : S

−1,(k−1)
n+1 :

(

(SM −SA) : σ
(k−1)
n+1 + ε

(k−1)
ori,n+1

)

(2.89)

Atr = ∂εori
F
1,(k−1)
z,n+1 : N

(k)
n+1 − z

(k−1)
n+1 ∂σF

1,(k−1)
z,n+1 : S

−1,(k−1)
n+1 : N

(k)
n+1 (2.90)

Bz = ∂zF
(k−1)
ori,n+1 − ∂σF

(k−1)
ori,n+1 : S

−1,(k−1)
n+1 :

(

(SM −SA) : σ
(k−1)
n+1 + ε

(k−1)
ori,n+1

)

(2.91)

Btr = ∂εori
F
(k−1)
ori,n+1 : N

(k)
n+1 − z

(k−1)
n+1 ∂σF

(k−1)
ori,n+1 : S

−1,(k−1)
n+1 : N

(k)
n+1 (2.92)

In the case of phase change without martensite reorientation (i.e. Fori 6 0 and F1
z > 0),

η = 0 and the expression of the increment of martensite volume fraction is identical to the case
of proportional loadings. In the case of reorientation without phase change (i.e. Fori > 0 and

F1
z 6 0), ∆z = 0 and η = −

F
(k−1)
ori,n+1
Btr

. The positivity of the multiplier η is numerically verified.
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2.4.3 Results

In this section, different simulation results are given, for both proportional and non propor-
tional loadings. Results for cyclic loading cases will be given in chapter 5 dedicated to the Direct
Cyclic Method.

Proportional loadings

A z-axis cylinder shaft (radius 5 mm, height 100 mm) is subject to tension, torsion, or combined
tension-torsion loadings. The material parameters used for these simulations are listed in Table
5. The temperature of the specimen is 70 °C. One end of the cylinder is cantilevered, while the
other end is subject to imposed displacement.

Parameters values

EA 61500 MPa a 6.8920 MPa

EM 24000 MPa b 6.9091 MPa

ν 0.3 G 23.278 MPa

α 2750 MPa β 5500 MPa

γ 4.0 % A0
f 40 ◦C

ξ 0.2914 MPa/◦C κ 6.8920 MPa

Table 5. Model parameters

• Tensile loading
The imposed displacement is

ξd = ξmax
t

T
ez, with t ∈ [0, T ] . (2.93)

The only non vanishing component of the stress and strain tensor is the tensile component in
the z-direction (εzz, σzz), leading to the following expression of the orientation strain tensor (in
Cartesian coordinates):

εori =

















−γ/2 0 0

0 −γ/2 0

0 0 γ

















. (2.94)

The stress-strain response obtained for an imposed tensile displacement of 8 mm is plotted on
Fig. 13.

• Torsion loading and comparison with the analytical solution
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For pure torsion loading, the mechanical response is not homogeneous through the section,
as shown by the analytical resolution. The boundary conditions of the problem are given by Eq.
(2.31) and the expression of the orientation tensor by Eq. (2.36). The results are presented for a
point situated on the external radius of the cylinder, where stress and strain are maximum. For
an imposed torsion angle of 25 °, the stress-strain relation εθz − σθz is plotted on Fig. 14.

The numerical algorithm is validated using the analytical solution. For this simulation only,
the cylinder has a radius of 10 mm and a height of 50 mm, and it is subject to a twist angle of
20 °. Fig. 15 shows the comparison between the analytical solution (in red) and the numerical
one (in blue) for three points, situated at different radii of the cylinder. Fig. 16 is the comparison
of the torque-angle responses. The perfect superposition of both responses is a validation of the
return-mapping algorithm.

• Tension-torsion loading paths
Three tension-torsion loading paths are then simulated, corresponding to different imposed

tensile displacement. The expression of the orientation strain tensor depends on the ratio
between the maximum tensile stress and the maximum shear stress. Strictly speaking, for
displacement-driven loading path, the ratio remains constant only for linear elastic constitutive
law, and the assumption of proportional loading is then not valid in the case of pseudoelastic
loading. However, the computations are done under this assumption to make them easier, and
at the end, the orientation function is computed to verify that the yield criterion is not violated;
it is indeed possible that non proportional loading does not lead to reorientation of martensite,
when the ratio between the two components does not change considerably; this is verified for
either very large or very small ratios, that is if one loading direction is predominant with respect
to the other.

So, we assume that the orientation tensor is determined numerically using the nullity of the
orientation yield function Fori for z = 0+:

εori =
3

2β
s0, (2.95)

where s0 is the stress deviator solution of the elastic problem for the maximum loading.
The different stress-strain responses are reported on Fig. 17. For each case, the tensile response

(resp. the shear response) is plotted in red (resp. in blue), while the equivalent stress is plotted
with respect to the equivalent strain4 in black. All responses are given for a point situated on
the external radius of the cylinder, to have maximum shear stress.

It is important to verify that the orientation yield function is smaller than a given tolerance. It
is plotted in Fig. 18 for all three cases. We notice that, at the very beginning of the direct trans-
formation as well as at the very end of the reverse transformation (i.e. when z and consequently
the yield limit zY tend to zero), the yield function is positive, but the maximum value remains
reasonably small (3 MPa maximum for both the 5 mm and the 7 mm maximum displacements).
However, for the first case (ξmax = 2mm) where tensile and shear stresses have comparable val-
ues, the negativity of the orientation criterion is not verified (black line of Fig. 18). Consequently,
the response plotted in Fig. 17a is not correct, and the response has to be computed using the
non proportional loading algorithm.

Non-proportional loadings

Non proportional loadings lead to large computation time, because of the higher number of
unknown variables to be computed; the orientation strain tensor is now unknown, and must

4 The equivalent strain is defined as εeq =

√

ε2
xx + 4

3ε
2
xy
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Figure 13. Stress-strain response to an imposed displacement of 8 mm in tension.
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Figure 14. Stress-strain response at a point situated on the external radius of the cylinder and subjected to
a 25° torsion angle.
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Figure 15. Comparison of analytical (red) and numerical (blue) stress-strain responses for points situated
at different radii specified under each figure. In these simulations, the parameters come from
Table 5, except G=4.6556 MPa.



2.4 numerical resolution: return mapping algorithm 38

0 5 10 15 20
0

200

400

600

800

Angle (°)
T

or
qu

e 
(N

m
)

Figure 16. Comparison of analytical (red) and numerical (blue) torque-angle responses for a maximum
angle of 20 °.
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Figure 17. Stress-strain responses for tension-torsion loading paths. The maximum imposed torsion angle
is 30 °, and the maximum tensile displacement ξmax is specified under each figure. In all
figures, the blue line is related to the shear response, the red one to the tensile components and
the black one to the equivalent stress-strain response.
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Figure 18. Evolution of the orientation yield function for the different loading paths. The black dotted
line corresponds to zero. The black (resp. blue, red) curve corresponds to a maximum tensile
displacement of 2 mm (resp. 5 mm and 7 mm)
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be determined using the consistency conditions associated to the orientation yield function. For
simplicity, the algorithm, restricted to one axial and one shear component of the stress tensor, is
first implemented in Matlab.

• Martensite orientation in Matlab
The case of martensite orientation is similar to elasto-plastic behavior with kinematic harden-

ing. Indeed,

Fori =















‖σ−αεori‖− Y 6 0 if ‖εori‖ < γ

∥

∥

∥σ− 2
3γ2 (s : εori)εori

∥

∥

∥− Y 6 0 if ‖εori‖ = γ

. (2.96)

It consists thus in implementing the elasto-plastic return mapping algorithm, which is easier
than the completely non proportional one.

The problem is stress-driven, and consists of determining both the strain and the orientation
strain.

For a tensile loading, the stress-strain curve is given on Fig. 19.
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Figure 19. Martensite orientation stress-strain response in tension.

Two square-paths are then considered.

1. The loading is first in the tensile direction, then, under constant tensile stress, a shear
stress is applied. Maintaining the maximum shear stress, the tensile stress is unloaded
and finally the shear stress is removed (cf. Fig. 20). The corresponding results are given
in Figs. 20b, 21. During the first part of the loading path, the tensile component of the
orientation strain increases, while the shear component is zero (Fig. 20b). This leads to the
classical stress-strain response (blue line of Fig. 20a). Then, when the shear stress increases
under constant tensile stress, the tensile component of the orientation tensor decreases in
favor of the shear component, which increases. Consequently, the tensile strain decreases
to maintain constant stress, and the shear strain increases, first elastically; the reorientation
does not occur immediately, but only when the ratio of the shear and tensile stresses
reaches a critical value (red responses in Figs. 20b and 21). Third, the tensile stress is
removed, leading to a small reorientation of the martensite, as seen by the increase of
the shear strain, and by the different slope of the tensile stress-strain curve. A tensile
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residual strain exists when the tensile load is removed (black line of Fig. 20b). Finally, the
shear stress is removed and as previously, a small reorientation occurs, to maintain the
nullity of the orientation yield function. The reorientation involves a small increase of the
tensile strain at the beginning of the unloading. The end of the unloading occurs elastically
(magenta lines).

2. The second loading path begins with the shear stress increase (cf. Fig. 22a). The corre-
sponding stress-strain responses and shear-tensile strain response are given in Fig. 22b
and 23. Similar responses are observed, except that during the removal of the tensile load-
ing, no reorientation occurs; indeed, the orientation yield function is negative during the
last portion of the loading path.
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Figure 20. (a) Loading path: from a natural unloaded state, the material is loaded along the blue, red,
black, and finally magenta paths. (b) Shear strain vs. tensile strain response corresponding to
the loading path presented in (a).
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(b) Shear response

Figure 21. Stress-strain responses for both components, corresponding to the loading path plotted in Fig.
20.
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Figure 22. (a) Loading path: from a natural unloaded state, the material is loaded along the blue, red,
black, and finally magenta paths. (b) Shear strain vs. tensile strain response corresponding to
the loading path presented in (a).
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(b) Shear response

Figure 23. Stress-strain responses for both components, corresponding to the loading path plotted in Fig.
22a.
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• Local resolution of non proportional pseudoelasticity in Matlab
Let us now present the results obtained with Matlab for pseudoelasticity under non propor-

tional loading. Different strain-driven loading paths are considered, and the different responses
are compared and commented. In figures 24-26, tensile response is plotted with red line, shear
response with blue line and equivalent response with black dotted line. The material parameters
are those given in Table 2. The temperature is 50 °C.

• Proportional loadings are first simulated: tensile loading and shear loading (cf. Fig. 24).
A maximum strain of 6 % is applied. Combined tensile-shear loading is presented in Fig.
25. We notice that the orientation strain components are not perfectly constant as expected;
this local problem is strictly speaking non proportional.

• Two non-proportional loading paths are chosen. A tensile (resp. shear) strain is imposed
followed by a shear (resp. tensile) strain. The unloading phase follows the same path as
the loading phase. The responses are plotted in Fig. 26. The increase of the shear strain
causes the instantaneous reorientation of the martensite, as the stress state is higher than
the orientation yield stress. Thus, the tensile component of the orientation strain decreases,
while the shear one increases, maintaining an equivalent strain constant and equal to the
maximum orientation strain. The inverse tendancy is observed during unloading. The
decrease of the orientation tensile strain due to the reorientation induces a stress softening.
However, the begining of the unloading is elastic, until the ratio between shear and tensile
stresses changes enough to induce reorientation. This explains the small horizontal plateau
visible on the stress-strain response at the begining of the unloading.
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Figure 24. Stress-strain responses for pure tension loading (a) or pure torsion loading (b).

• Implementation of the non proportional algorithm in Castem
Let us consider a cube with a 10 mm-long edge. The axes of the cube are parallel to the

cartesian coordinate vectors (cf. Fig. 27a).
The boundary conditions are

• ξ (0, 0, 0) = 0,

• ξ (x, y, z = 0) = 0,

• ξ (x = 0, y, z) = 0,
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Figure 25. Proportional shear-tension loading. (a) Evolution of the mechanical response. (b) Evolution of
the orientation strain components.
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Figure 26. (a) and (b) 3 % tension strain followed by 2 % shear strain and unloading. (c) and (d) 3 % shear
strain followed by 2 % tensile strain and unloading.



2.4 numerical resolution: return mapping algorithm 44

• Tz (x, y, z = 10) = T1,

• Tx (x = 10, y, z) = T2.

The remaining boundary conditions are stress-free conditions. T1 is a tensile force, while T2 is
a compressive force; their temporal evolution, plotted on Fig. 27b, are given below for loading;
during unloading, the reverse path is taken.

T1(t) =















t
T T

max
1 if t ∈ [0; T ]
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Figure 27. (a) Geometry and boundary conditions of the simulated specimen. Zero displacements are
imposed perpendicularly to the colored surfaces. (b) Evolution of the loading direction with re-
spect to time. The normalized tensile force in the z-direction (resp. the normalized compressive
force in the x-direction) is plotted in black (resp. in red).

The problem is stress-driven. Fig. 28 shows the stress-strain responses in the x- and z- direc-
tion as well as the evolution of the orientation strain tensor with respect to the kinematic time.
Fig. 29 shows the evolution of the different yield functions with respect to the kinematic time.
In these figures, the different steps of the loading path have been plotted in different colors:

• red: increase of T1 (z-direction) while T2 = 0 (x-direction),

• black: increase of T2 (x-direction) while T1 = Tmax
1 (z-direction),

• blue: decrease of T2 (x-direction) while T1 = Tmax
1 (z-direction),

• magenta: decrease of T1 (z-direction) while T2 = 0 (x-direction).

During the first step, due to the tensile force in the z direction, σzz increases and reaches the
yield value for phase change (F1

z becomes equal to zero). The orientation tensor is equal to γ for
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Figure 28. (a) Stress strain response in the x-direction. (b) Stress-strain response in the z-direction. (c)
Evolution of different components of the orientation tensor with respect to the kinematic time;
the solid line stands for the y-direction, the dotted line – for the z-direction and the dotted line
-. for the x-direction.
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Figure 29. Evolution of the different yield functions with respect to the kinematic time.
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the tensile direction. Besides, the strain in the other directions increases to maintain a zero stress
state.

During the second step of the loading, two different responses must be distinguished. First,
the increase of stress allows the phase change to go further (F1

z remains equal to zero); soon after
the beginning of the compression, reorientation of the martensite occurs (Fori becomes equal to
zero). The x-component of the orientation strain tensor increases, and the z-component decreases
a little : the increase of the x-component is balanced by the decrease of the y-component (which
could not be seen in the Matlab analysis). The second phase begins when phase change is
finished. The stress-strain response becomes linear, but the reorientation of martensite continues.

During the third step, the compressive force along the x-direction is removed. During this
step, no phase change is induced (F2

z < 0). In the beginning, the behavior is linear elastic,
without martensite reorientation. When the compressive force becomes too small, reorientation
is induced in the material (Fori = 0): the x-component decreases in favor of the y-component
and to a lesser extent in favor of the z-component. Besides, the strain in the z-direction increases
to maintain a constant stress in this direction.

Finally, during the removal of the tensile force, the response is first elastic without phase
change (F2

z < 0) or reorientation (Fori < 0). During the beginning of the reverse phase change,
no reorientation occurs, but only at the end: the yield stress, which depends on z, is small
enough to induce reorientation.

The presented results show the ability of the model to simulate either proportional cyclic
loading paths or more complex loading paths. However, due to the large number of parameters
to derive, the algorithm for cyclic non proportional loadings is not implemented. Besides, the
computation time becomes quite large for complex non proportional loading, because of the
difficulty to reach both admissibilities with constitutive law and with equilibrium.

2.5 conclusion and prospects

This chapter presented the main features of the ZM models, as well as the return mapping al-
gorithms necessary for numerical implementation of the models. The presented return mapping
algorithms allow the computation of SMA structures subjected to pseudoelastic loadings. In the
case of proportional loadings, the return mapping leads to reasonable computation time, but
the computation time becomes large for non proportional loadings, due to the higher number of
criteria which have to be simultaneously verified. The analytical solution in torsion is usefull to
validate the return-mapping algorithm.

Although the ZM models are 3D models able to simulate the main behaviors of SMA within
a unique framework, they present some drawbacks. The behavior of Shape Memory Alloys is
known to have a more complex yield surface of phase change and to show different responses in
tension and in compression. Besides, the role of temperature is not taken into account accurately;
the model only allows imposed temperature variations, and does not reproduce the thermome-
chanical couplings in these alloys and resulting from the dependence of the yield stresses on
temperature. These drawbacks are taken into account and some extensions of the models are
proposed in the following chapters.
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The prediction of the stabilized state of the structure requires a model able to reproduce the
main features of the shape memory alloy behavior. The tensile-compressive asymmetry leads to
changes in the yield stresses, slopes of the plateaus and thus in the hysteresis area as well as in
the maximum hydrostatic pressure. For this reason, it is important to incorporate the asymmetry
in the ZM model to get a correct prediction of the number of cycles to failure, since the fatigue
lifetime is evaluated using the hysteresis area. In this chapter, the ZM model for Shape Memory
Alloys is extended to simulate tensile-compressive asymmetry for superelasticity. Experimental
validation of the extended model is shown to reproduce the asymmetric stress-strain response
for pseudoelasticity and martensite detwinning.

3.1 literature review on tensile-compressive asymmetry

The martensitic transformation is influenced by the sign of the applied load, which makes the
macroscopic behavior of SMAs generally asymmetric in tension-compression. This asymmetry
seems to have been first reported by Wasilewski [1971] and has since attracted the interest of a
number of researchers.

3.1.1 Experimental observations

Wasilewski [1971] reported that compressive loadings lead to

• higher yield stresses,

• higher slopes of the phase change plateaus,

• and lower recoverable strain,

47
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compared to tensile loadings.
Orgeas and Favier [1998] carried mechanical experiments in the pseudoelastic domain as well

as in the martensite orientation domain (cf. Figs. 30 and 31).

Figure 30. Experimental stress-strain curves in tension and in compression for a pseudoelastic NiTi SMA.
The figure is taken from Orgeas and Favier [1998].

Figure 31. Experimental stress-strain curves in tension and in compression for a martensitic NiTi SMA.
The figure is taken from Orgeas and Favier [1998].

Fig. 30 shows the stress-strain response of a pseudoelastic NiTi shape memory alloy in tension
and in compression, while Fig. 31 shows the stress-strain response in the case of martensite
orientation. Both kinds of responses are influenced by the sign of the load, and the three previous
observations from Wasilewski are verified. For shear tests, it was found that the evolution of
the critical stress for martensite transformation with respect to temperature is almost linear
for all three modes of loading, but with different slopes. However, for temperatures near the
martensite start temperature Ms, plastic deformation seems to play an important role and the
relation is no more linear. Orgéas and Favier found that the shear to tensile yield stress ratio is
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compatible with the Von Mises criterion (a ratio of
√
3). This conclusion does not hold, however,

for compressive stress. The authors demonstrated that hydrostatic pressure cannot explain the
observed asymmetry between tension and compression, although it seems to play a role in
reducing the magnitude of the asymmetry. Finally, they observed Lüders-like behavior in tension
but not in compression.

Explanations of the asymmetry at the microscopic scale are proposed by different authors.
Among them, Liu et al. [1998] observed that compressive loading of martensite introduces a high
density of dislocations inside twin bands and in the accommodation areas; no reorientation of
martensitic variants is observed in compression whereas tensile loading leads to the detwinning
of the martensitic variants. The driving mechanism of the martensite orientation process is
different: it consists in the generation and movement of lattice defects for compression, while
tension induces the migration of the variant interfaces. The difference in driving mechanisms
between tension and compression has also been reported by Gall et al. [2001].

Gall and Sehitoglu [1999] performed experiments for different orientations of single crystals
and polycrystals. According to them, the tensile-compressive asymmetry is due to the strong
orientation dependence of the single crystal. It is also strongly influenced by the size of the
precipitates, as precipitates do not undergo the martensitic transformation. Concerning the
asymmetry observed in polycrystals, they noted a strong influence of the texture.

3.1.2 Different models for tensile-compressive asymmetry

Micromechanics based models

Gall and Sehitoglu [1999] proposed a micromechanics model based on Schmid’s law that was
shown to agree with experimental data on single crystals. Sittner and Novak [2000] used con-
stant stress averaging to determine the behavior of polycrystalline SMAs from experimental data
on single crystals. Brocca et al. [2002] proposed a micro-plane approach to model the asymme-
try of the martensite orientation. Lexcellent and Blanc [2004] developed a specific micro-macro
model for NiTi alloy, as NiTi alloy exhibit different cristallographic mechanisms for the marten-
sitic transformation. Some models are based on the phenomenological theory of martensite
crystallography [see e.g., Buchheit et al., 1995; Ono and Shimanuki, 1990; Patoor et al., 1995] or
on lattice deformation models. The results of the latter models seem to be doubtful, according
to Orgeas and Favier [1998]. Finally, the model from Buchheit and Wert [1996] combined the
first approach with the introduction of a detwinning process, which leads to good agreement
with experimental results, even for NiTi alloys, because of the important role of detwinning in
the tensile compressive asymmetry.

Macroscale models

Orgeas and Favier [1998] proposed a yield criterion for phase change based on the deviatoric
stress tensor intensity (proportional to the second invariant of stress) and its phase (proportion-
nal to the ratio between the second and the third invariants). Their yield criterion is shown to be
in good agreement with experimental data.

Qidwai and Lagoudas [2000] used the first stress invariant with the second and third invariants
of the stress deviator to build a class of ’generalized’ transformation functions for NiTi SMAs.
The functions were shown to fit superelastic tensile-compressive data but martensite orientation
at lower temperatures was not considered. However, the introduction of the first stress invariant
seems contradictory with experimental results dealing with the role of the hydrostatic pressure.



3.2 tensile compressive asymmetry in the zm model 50

Anand and Gurtin [2003] developed a 3D constitutive model for single-crystal shape memory
materials. The ability of the model to account for tension-compression asymmetry was shown
through numerical simulations, which were not validated experimentally.

Paiva et al. [2005] developed a model accounting for tensile-compressive asymmetry by in-
troducing different variants of martensite (namely one for tension, one for compression) with
different elastic properties. Thus, the model contains no physical explanation of the asymmetry.

Auricchio et al. [2009] extended a model initially developed by Auricchio and Petrini [2002]
to account for tensile-compressive asymmetry by rewriting the yield functions governing the
orientation of martensite in terms of Prager-Lode instead of Von Mises equivalent stress. The ex-
tended model successfully captures the asymmetry of the phase change thresholds but considers
identical slopes for the stress-strain curve during phase change in tension and in compression.

3.2 tensile compressive asymmetry in the zm model

Our work aims at extending the ZM model to account for the tensile-compressive asymme-
try. The extended model should be able to reproduce the asymmetry of the yield stresses, as
predicted by most of the previous authors, the asymmetry of the slopes of the phase change
plateau, and the asymmetry of the recoverable strain. This will be done by introducing the third
invariant of different quantities, using the framework proposed by Raniecki and Mroz [2008].

3.2.1 Mathematical framework of Raniecki and Mroz

Raniecki and Mroz [2008] proposed a class of yield functions depending on the second and
third invariants. This allows modelling the Strength Differential Effect exhibited by a number of
metallic alloys, including by shape memory alloys. Prior to this work, another class of uneven
criteria had been developed by introducing the first and second invariants, which is associated
with pressure dependent flow. Using the first invariant does not seem appropriate, because
martensite transformation is generally accepted to be insensitive to pressure [cf. Orgeas and
Favier, 1998]. The asymmetric criterion is defined in terms of the second and third deviatoric
stress invariants,

J2 =
1

2
tr
(

s2
)

, (3.1)

J3 =
1

3
tr
(

s3
)

= det (s) . (3.2)

The Lode invariants are introduced:

r =
√

2J2 (3.3)

y =
3
√
3J3

2 (J2)
3/2

and y ∈ [−1, 1]. (3.4)

The general form of the yield criterion is:

F = f(y)r−
√
2τc = 0 with f(y) > 0, f(0) = 1. (3.5)

Raniecki and Mroz [2008] study more precisely two general forms of the function f:

• the exponential shape function,

• the power shape function.
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For each class of yield functions, they give conditions on the material parameters required to
fulfill the convexity condition. Finally, they derive the form of the pseudo-potential of dissipation
for such yield functions.

As our model will be extended using the power shape function, let us develop the main
properties of this class of yield functions. The function f is chosen as

f(y) = (1+ by)n with |b| 6 1. (3.6)

Particular values of the exponent n give the yield functions proposed by other scientists. The
convexity condition can be expressed by:

C = A0y
2 +B0y+C0 > 0, (3.7)

where:

A0 = b2
(

1− 9n2
)

,

B0 = b (2− 9n) ,

C0 = 1+ 9b2n (n− 1) .

(3.8)

In the proposed extension of the ZM model, the third invariant is being introduced in different
quantities in the following way:

aeff = 3

√

ka

(

J
3/2
2,a − caJ3,a

)

, (3.9)

where a is a second-order tensor, J2 and J3 its second and third deviatoric invariants, and ka
and ca are material parameters. This gives:

n =
1

3
, (3.10)

b = −
2ca

3
√
3

. (3.11)

Thus, the convexity condition reduces to:

A0 = 0,

B0 = −b,

C0 = 1− 2b2,

C = −by+ 1− 2b2 > 0, for y ∈ [−1, 1] ,

(3.12)

leading to:

|b| 6
1

2
⇒ |ca| 6

3
√
3

4
. (3.13)

No restriction is imposed on the parameter ka.

3.2.2 Introducing the third invariant

The extension of the ZM model to account for tensile-compressive asymmetry has been started
by Zaki [2010]. He proposes extension for the case of martensite reorientation. We generalize
this work to the entire ZM model, and show that it is simultaneously able to reproduce both
martensite orientation and pseudoelastic tensile-compressive asymmetry. Von-Mises equivalent
quantities are replaced by Raniecki and Mroz functions as shown in the following sections. The
different steps of the model construction are reviewed and adequately modified.
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Internal constraints

Following Raniecki and Mroz [2008], the third invariant of the orientation strain tensor is used
to build the following sign-sensitive expression of the equivalent orientation strain:

εeffori =
3

√

kori

(

J
3/2
2,ori − coriJ3,ori

)

, (3.14)

where kori and cori are material parameters and J2,ori and J3,ori are the second and third in-
variants of εori. If the parameter kori is taken such that εeffori is the equivalent tensile orientation
strain, the constraint in (2.5) can be rewritten as

γt − εeffori > 0, (3.15)

where γt is the maximum orientation strain in uniaxial tension.

The Helmholtz free energy

The interaction energy, which was defined in the original ZM model as

I =
z

2
(αz+β (1− z))

(

2

3
εori : εori

)

, (3.16)

is modified. This modification leads to modified phase transformation functions F1
z and F2

z and
martensite orientation yield function Fori. An expression similar to Eq. (3.14) is used to define
a new equivalent orientation strain, which is then employed to construct a new expression of I,
which becomes

I =
z

2
(αz+β (1− z))

(

εeff2ori

)2
, (3.17)

where

εeff2ori = 3

√

kh

(

J
3/2
2,ori − chJ3,ori

)

; (3.18)

kh and ch are material parameters.
The expression of the Lagrangian becomes

L =L (ε, T,εA,εM, z,εori, ) = (1− z)

[

1

2
εA : KA : εA

]

+ z

[

1

2
(εM − εori) : KM : (εM − εori) +C(T)

]

+G
z2

2
+

z

2
[αz+β (1− z)]

{

kh

(

J
3/2
2,ori − chJ3,ori

)}2/3

− ν1z− λ : [(1− z)εA + zεM − ε]

− µ

(

γt −
3

√

kori

(

J
3/2
2,ori − coriJ3,ori

)

)

− ν2 (1− z) ,

(3.19)

where λ, µ, ν1, and ν2 are Lagrange multipliers satisfying the Kuhn-Tucker conditions (2.7).
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Yield functions

With regard to the original ZM model, the expressions of the thermodynamic forces associated
with z and with εori are now modified but the pseudo-potential of dissipation (2.12) remains
the same. The expressions of the yield functions become

F1
z =

1

3
ElMAσ2

VM +
1

2

(

1

3
ElMA + PMA

)

(tr σ)2 −C(T) +σ : εori − (G+ b) z

− a (1− z) −

[

(α−β) z+
β

2

]

{

kh

(

J
3/2
2,ori − chJ3,ori

)}2/3
,

(3.20)
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1

3
ElMAσ2
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1

2
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1

3
ElMA + PMA

)

(tr σ)2 +C(T) −σ : εori + (G− b) z

− a (1− z) +

[

(α−β) z+
β

2

]

{

kh

(

J
3/2
2,ori − chJ3,ori

)}2/3
,

(3.21)

and

Fori = ‖X‖VM − zY, (3.22)

where X is given by:

X = σ− (αz+β (1− z)) εeff2ori

∂εeff2ori

∂εori
−

µ

3z

kori
(

εeffori

)3

(

3

2

√

J2,ori1− coriεori

)

.εori, (3.23)

where 1 is the identity tensor.
The yield function for martensite orientation is even, which does not allow for different thresh-

olds in tension and in compression. Nevertheless, the asymmetry of the hardening moduli in
tension and in compression is accounted for. In order to obtain different stress thresholds, fol-
lowing Raniecki and Mroz [2008], this expression of Fori is assumed:

Fori = Xeff − zY, (3.24)

where

Xeff = 3

√

kX

(

J
3/2
2,X − cXJ3,X

)

. (3.25)

In the above equation, kX and cX are material parameters and J2,X and J3,X are the second
and third invariants of the deviator of X. The pseudo-potential of dissipation associated to the
yield function can be derived following Raniecki and Mroz [2008]. As shown by these authors,
if the parameters kX and cX verify the convexity condition, the obtained potential is still convex
and equal to zero for zero fluxes of the variables. This ensures the positivity of the intrinsic
dissipation associated to the orientation tensor. The intrinsic dissipation associated to phase
change is positive, as the phase change yield function derives from the pseudo-potential of
dissipation.

The extension of the ZM model introduced new parameters which have to be identified; this
is the topic of the next section.
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3.2.3 Parameters identification procedure

The modified model has the following parameters:

• Young’s moduli of austenite EA and martensite EM and the Poisson coefficient ν assumed
to be identical for the two phases,

• The maximum orientation strain in tension, γt,

• a and b, which control the width of the hysteresis superelastic loop; Y, the orientation yield
stress; G, which influences the slope of the stress-strain curve during phase transition;
α and β, controlling the evolution of stress with the orientation strain; ξ and κ, which
influence the dependence on temperature of the critical stresses for phase change,

• kori and cori, governing the tensile-compressive asymmetry of the maximum orientation
strain,

• kX and cX, governing the tensile-compressive asymmetry of the orientation stress thresh-
olds,

• kh and ch, governing the asymmetry of strain hardening.

All the parameters that come from the original ZM model are determined following the pro-
cedure described in [Zaki and Moumni, 2007a]:

• C(T) is assumed to be taken as the same linear function of temperature as in (2.2),

• EM, Y, α, and β are determined from a martensite orientation experiment in tension,

• EA, a, b, G, κ, and ξ are determined from a tensile pseudoelastic experiment.

The parameters introduced to account for asymmetric behavior are defined in terms of the
following ratios:

rori =
γt

γc
, rX =

σrs,t

σrs,c
, and rh =

ht

hc
, (3.26)

where γc is the maximum orientation strain in compression, σrs,t and σrs,c are the critical
stresses for martensite orientation and ht and hc are the strain hardening moduli in tension and
in compression respectively.

• kori and cori are defined such that orientation strain has a maximum of γt in tension and
γc in compression. They are given by:

kori =

(

(

3

4

)3/2

−
cori
4

)−1

, (3.27)

cori =
3

2

(

r3ori − 1
)√

3

r3ori + 1
. (3.28)

The Von-Mises equivalent strain is obtained for cori = 0.
• kX and cX are determined such that the tensile and compressive thresholds are respectively

equal to σrs,t and σrs,c. They are given by:

kX =

(

(

1

3

)3/2

−
2cX
27

)−1

, (3.29)
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cX =
3

2

(

r3X − 1
)√

3

r3X + 1
. (3.30)

• kh and ch are related to the hardening moduli for martensite orientation. ch is obtained by
solving the following equation:
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3
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)
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3

4 + ch

)

3

√

√
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3
√
3
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) , (3.31)

and kh is given by:

kh =

(

(

3

4

)3/2

−
ch
4

)−1

. (3.32)

3.3 validation

The validation of the extended model uses the experimental results from Orgeas and Favier
[1998]. Two different validations are proposed. First, the model is validated at a given temper-
ature for tensile and compressive pseudoelasticity and martensite orientation. Parameters are
chosen so that the convexity condition is verified. Second, using the same parameters, the ex-
tended ZM model is compared to the model proposed by Orgeas and Favier [1998] in terms of
prediction of the direct phase change yield stress.

3.3.1 Comparison with experimental results

The validation of the extended model is restricted to the uniaxial case. The structure is a beam
with one end cantilevered and the other subjected to an imposed stress σ0(t), which is varied in
time to control loading (cf. Fig. 32). Moreover, it is assumed that the critical stresses for phase
change are sufficiently high so that maximum orientation is achieved as soon as phase change
is activated. The constitutive equations are solved using Matlab. The assumption of uniaxiality

simplifies the integration of the equilibrium equation
∂σ

∂x
= 0 to obtain an explicit value for the

stress, taking into account the Newton boundary condition σ = σ0(t) at the end where loading is
imposed. The experimental curves from Figs. 30 and 31 are used to validate the uniaxial model,

 !"t#� ! "
!

Figure 32. Geometry and boundary conditions of the problem

whose parameters are determined as described in section 3.2.3 and listed in Table 61.

1 rori = 1.74 ⇔ cori =
3
√
3

4 . All equivalent expressions satisfy the convexity condition 3.13.
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Parameters values

EA 61000 MPa a 11.310 MPa

EM 35000 MPa b 11.150 MPa

ν 0.3 G 15.126 MPa

α 456.08 MPa β 4560.8 MPa

Y 243 MPa A0
f 55 ◦C

ξ 0.5 MPa/◦C κ 3.3190 MPa

γt 5.92 % rori 1.74

ch 1.299 kh 3.290

cX -0.4142 kX 4.482

Table 6. Model parameters

The experimental curves for pseudoelasticity were obtained for T = 60 ◦C, more details can
be found in [Orgeas and Favier, 1998]. A comparison between experimental and numerical
simulation data using the extended model is shown in Fig. 33 for superelasticity and in Fig. 34
for martensite orientation. Only three curves are used to determine the parameters of the model,
the pseudoelastic curve in compression is used for validation.

The differences between the predictions of the model and experimental data are essentially
due to differences in maximum tensile orientation strains for superelasticity and martensite ori-
entation. These quantities are assumed to be equal even though experimental observation shows
them to be slightly different. The thresholds for phase change and for martensite orientation
and the slopes of the stress-strain curves are correctly estimated by the model.
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Figure 33. Simulated (solid lines) vs. experimental (circles) superelastic stress-strain curves in tension
(pink) and in compression (blue).
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3.3.2 Comparison with the phase change yield function of Orgeas and Favier [1998]

We now compare the predictions of the direct phase change yield stress given by our criterion
and by the Orgeas and Favier [1998]’s criterion at different temperatures with experimental data.

Orgeas and Favier [1998] used a Raniecki and Mroz function to describe the direct phase
change yield function; indeed, their criterion may be written in terms of the Lode invariants as:

F (r, y) = r (1+ γ0y)
n0 −Qσcrio 6 0, (3.33)

with γ0 = 0.9, n0 = 0.1 and Qσcrio being a linear function of temperature with a slope of 7.5
MPa/K. This function satisfies the convexity condition (3.7).

Using the experimental yield stresses for tension, compression and shear loadings with respect
to temperature given by Orgeas and Favier [1998] (cf. Fig. 7 of their article), we compare the
predicted yield stresses for both criteria. However, the comparison is limited to temperatures
higher than 303 K to ensure pseudoelastic response of the specimen. For our criterion, the yield
stresses are computed from F1

z = 0 (cf. Eq. (3.20)), assuming that the orientation strain tensor
is parallel to the stress deviator and is completely oriented. For the criterion from Orgeas and
Favier [1998], the yield stresses are given by:

• in tension, as y = 1,

σ =
Qσcrio

(1+ γ0)
n0

, (3.34)

• in compression, as y = −1,

σ =
Qσcrio

(1− γ0)
n0

, (3.35)

• in shear, as y = 0,

τ =
Qσcrio√

2
. (3.36)

The comparison is plotted in Fig. 35. Our criterion is able to predict with very good accuracy the
different yield stresses in pseudoelasticity. For more precise comparisons, the sum of square dis-
tances between criterion (σcrit) and experimental (σexp) values are computed for each criterion
and divided by the number of values considered:

∆ =
1

n

√

√

√

√

n
∑

i=1

(

σcrit

σexp
− 1

)2

(3.37)

The results are reported in Table 7. Our criterion seems to give better values than the one from
Orgeas and Favier [1998].

3.4 conclusion

The mathematical framework of Raniecki and Mroz was used to generalize the ZM model for
shape memory alloys. The generalized model now accounts for tension-compression asymmetry
through the use of non-even functions to define equivalent stresses and strains instead of using
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Figure 34. Simulated (solid lines) vs. experimental (circles) stress-strain curves in tension (pink) and in
compression (blue) for martensite orientation.
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Figure 35. Comparison of the prediction of the direct phase change yield stresses in tension (green), com-
pression (blue) and shear (pink) given by the criterion of Orgeas and Favier (dotted line) and by
our criterion (solid line) with experimental data from Orgeas and Favier (markers).

Tension Compression Shear

Modified ZM model 1.17 % 2.75 % 2.20 %

Orgeas and Favier’s criterion 2.23 % 3.43 % 12.80 %

Table 7. Deviation of the different criteria with experimental data.
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standard Von Mises equivalents. The model is validated in uniaxial tension and compression,
where it shows good agreement with experimental data both for superelasticity and martensite
orientation. Moreover, good yield stress values are predicted for shear loading.

To our knowledge, this is the first time that a phenomenological model is able to reproduce
tensile-compressive asymmetry for 3D loadings in both pseudoelasticity and martensite orienta-
tion. Indeed, our model accounts for the different characteristics listed by Wasilewski [1971] and
reproduces with good accuracy the variation of the yield stresses with respect to temperature for
tensile, compressive and shear loadings. Work is underway to validate the model in 3D, namely
for non-proportional tensile-torsional and compressive-torsional loadings.

With this extension of the model, a more accurate prediction of the stabilized cycle is achieved.
However, this prediction will be shown to be valid only for very low strain rates. Indeed, the
presence of a latent heat of phase change and the dependence of the phase change yield stresses
on temperature modify the response of the SMA with strain rate... This is the topic of the next
chapter.
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Most of the models currently available for shape memory materials do not account for strong
thermomechanical coupling, even though the sensitivity of the mechanical behavior of SMAs to
temperature is a commonly accepted fact. Thermomechanical coupling in SMAs is generally ex-
plained by the martensitic phase change being a first-order transformation that absorbs/releases
latent heat. For example, during a pseudoelastic cycle, the direct phase change is exothermic:
the latent heat is released to the surroundings. If the heat exchange with the surroundings is not
sufficient, the released heat causes an increase of the material temperature. During unloading,
the reverse phase change is endothermic resulting in an absorption of latent heat and causing a
temperature decrease if heat exchange with the surroundings is not sufficient [cf. Van Humbeeck
and Delaey, 1981; Shaw and Kyriakides, 1995; Zhu and Zhang, 2007]. Temperature variations
spark off changes in the mechanical response of the material, as explained by Ortin and Planes
[1989]:

• During forward phase change, the temperature of the SMA increases due to heat genera-
tion. As a result, austenite becomes more stable and higher stress is required to drive the
formation of martensite forward.

• During reverse phase change, because latent heat is predominant, the temperature of the
SMA decreases making martensite more stable. Stress must then be decreased further for
the reverse transformation to continue.

Temperature variations depend on heat exchange conditions and thus, the SMA mechanical
response may depend on geometry and/or strain rate. Therefore, accounting for thermome-
chanical coupling is required for accurate modeling of SMA behavior.
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This chapter is organized as follows: in the first section, detailed literature review on ex-
perimental evidence of thermomechanical coupling is given. The second section reviews the
different modellings that account for it. The third section shows how to introduce it in the ZM
model and gives the associated algorithm, while the fourth section is devoted to the discussion
of the results. Finally, the fifth section is an extension to cyclic loadings, with experimental and
modelling results.

4.1 experimental evidence of thermomechanical coupling

in sma

This section provides an overview of key experimental results available in literature, dealing
with thermomechanical coupling in Shape Memory Alloys.

4.1.1 Strain rate dependence

Van Humbeeck and Delaey [1981] seem to have pioneered the investigation on the influence of
strain rate on the superelastic response of Copper-based SMAs. Their experiments, conducted
at ambient temperature in air, show a clear dependence on strain rate of the forward trans-
formation stress. They also show that the variation of the hysteresis area and the difference
between the forward and reverse transformation plateaus evolve non-monotonously with strain
rate, with maximum hysteresis occuring at intermediate rates. The authors explain this behavior
by the thermomechanical coupling in material behavior and the exchange of heat with the sur-
roundings. They argue that, at high loading rate, a larger portion of the phase transformation
heat goes into heating the material. The increase in temperature increases the stress onset for for-
ward transformation and the slope of the tensile curves. For the highest strain rates, temperature
within the material is always higher than ambient temperature because of smaller heat exchange.
Consequently, the stress threshold for reverse phase change is higher than the one obtained for
isothermal experiment. Inversely, at intermediate strain rates, temperature increases above am-
bient during direct phase change and becomes lower than ambient during reverse phase change.
Thus, the stress threshold for reverse phase change is smaller than the isothermal one. This re-
sults in an increase of the hysteresis area at medium strain rates followed by a decrease at higher
strain rates. Mukherjee et al. [1985] made similar observations in the case of NiTi SMAs. The in-
fluence of strain rate is found to depend on the position of the four transformation temperatures
compared to the temperature during the experiment. This is also used to explain the presence
of residual strain for some experimental setups. Moreover, the authors show that, if the loading
cycle is paused, the onset of phase transformation will return to its isothermal value. (cf. Fig.
3 and 4 of [Mukherjee et al., 1985]). A thorough experimental study on strain-rate dependence
is given by Shaw and Kyriakides [1995]. The authors report higher amplitude of temperature
variation during a loading cycle for higher strain rates. The explanation they provide is similar
to the one given by Van Humbeeck and Delaey [1981]. Similar results are also reported by Leo
et al. [1993] and by He et al. [2010]. The variation of the area of the hysteresis loop with strain
rate can be explained by the relative position of the isothermal and non isothermal reverse phase
change plateaus. Indeed, if the strain rate is moderate, temperature increases during forward
phase change, but falls below the ambient value during the endothermic reverse phase change.
The resulting reverse phase change plateau is thus partly above and partly below the isothermal
plateau, and the hysteresis area increases. For higher strain rates, however, the increase in tem-
perature is such that the reverse transformation plateau remains above the isothermal plateau,
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which decreases the area of the hysteresis loop. Finally, McCormick et al. [1993] show that the
amplitude of temperature variation saturates at sufficiently high strain rates.

4.1.2 Influence of geometry and heat boundary conditions

Several authors carried out experiments on SMA samples in air and in water in order to un-
derstand the influence of the heat exchange coefficient on the way strain rate influences SMA
response. McCormick et al. [1993] showed that, for test samples submerged in water, a signifi-
cantly higher strain rate was required to obtain a sensible variation of the hysteresis area. This
was explained by the higher value of the heat transfer coefficient in this case. Shaw and Kyri-
akides [1995] reported similar experimental observations for a range of experiments conducted
in both air and water. They conclude that high strain rates and poor heat exchange with the
surroundings lead to excessive heating and distort the stress-strain curve. Leo et al. [1993] also
found that the increase of the hysteresis area with strain rate is reduced by higher heat transfer
between the surrounding medium and the specimen. Similar conclusions are given by He et al.
[2010] for experiments conducted in air; the variation in the heat transfer coefficient is achieved
in this case by changing the air flow around the SMA sample. It was found that the strain
rate, for which area of the hysteresis loop is maximal, increases with increased air convection.
The authors justify their findings by comparing two characteristic times: maximum hysteresis
area is achieved when the characteristic time of phase transition (characteristic of the material)
is approximately equal to the characteristic time of heat transfer time (which depends on the
boundary conditions). Recently, Grabe and Bruhns [2008] developed an experimental setup
allowing precise control of the temperature of the sample and used it to conduct isothermal
experiments at different strain rates. They found that the stress-strain response of the SMA is
not modified when the strain rate is varied. The authors also performed relaxation tests which
showed that no stress relaxation occurs within the material. They concluded that the viscosity
of SMAs is negligible. Piedboeuf et al. [1998] analyzed the effect of thermomechanical coupling
on the dynamic response of SMAs, with focus on the effect of strain amplitude, frequency and
temperature on their damping behavior. Within the same context, Heller et al. [2009] attributed
the variation of the superelastic damping capacity of SMAs with strain rate to the thermal effects
associated with martensitic transformations.

4.1.3 Cyclic evolution

Since components made of SMAs usually operate under cyclic thermomechanical loading,
their design requires reliable prediction of the material’s cyclic three-dimensional response and
fatigue resistance. To this end, several authors performed cyclic experiments in order to em-
phasize the influence of heat transfer on the cyclic response. Zhu and Zhang [2007] studied
the strain rate dependence for the cyclic behavior of SMA. To this aim, they performed cyclic
experiments on SMA wires which had been previously trained in order to remove all effects
of microstructure degradation. In the experiments, the first temperature cycles are not stable,
because the heat generated during a complete cycle by mechanical dissipation is different from
the heat lost to the surrounding medium. Consequently, the start and finish temperatures are
not equal, and the yield stress required to start the direct transformation of the next cycle is
different from the previous one: even for trained materials, thermomechanical coupling leads to
a variation of the stress-strain response while cycling at a given strain rate. However, after a few
cycles, thermal equilibrium is reached, and the start and finish temperatures become identical
for all subsequent cycles, resulting in a stabilization of the mechanical response, which depends
on the strain rate. The increase of the temperature amplitude with the strain rate has also been
reported by Tobushi et al. [1997], who studied the dependence of fatigue on the loading fre-
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quency for NiTi wires. Similar observations are made by McCormick et al. [1993]. Paradis et al.
[2008] studied the origin of the pause effect on SMA response; namely, when SMA structures are
subject to interrupted cyclic loadings, a transient phase is observed as if the material returns to
a training phase. It seems also that this pause effect has an influence on the fatigue life of SMAs.
They showed that the pause effect may be attributed to the thermal evolution of the specimen:
during the pause, the specimen temperature returns to the ambient temperature. This gives rise
to an increase of the dissipated energy just after the pause, until the specimen is in thermal
equilibrium, as shown by Zhu and Zhang [2007]. In this thermal equilibrium, the dissipated
energy has the same value as before the pause. During the pause, a part of the residual strain
disappears, which tends to prove that this part of the residual strain is due to a thermal effect
(a similar observation was made by Mukherjee et al. [1985]). He and Sun [2010] established
some general tendencies for temperature evolution during cyclic loading: whatever the loading
rate, a stabilized thermal cycle is always reached. Its temperature amplitude is increased when
the loading frequency is increased, but reaches a saturated value for high strain rates; its mean
temperature follows the same evolution. They developed a simple 1D analytical model to study
the cyclic evolution of temperature with strain rate. They divided each loading cycle into five
steps: during elastic steps, only heat convection leads to temperature change, whereas during
phase change steps, both latent heat and convection determine the temperature evolution. Their
simulations show that the higher the strain rate, the higher the number of cycles required to
reach an equilibrium state. Moreover, for higher strain rates, the mean stabilized temperature is
higher than the ambient temperature. On the one hand, the saturated amplitude of temperature
at high strain rates may be estimated with the latent heat, the heat capacity and the mechanical
dissipation. On the other hand, the temperature amplitude for each strain rate depends on the
mechanical dissipation, the heat capacity and on the ratio between the loading period and the
characteristic time for heat convection, as the amount of heat transferred to the surroundings is
exactly equal to the mechanical dissipation.

To our knowledge, no experimental investigation has been carried during the training phase
of SMAs.

4.2 literature review of the thermomechanical modelling

This section is devoted to the presentation of the different models in the literature that take
into account thermomechanical coupling.

4.2.1 Main ideas of the macroscopic modeling

Only few models take into account the thermomechanical coupling described in the previous
part. Most of the models accounting for thermomechanical coupling have three sets of equations:

• The first set of equation consists of the stress-strain relation, which can be written (either
for 1D or 3D models) as [cf. Auricchio and Sacco, 2001; Vitiello et al., 2005; Kadkhodaei
et al., 2007; Zhu and Zhang, 2007]:

σ = K : (ε− zεori) , (4.1)

where K is the elasticity tensor, z is the volume fraction of martensite, and εori is an
orientation strain tensor.

• The second set consists of an evolution law for the martensite volume fraction:

ż = f (σ, z, T) . (4.2)
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• The third set is an energy balance.

ρCpṪ + div q = b (4.3)

q.n = h (T − Text) . (4.4)

In these equations, div stands for the divergence operator, q is the heat flux, n the normal
vector to the surface, Cp is the heat capacity, b is the heat source: two major heat sources
are accounted for: the latent heat of phase change and the mechanical dissipation. Only
Entemeyer et al. [2001] proposed a model which does not account for mechanical dissipa-
tion; it is based on the findings of Peyroux et al. [1998], who argued that the mechanical
dissipation is zero. In a number of other models [cf. Auricchio and Sacco, 2001; Kadkho-
daei et al., 2007; Vitiello et al., 2005; Zhu and Zhang, 2007], the mechanical dissipation was
always accounted for. Finally, heat is assumed to be exchanged with the surroundings by
convection and h is the convective heat transfer coefficient.

4.2.2 The different models

Auricchio and Sacco [2001] developed a 1D model using the theory of irreversible thermody-
namics. The orientation strain is a scalar, identical for tension and compression. Their stress
relation accounts for thermal expansion. Consequently, the heat equation has an extra heat
source, the thermoelastic effect. The evolution equations were chosen to be linear and were nu-
merically solved using a backward Euler scheme. Their model is able to reproduce qualitatively
the experimental observations made by Lim and McDowell [2002]: variation of the phase change
plateaus with the strain rate, non monotonic variation of the hysteresis loop and temperature
variations. They also obtained the same tendencies for cyclic loadings, with a different stabilized
mean temperature according to the strain rate. Vitiello et al. [2005] employed the Tanaka’s model
[cf. Tanaka et al., 1986; Brinson and Huang, 1996] reduced to 1D to describe the stress-strain
relation and the evolution of the internal variables. The energy balance has two heat sources,
which are latent heat (because of martensite or austenite production) and mechanical dissipa-
tion (linked to internal friction). They compare the prediction of the model with experimental
results they obtain on 1 mm-diameter wire subjected to tensile loadings at different frequencies.
They neglect the thermal expansion before latent heat. The model gives very good agreement at
low strain rate for the stress-strain curve, and the accuracy decreases for higher strain rates (0.5
s−1) but remains reasonable. The discrepancies are explained by the assumption of a constant
heat generation during phase change, and a constant heat transfer coefficient. Kadkhodaei et al.
[2007] propose a 1D model based on the Brinson model [cf. Brinson, 1993] for the martensite
volume fraction evolution law. Their energy balance is obtained from the first principle where
thermal expansion, mechanical dissipation and latent heat are considered. The convective heat
transfer coefficient depends on temperature using different empirical relations. However, these
relations were obtained for stationary regimes but are employed for variable regime. The com-
parison of the different relations shows that it is possible to reproduce the strain rate dependence
on the hysteresis area with good accuracy for both mechanical and thermal responses. The effect
of geometry and cyclic behavior is investigated without providing experimental validation. With
regard to cyclic loadings, the authors reproduce the stabilization of the mechanical and thermal
responses after a few cycles. Zhu and Zhang [2007] investigated the evolution of the cyclic SMA
response for trained materials. Their model is a Voigt model coupled with an energy balance,
where two heat sources are taken into account: latent heat and intrinsic dissipation. The com-
plete set of equations is solved simultaneously using a fourth-order Runge-Kutta method. Their
model is able to reproduce qualitatively and quantitatively with reasonable accuracy the exper-
imental results previously described. Changes of phase transformation plateaus and hysteresis
area are correctly reproduced, even if the increase of the slopes is higher in the experiments than
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in their predictions. The tendencies of temperature variations are captured. The model is also
able to reproduce partial martensitic transformation.

The aim of this chapter is to propose extension of the ZM models to account for thermome-
chanical coupling, which are 3D models, whereas the majority of the coupled models are 1D and
do not always propose experimental validation. Moreover, it seems to be an important aspect
for fatigue design, as it leads to important modifications of the mechanical response (maximum
stress, size of the hysteresis area) as well as to dependence of the response on geometrical pa-
rameters or on heat exchange conditions.

4.3 introducing the thermomechanical coupling in the

zm model

This section details the obtention of the coupled problem as well as the algorithm needed for
numerical resolution.

4.3.1 Derivation of the heat equation

Heat capacity

The Helmholtz free energy W as defined in Eq. (2.1) does not include a heat capacity. This
shortcoming is addressed here by introducing a constant specific heat capacity Cp, the same for
austenite and martensite, such that the free energy W of the SMA can be written as

W =(1− z)

[

1

2
εA : KA : εA

]

+ z

[

1

2
(εM − εori) : KM : (εM − εori) +C(T)

]

+G
z2

2
+

z

2
[αz+β (1− z)]

(

2

3
εori : εori

)

+ ρCp

(

T − T0 − T ln

(

T

T0

))

,

(4.5)

ρ being the mass density of the alloy and T0 being a reference temperature. The assumption that
austenite and martensite have the same heat capacity simplifies the derivation of the constitutive
equations. Indeed, only the state equation for entropy is modified in this case with respect to
the original ZM model. If the heat capacity were dependent on the composition of the SMA,
the expression of the thermodynamic force driving phase change and, consequently, the yield
functions governing phase change would have been modified.

Heat equation

The introduction of a heat capacity modifies the state equation for entropy, which becomes

s = −
∂L

∂T
= ρCp ln

(

T

T0

)

− ξz. (4.6)

The expression of the intrinsic dissipation is obtained in Appendix A (Eq. (A.15)). Developing
the time derivative of the Helmholtz free energy, the intrinsic dissipation becomes:

D1 = Azż+Aori : ε̇ori > 0, (4.7)
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because the strain is not a dissipative mechanism. The intrinsic dissipation D1 can also be
written in terms of the Lagrangian L as follows:

D1 =T ṡ+ div q− r

=− T
∂2L

∂T∂ε
: ε̇− T

∂2L

∂T∂εori
: ε̇ori − T

∂2L

∂T∂z
ż− T

∂2L

∂T2
Ṫ + div q− r.

(4.8)

The first term on the right hand side accounts for thermoelastic effects and will be neglected. The
second term accounts for coupling due to the orientation of martensite, the third accounts for
latent heat and the fourth for heat capacity. Using Fourier’s law of heat conduction, q = −k∇T ,
and assuming the thermal conductivity k to be identical for austenite and martensite, the heat
equation is obtained:

ρCpṪ − div (k∇T) = −T
∂Aori

∂T
: ε̇ori − T

∂Az

∂T
ż+ r+D1. (4.9)

Here, only the heat generated by phase change is taken into account, because proportional
loadings are assumed for simplicity. As a consequence, heat generation due to martensite orien-
tation is null. If, moreover, phase change is considered to be the only dissipative mechanism, Eq.
(4.9) becomes

ρCpṪ − div (k∇T) = −T
∂Az

∂T
ż+Azż. (4.10)

Because Az is taken as a sub-gradient of the pseudopotential of dissipation and because the
pseudo-potential is homogeneous of degree one, the dissipation Azż is equal to [a (1− z) + bz] |ż|,
whence the equation

ρCpṪ − div (k∇T) = T
∂C(T)

∂T
ż+ [a (1− z) + bz] |ż| . (4.11)

The heat equation is coupled with metallurgical equation via the evolution of the marten-
site volume fraction. It is thus necessary to develop a coupled resolution of the whole set of
equations.

4.3.2 Position of the problem and getting the discrete equations

In this section, the complete coupled problem is presented, and the heat equation is discretized
to get a finite element formulation.

Sets of equations to be solved: strong thermomechanical coupling

The problem consists of computing the thermomechanical response of a superelastic shape
memory alloy structure occupying a volume Ω, assuming infinitesimal transformations and
quasi static loading. The structure is subject to a distribution of body forces f over Ω and contact
forces Td over part of the boundary ∂ΩT; displacement boundary conditions are prescribed on
the remaining part ∂Ωξ. Convective heat transfer is considered between the structure and its
surroundings.

The behavior of the structure can be determined by solving the following equations:

• Static and kinematic admissibility

divσ = f in Ω (4.12)

ξ = ξd in ∂Ωξ (4.13)

σ.n = Td in ∂ΩT (4.14)
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• Strain compatibility

ε =
1

2

(

∇ξ+t
∇ξ
)

in Ω (4.15)

• Constitutive equations for proportional loadings (cf. section 2.4.2 for further details on the
simplifications for proportional loadings):

σ = K : (ε− zγε0) in Ω (4.16)

where the evolution of z is governed by the phase change yield functions F1
z and F2

z (cf.
Eqs. (2.15) and (2.16), and ε0 is defined by Eq. (2.65).

• Heat equation

ρCpṪ − div (k∇T) = T
∂C(T)

∂T
ż+ [a (1− z) + bz] |ż| in Ω, (4.17)

q.n = h (T − Text) in ∂Ω, (4.18)

T (t = 0) = Text, (4.19)

where h is the convective heat transfer coefficient.

Discrete heat equation

The discretization of mechanical equations has already been presented in section 2.4 and only
requires spatial discretization. Solving the heat equation requires time and space discretization.
Using Stokes’ theorem, the following weak form can be obtained for the heat equation:

∫

Ω
ρCpṪw dV +

∫

Ω
k∇T . ∇w dV −

∫

∂Ω
k∇T . nw dS

=

∫

Ω
ξżTw dV +

∫

Ω
[a (1− z) + bz] |ż|w dV

(4.20)

where w is a test function taken to be equal to zero on the boundaries where temperature is
prescribed. Considering convective heat transfer only, the heat flux through the boundary is
given by q.n = h (T − Text) = −k∇T .n. Substituting into Eq. (4.20) gives

∫

Ω
ρCpṪw dV +

∫

Ω
k∇T . ∇w dV +

∫

∂Ω
hTw dS

=

∫

Ω
ξżTw dV +

∫

Ω
[a (1− z) + bz] |ż|w dV +

∫

∂Ω
hTextw dS.

(4.21)

The above equation can be arranged in the following form:

(C+Cl +Ch) .T +M.Ṫ = Q, (4.22)
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where C is the conductivity matrix, Cl is a latent heat matrix, Ch is a convection matrix, and
M is a heat capacity matrix. These matrices can be calculated as follows, φi and φj being
finite-element base functions:

Cij =

∫

Ω
k∇φi.∇φj dV, (4.23)

(Cl)ij = −

∫

Ω
ξφiφjż dV, (4.24)

(Ch)ij =

∫

∂Ω
hφiφj dS, (4.25)

Mij =

∫

Ω
ρCpφiφj dV, (4.26)

Qi =

∫

Ω
[a (1− z) + bz] |ż|φi dV +

∫

∂Ω
hTextφi dS. (4.27)

Using first-order implicit differentiation, the following approximations are obtained:

(Cl)
n+1
ij =

−1

∆t

∫

Ω
ξφiφj (zn+1 − zn) dV, (4.28)

Qn+1
i =

1

∆t

∫

Ω
[a (1− zn+1) + bzn+1] |zn+1 − zn|φi dV +

∫

∂Ω
hTextφi dS, (4.29)

where ∆t is the duration of the load increment. The implicit discrete heat equation can thus be
written as

(

C+Cl
n+1 +Ch

)

.Tn+1 +M.
Tn+1 − Tn

∆t
= Qn+1. (4.30)

The temperature at increment n+ 1 is then given by

Tn+1 =

(

C+Cl
n+1 +Ch +

M

∆t

)−1

.

(

Qn+1 +
M

∆t
.Tn

)

. (4.31)

Assuming the increment of volume fraction is known from a previous computation, this last
equation allows the computation of the increment of temperature. Let us detail the complete
coupled algorithm.

Algorithm for the coupled problem

Phase transformation thresholds in SMAs strongly depend on temperature, which is in turn
influenced by intrinsic dissipation and latent heat exchange during phase change. This is ac-
counted for by the equations in section 4.3, which can be solved using the algorithm in Table 8.
In this algorithm, Fn+1 is the loading applied on the structure at the instant tn+1, and ‖.‖ is for
instance the maximum norm over the second order tensor space.

4.4 results and interpretation

This section presents some experimental validation and limitation of the model, using experi-
mental results from literature. A study of the influence of the different heat sources is proposed,
to understand the effect of each source on the mechanical as well as the thermal responses. Fi-
nally, the model is shown to reproduce qualitatively well the effect of geometry and of boundary
conditions on the thermomechanical responses.
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Input: model parameters, σn, zn, Tn, Fn+1, three tolerances: tol1, tol2, tol3.
Output: εn+1, σn+1, zn+1, Tn+1.

Set k = 0, z
(0)
n+1 = zn, T

(0)
n+1 = Tn, S

(0)
n+1 = Sn.

1. Compute the isothermal response:

a) Compute the displacement field by solving the equilibrium equa-

tion: K
(

z
(k)
n+1

)

.U
(k)
n+1 = Fn+1.

b) Compute the strain field:

ε
(k)
n+1 = 1

2

(

∇U
(k)
n+1 +

t
∇U

(k)
n+1

)

.

c) Thermoelastic prediction and return mapping algorithm:

i. Compute the thermoelastic prediction: Eq. (2.67) and

evaluate the yield functions (i = 1, 2): F
z,(k)
i,n+1 =

Fz
i

(

σ
(k)
n+1, z

(k)
n+1, T

(k)
n+1

)

.

ii. If F
z,(k)
i,n+1 < 0 (or during the iterations

∣

∣

∣F
z,(k)
i,n+1

∣

∣

∣ < tol1) then

set k = k+ 1 and go to 1.(d).

iii. Compute the increment of the martensite volume fraction

∆z
(k+1)
n+1 (Eq. (2.73)).

iv. Update the state variables.

v. Set k = k+ 1 and go to 1.(c)

d) Compute the residual: R = K
(

z
(k+1)
n+1

)

.U
(k+1)
n+1 − Fn+1

e) If ‖R‖ > tol2 then go to 1.(a).

2. Compute the actual temperature by solving the heat equation (Eq.

(4.31), in which Tn, Tn+1, zn and zn+1 must be replaced by T
(k)
n+1,

T
(k+1)
n+1 , z

(k)
n+1 and z

(k+1)
n+1 resp.).

3. If
∣

∣

∣T
(k+1)
n+1 − T

(k)
n+1

∣

∣

∣ > tol3 T
(k)
n+1 then go to 1.(a).

4. End.

Table 8. Algorithm for the thermomechanical coupled ZM model.
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4.4.1 Experimental validation

A superelastic NiTi cylinder, 1 mm in diameter and 100 mm in length, is clamped on one end
and subject to controlled tensile displacement on the other end (cf. Fig. 36).

Figure 36. Geometry and boundary conditions of the specimen.

Four different loading rates are considered corresponding to strain rates of 4.10−5, 4.10−4,
4.10−3 and 4.10−2 s−1 respectively. Experimental data from Shaw and Kyriakides [1995] are
used to determine the parameters of the ZM model listed in Table 9.

Parameters values

EA 61500 MPa a 6.8920 MPa

EM 24000 MPa b 6.9091 MPa

ν 0.3 G 4.6556 MPa

α 2750 MPa β 5500 MPa

Y 110 MPa A0
f 40 ◦C

ξ 0.2914 MPa/◦C κ 6.8920 MPa

γ 4.0 % k 18 W.m−1.K−1

Cp 440 J.kg−1.K−1 hair 50 W.m−2.K−1

ρ 6500 kg.m−3 hwater 800 W.m−2.K−1

Table 9. Model parameters

Presentation of the results

Figs. 37a, 38a, 39a and 40a show a comparison between experimental data taken from Shaw
and Kyriakides and the simulations obtained using the model. In these figures, simulation
results are shown in solid/dashed line and experimental data are shown using markers. The
blue/red color indicates that the surrounding medium is water/air. Figs. 37b, 38b, 39b and 40b
represent temperature-strain curves for the different strain rates.

In Fig. 41a, the maximum amplitude of temperature variation is plotted using simulation and
experimental data. Error bars are used to indicate uncertainties on experimental measurements.
The agreement between experimental and numerical results is measured using the ratio

error =
|amplsimul − amplexp|

amplexp
(4.32)
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(b) Temperature-strain curves

Figure 37. Experimental vs. numerical stress-strain and temperature-strain curves for a strain rate of
4.10−5 s−1.
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(b) Temperature-strain curves

Figure 38. Experimental vs. numerical stress-strain and temperature-strain curves for a strain rate of
4.10−4 s−1.
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(b) Temperature-strain curves

Figure 39. Experimental vs. numerical stress-strain and temperature-strain curves for a strain rate of
4.10−3 s−1.
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Figure 40. Experimental vs. numerical stress-strain and temperature-strain curves for a strain rate of
4.10−2 s−1.
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where amplsimul and amplexp are the maximum amplitudes obtained respectively from simu-
lation and from experimental data. The simulation error is considered to be zero if it is less than
the uncertainty on experimental measurements. The errors are reported on Fig. 41b.
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Figure 41. (a) Experimental and simulated maximum amplitudes of temperature variation during a load-
ing cycle. The bars indicate uncertainties on experimental measurements. (b) Deviation from
experimental measurements of temperature variation amplitudes calculated using the coupled
ZM model.

Discussion

The following is a discussion of the above results:

• At a very low strain rate of 4.10−5 s−1, Figs. 37a and 37b show excellent agreement
between experiments and simulations both in water and in air. The behavior in this case is
nearly isothermal because of the predominance of convective heat transfer.

• At a higher strain rate of 4.10−4 s−1 (cf. Fig. 38a and 38b), good agreement is achieved with
the tests carried in water. An error of about 30 % is observed, however, for tests carried in
air. The error can be partly explained by the localization of phase change, which does not
necessarily occur uniformly over the test sample. Indeed, it can be seen on Fig. 38b that
the increase in temperature starts at 0.035 strain, suggesting that phase change at this point
is occurring slightly after it has already begun elsewhere within the test sample. Moreover,
the model does not correctly reproduce the increase of the direct phase transformation
stress with the strain rate, even though the slopes of the phase change plateaus are correctly
approximated.

• For the strain rate of 4.10−3 s−1 (cf. Fig. 39a and 39b), the error is still negligible for the
tests carried in water, but increases to about 100 % for tests carried in air. This large error
can again be partly explained by the localization of phase change, which gives an abrupt
increase of temperature toward the beginning of the transformation at the point where the
temperature is measured, followed by a gradual decrease. The model, on the other hand,
gives a more uniform temperature variation. Moreover, the reverse phase transformation
stress is overestimated by the model, which is coherent with the calculated temperature
being higher than the one measured at the onset of reverse phase change (cf. Fig. 39b).
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• Similar observations can be made regarding the stress-strain and temperature-strain curves
at 4.10−2 s−1, where the error on the amplitude of temperature variation remains negligi-
ble in water but increases up to 100 % in air.

The reader’s attention is brought to the fact that Shaw and Kyriakides [1995] performed dis-
placement controlled experiments in which local strain rates are not constant [cf. Fig. 13 in
Shaw and Kyriakides, 1995], since the deformation is not uniform in the structure. Furthermore,
parameters such as the SMA specific heat capacity and the convective heat transfer coefficient of
the test were not determined experimentally.

4.4.2 Influence of the different heat sources

The relative importance of latent heat and intrinsic dissipation on the overall thermomechan-
ical response of the material is now discussed. To this aim, the problem in section 4.3 is solved
considering only one of these heat sources to be active at a time. The results are shown in Fig.
42. The following observations can be made:
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Figure 42. Evolution of the mechanical and thermal responses depending on whether only the latent heat
or the intrinsic dissipation or both heat sources are considered in solving the heat equation.

• Latent heat seems to have predominant impact on temperature variation within the SMA
(one order of magnitude higher than that of intrinsic dissipation).

• Latent heat can be either absorbed or released during phase change whereas intrinsic dis-
sipation is always positive. The resulting temperature variation within the SMA can thus
be either positive or negative.

• If only the intrinsic dissipation is considered, the mechanical response is nearly isothermal
for the strain rates considered in this work.

4.4.3 Influence of geometry and boundary conditions on hysteresis area

Variation of the hysteresis area with the strain rate

From the experiments of Shaw and Kyriakides (see Figs. 37a to 40a), it seems that the hys-
teresis area varies non monotonously with the strain rate. The same conclusion has already
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been mentioned by Van Humbeeck [1991] and Auricchio and Sacco [2001]. The evolution of
the hysteresis area with respect to the strain rate and obtained numerically is given in Fig. 43.
At low strain rates, the hysteresis area is constant, then increases to reach a maximum and fi-
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Figure 43. Evolution of the hysteresis area with the strain rate. In this simulation, h = 50 W.m−2.K−1,
Text = 70 ◦C, r = 1 mm.

nally decreases. These observations may be explained by the relative evolution of the material
temperature with respect to the external temperature:

• When the temperature of the SMA is higher than the external temperature Text, the yield
stresses increase, leading to a greater slope of the stress-strain phase change plateau. The
increase of the phase change stress onset is more pronounced at higher strain rates (cf. Fig.
44).

• During reverse phase change, the position of the stress-strain curve with respect to the
quasi-static plateau depends on the evolution of the SMA temperature with respect to Text.
Indeed, if phase change starts at a temperature higher than Text, the yield stress becomes
higher than the isothermal yield stress at Text. In this case, the starting point of the reverse
plateau is shifted upwards. When the temperature becomes lower than Text, the yield
stress decreases and the reverse phase change plateau is shifted downwards (cf. Fig. 44).

It follows from the discussion above that for small strain rates, the area of the hysteresis loop
is practically the same as in the quasistatic case because the temperature variation is small.
For moderate strain rates, the material temperature oscillates around the external temperature,
producing a stress-strain response partly above and partly below the quasistatic stress-strain
curve. This can result in larger hysteresis. The above observations are qualitatively in agreement
with the experimental data taken from Shaw and Kyriakides.

Influence of geometry and boundary conditions

The position of the maximum depends on the thermal boundary conditions and on the ge-
ometry of the specimen. For instance, if the convective heat transfer coefficient is increased, the
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maximum of the curve moves towards higher strain rates (cf. Fig. 45a). If the radius of the
specimen is increased, the maximum of the curve moves towards lower strain rates (cf. Fig. 45b).
The evolution of the SMA’s temperature is determined by a competition between two effects:
heat conduction and convection. In the case of a larger radius, the former plays a major role,
resulting in temperature increase at constant strain rate.

This ends up the extension of the ZM monocycle model. As our aim is the fatigue design, it is
necessary to propose an extension of the cyclic model, so that to be able to determine a stabilized
thermomechanical cycle with good accuracy. This is the aim of the next section.

4.5 extension to the cyclic behavior

Unlike the different cyclic coupled models presented in the literature review, the ZM cyclic
model aims at reproducing the structure degradation that takes place in the untrained struc-
ture. Thus, the stabilized response is influenced by two different phenomena occuring in the
structure: thermomechanical coupling and microstructure degradation. After an experimental
investigation, the ZM cyclic model is extended to account for thermomechanical coupling and is
validated against experimental data.

4.5.1 Experimental investigation

The objective of this experimental investigation is to analyze thermomechanical coupling for
superelastic SMA wires subjected to cyclic loading. This is achieved by studying the dependence
of the mechanical response on strain rate and by interpreting it in terms of the variation of the
specimen temperature. Section 4.5.1 presents the experimental facilities and procedures. The
results are then presented and discussed.

Experimental facilities and procedures

material tested The material used in the experiments was a polycrystalline Ni-Ti in the form
of wires with a diameter of 2.0 mm and alloy composition of 56.1 wt% Ni obtained from AMF-
France. The experiments were conducted on wires from the same batch in order to limit the
influence of material composition on the mechanical response of the NiTi. The transformation
temperatures were obtained using Differential Scanning Calorimetry (DSC). They were found to
be as follows: Ms = 23 °C, Mf = 13 °C, As = 9 °C and Af = 24 °C.

experimental setup The experiments were carried using an MTS 810 universal testing ma-
chine with a maximum capacity of 100 kN. The strains were measured using an MTS exten-
someter (model 632.11C-20) with 50 mm gauge length and a precision of 0.01 %. Load and
extensometer signals were captured using an MTS TestStar II data acquisition board connected
to a personal computer. The external temperature was kept constant at 50 ±1 °C, using a Ser-
vathin hermetic enclosure, with temperature regulation. The material behaves heterogeneously
and experiences local temperature variations. Local temperature measurements were obtained
using three small thermocouples placed at different locations along the wire, in order to get
an average temperature. The thermocouples were exposed junction type "K" made of 0.25 mm
diameter wire. They were attached to the NiTi wires using 5 mm long heat shrink.

experimental procedure The experiments were carried at a constant external temperature
of 50 °C, which is higher than the transition temperature A0

f . The NiTi wire was subject to 50
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Figure 44. (a) Variation of the slopes of the phase change plateaus with respect to strain rate. (b) Evolution

of the phase change yield stress with respect to the strain rate in the Clapeyron diagram. In
both figures, the quasistatic curve is shown in blue, while the red curve corresponds to a strain
rate of 2.10−3 s−1.
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Figure 45. Evolution of the hysteresis area with the strain rate for (a) different convective heat transfer
coefficients (r = 1 mm) and for (b) specimens with different radii (h = 50 W.m−2.K−1). In both
simulations, Text = 70 ◦C.
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cycles of quasistatic tensile loading at constant strain rates between 1.10−4 and 5.10−3 s−1. The
maximum load (about 800 MPa) is chosen higher than the martensitic finish stress.

Results

The reproducibility of the experimental results is first investigated. Then, the mechanical
results are presented, followed by the thermal ones.

reproducibility of the experiments Each test at a prescribed strain rate was carried twice.
Mechanical reproducibility: Good reproducibility is obtained for all cycles (see Figs. 46-48):

yield stresses, hysteresis areas and maximum strains are the same for both tests. There is some
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Figure 46. Reproducibility of the first stress-strain cycle at different strain rates.

difference, however, in the amount of the observed residual strain after the transient phase (see
Fig. 47 for the 20th cycle and Fig. 48 for the 40th cycle). The overall reproducibility remains
satisfactory in terms of phase transformation stresses and plateaus, and size of hysteresis.
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Figure 47. Reproducibility of the 20th stress-strain cycle at different strain rates.

Thermal reproducibility Figs. 49-51 show that the evolution of temperature during cycling is
reproducible for different strain rates.

Overall, the thermomechanical response of the NiTi wires is reproducible for the loading
conditions considered in this paper. The results can thus be used for analyzing the strongly
coupled superelastic behavior of the material.

evolution of the mechanical response with the strain rate In this section, the influ-
ence of strain rate on hysteresis is investigated for both transient and stabilized states.
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Figure 48. Reproducibility of the 40th stress-strain cycle at different strain rates.
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Figure 49. Evolution of the average temperature for cycles 1, 20 and 40 at ε̇ = 1.10−4 s−1.
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Figure 50. Evolution of the average temperature for cycles 1, 20 and 40 at ε̇ = 5.10−4 s−1.
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Figure 51. Evolution of the average temperature for cycles 1, 20 and 40 at ε̇ = 5.10−3 s−1.
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In Fig. 52, stress-strain curves of the first cycles are given for all the strain rates considered
for the tests. The martensite start yield stress is independent of the strain rate for the first cycle.
However, a variation in the slopes of the phase change plateaus can be noticed. This variation is
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Figure 52. Stress-strain curves of the first cycles for all tested strain rates.

especially visible for the direct phase change plateau reported on Fig. 53a: the slope increases
with increasing strain rate. The evolution of hysteresis is non monotonic with a maximum at
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Figure 53. Evolution of the slopes of the direct phase change plateau with respect to the strain rate.

10−3 s−1 strain rate as shown in Fig. 54a.

Let us now recall the main characteristics of the stress strain response of an SMA subject to a
pseudoelastic cyclic loading (cf. Fig. 55a, [Zaki and Moumni, 2007b], section 2.2.2):

• decrease of the martensite phase change yield stress,

• increase of the residual strain,

• decrease of the hysteresis area (cf. Fig. 55b).

All these properties stabilize after a few cycles (here, about 20 cycles). The evolution of these
three main properties varies with the strain rate at the stabilized cycle. The slope of the direct
phase change plateau still increases with the strain rate while cycling, and is bigger at the sta-
bilized cycle than at the first one (cf. Fig. 53b-(c)). Concerning the evolution of the hysteresis
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Figure 54. Evolution of the hysteresis area.
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Figure 55. (a) Cyclic stress-strain response of an SMA wire subject to pseudoelastic cyclic loading. (b)
Evolution of the hysteresis area with respect to the number of cycles. For both figures, ε̇ = 10−3

s−1.
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area, a non monotonic evolution is still observed during cycling, with a maximum at the same
strain rate (1.10−3 s−1) (cf. Fig. 54b-(c)). The martensite start yield stress tends to decrease with
the strain rate at the stabilized cycle (cf. Fig. 56a). This is in agreement with the temperature
evolutions on Fig. 56b.
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Figure 56. (a) Evolution of the martensite start yield stress with respect to the strain rate. (b) Evolution of
the temperature at the phase change yield stress.

evolution of the thermal response The temperature evolution during the first twenty cy-
cles is given in Fig. 57 for different strain rates. For a given cycle, the temperature increases
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Figure 57. Stabilization of the temperature evolution during cycling for three different strain rates.

during forward phase change (exothermic transformation) and decreases during reverse phase
change (endothermic transformation) (cf. e.g. Fig. 50). This is independent of the cycle and
of the strain rate. However, the average temperature of the cycle as well as the temperature
amplitude strongly depend on the strain rate. Maximum and minimum temperature values for
the first and the 20th cycles with respect to the strain rate are reported on Fig. 58a and (c), and
the amplitudes on Fig. 58b and (d).

Discussion

At the first cycle, the martensite start yield stress does not depend on the strain rate. Indeed,
during elastic loading, the variation in temperature is negligible because it can only come from
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Figure 58. (a) and (c): Evolution of the minimum (circles) and maximum (crosses) temperatures with
respect to the strain rate. (b) and (d): Evolution of the temperature amplitudes with respect to
the strain rate.
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thermoelastic effects. Therefore, the yield stress does not vary with the strain rate. However, a
small decrease of the stress can be noticed after the yield stress, which can be explained by the
localization of phase change (cf. Li and Sun [2002]). Moreover, the evolution of the slopes of
the phase change plateaus as well as the evolution of the hysteresis area with respect to strain
rate may be explained by the relative evolution of the material temperature with respect to the
external temperature:

• When the temperature of the SMA is higher than the external temperature Text, the yield
stresses increase, leading to a greater slope of the stress-strain phase change plateau. The
increase of the phase change stress onset is more pronounced at higher strain rates (cf. Fig.
52).

• During reverse phase change, the position of the stress-strain curve with respect to the
quasi-static plateau depends on the evolution of the SMA temperature with respect to Text.
Indeed, if phase change starts at a temperature higher than Text, the yield stress becomes
higher than the isothermal yield stress at Text. In this case, the starting point of the reverse
plateau is shifted upwards. When the temperature becomes lower than Text, the yield
stress decreases and the reverse phase change plateau is shifted downwards (cf. Fig. 52).

It follows from the discussion above that for small strain rates, the area of the hysteresis loop
is practically the same as in the quasistatic case because the temperature variation is small (cf.
Fig. 57a). For moderate strain rates, the material temperature oscillates around the external
temperature, producing a stress-strain response partly above and partly below the quasistatic
stress-strain curve (cf. Fig. 57b). This can result in larger hysteresis. The position of the maxi-
mum depends on the thermal boundary conditions and on the geometry of the specimen.

During cycling, the temperature evolution tends to stabilize (cf. Fig. 57). The stabilization
depends on strain rate and influences the evolution of the yield stresses. Indeed, the higher the
strain rate, the smaller the temperature at the beginning of a cycle (cf. Fig. 56b), and thus the
smaller the direct phase change yield stress (cf. Fig. 56a). This also explains the higher increase
of the plateaus (cf. Fig. 53): during the beginning of the direct phase change, both convection
and latent heat contribute to increasing the temperature of the material, resulting in higher yield
stress. It is worth noticing that the maximum of hysteresis area is always reached for the same
strain rate: this could be explained by the thermomechanical coupling (cf. Fig. 54). For a given
strain rate, the characteristic time related to heat production as well as the characteristic time
related to propagation of heat by convection only depend on the geometry of the specimen and
on the thermal boundary conditions, and are thus constant when the number of cycles increases.
Those two characteristic times govern the evolution of temperature in the specimen during both
direct and reverse phase change. Depending on these times, temperature remains above or
becomes lower than the initial temperature. Thus, they govern the relative position of the phase
change plateaus with respect to the isothermal ones, and consequently the size of the hysteresis
loop.

4.5.2 Modelling

The modelling of the coupled cyclic model follows the same ideas as for the monocycle model:
a heat capacity is introduced into the free energy and the heat equation is derived.
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Heat equation and heat sources

Taking into account the thermomechanical coupling requires the derivation of the heat equa-
tion. The entropy s is obtained from the expression of the Lagrangian (2.22), to which a heat
capacity is added, by:

s = −
∂L

∂T
= ρCp ln

(

T

T0

)

− ξz. (4.33)

The combination of first and second laws of thermodynamics leads to the expression of the heat
equation:

ρCpṪ − div (k∇T) = r+D1 − T
∂s

∂z
ż, (4.34)

where the Fourier’s law for heat conduction with a constant thermal conductivity k has been
assumed : q = −k∇T . The density of internal heat generation r is equal to zero. Besides, the
intrinsic dissipation is:

D1 = Azż+Aori : ε̇ori +AB : Ḃ+Ar : ε̇r +Aeże, (4.35)

For physical reasons, the term Aeże, related to the evolution of the cumulative fraction of marten-
site, is neglected, since the dissipative phenomenon is the formation of martensite, governed by
the term Azż. The term related to the orientation of martensite Aori : ε̇ori is also neglected,
because the orientation of εori is taken to be constant. Thus, the heat equation becomes:

ρCpṪ − k∆T = Azż+AB : Ḃ+Ar : ε̇r + Tξż (4.36)

Coupled problem

The coupled problem is composed of the same set of equations as previously:

• equilibrium equations (Eq. (4.12)-(4.14)) and strain compatibility (Eq. (4.15)),

• constitutive equations (Eq. (2.24) and complementary laws),

• heat equation (Eq. (4.36)) and boundary conditions (Eqs. (4.18)-(4.19)).

The coupled algorithm can be easily adapted from Table 8 as:

• the discretization of the mechanical problem has already been detailed in section 2.4.2
(return mapping algorithm in Table 4);

• The discretization of the heat equation is similar to the one of section 4.3.2.

4.5.3 Validation of the coupled model

The experiments carried in section 4.5.1 are simulated using the cyclic model. The structure, an
SMA wire, is subject to a mechanical pseudoelastic loading, with a constant external temperature.
Thus, temperature variations only come from dissipation, latent heat or convection.
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Numerical considerations

We consider a superelastic SMA wire, with a diameter of 2 mm and a length of 100 mm. It is
clamped on one end and subjected to prescribed tensile displacement on the other end (cf. Fig.
59). Maximum and minimum stresses to be reached are fixed. Six different loading rates are
considered: 1.10−4, 3.10−4, 5.10−4, 1.10−3, 2.510−3 and 5.10−3 s−1 respectively. The parameters
of the model are determined with the procedure described in Zaki and Moumni [2007b] using
the lowest strain rate experiment. They are listed in Table 10. The response of the SMA is plotted
for a point situated on the external surface of the wire. 20 cycles have been computed for all
strain rates.

Parameters values

EA 69708 MPa EM 33029 MPa

ν 0.3 τ 21

a(0) 7.2205 MPa a(sat) 2.2464 MPa

b(0) 7.5122 MPa b(sat) 2.7739 MPa

G(0) 6.3795 MPa G(sat) 8.8736 MPa

α(0) 1956.5 MPa α(sat) 2689.5 MPa

β(0) 4103.1 MPa β(sat) 5640.4 MPa

ξ(0) 0.4 MPa/◦C ξ(sat) 0.15 MPa/◦C

κ(0) 16.6805 MPa κ(sat) 13.0546 MPa

γ(0) 5.0 % γ(sat) 3.71 %

ε
(sat)
r 2.17 % B(sat) 209 MPa

Y 107.3 MPa T0 50 ◦C

Cp 440 J.kg−1.K−1 hair 110 W.m−2.K−1

ρ 6500 kg.m−3 k 18 W.m−1.K−1

Table 10. Model parameters

Experimental comparison for the first loading cycle

In Fig. 60, the simulated stress-strain response for the SMA wires is shown to closely fit the ex-
perimental tensile curves for different strain rates. However, in experiments, instabilities appear
during the starting of phase transformation due to the propagation of the phase transformation
front [cf. Li and Sun, 2002]. This phenomenon is not reproduced by the simulations since our
model does not account for localization phenomena. Fig. 61 presents the comparison of the
hysteresis areas. As expected, the evolution of the hysteresis area with respect to the strain rate
has a non monotonic evolution (cf. Fig. 61a). Good agreement is achieved since the maximum
error is 8.6 % (cf. Fig. 61b). Finally, Fig. 62 is a comparison between experimental and simulated
maximum and minimum temperatures. Good agreement is achieved at low and moderate strain
rates. At high strain rates, the reduced accuracy could be explained by the accentuation of the
localization phenomenon with the strain rate.
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Figure 59. Geometry of the specimen used for the numerical simulations
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Figure 60. Comparison of the first cycle obtained by the experiments (blue) and the simulation (red) for
the different strain rates.
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Figure 61. (a) Comparison of the evolution of the hysteresis areas obtained by the experiments (blue) and
by the simulations (red). (b) Error on the numerical estimation of the area by comparison with
the experimental area.
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Cyclic evolution

In this section, a comparison of one intermediate cycle is presented. Fig. 63 is a comparison
of the mechanical response at the 10th cycle. Good qualitative agreement is achieved, although
the model predicts higher hysteresis area than experimentally observed (cf. Fig. 64a). However,
temperature predictions are satisfactory (cf. Fig. 64b), especially at low and moderate strain
rates. The error can be explained by the evolution of some parameters of the model, which
might not be represented by the same exponential function as the others. It is interesting to note
that the model correctly predicts the strain rate at which maximum hysteresis area is achieved.

Stabilized cycle

According to the results presented in Section 4.5.1, the 20th cycle is considered as the stabilized
cycle. Fig. 65 reports the comparison between the experimental and the simulated values at all
strain rates. Good agreement is achieved for low and moderate strain rates. However, at high
strain rates, a small error is observed when comparing the slopes of the phase transformation
plateaus. Nevertheless, the error made on the calculation of the hysteresis area is less than 10
% (cf. Fig. 66b), which is acceptable since we are mainly interested by the size of the hysteresis
area at the stabilized cycle to evaluate the fatigue lifetime of the SMA. Moreover, the simulations
reproduce well the maximum value of the hysteresis area at the same strain rate given by the
experiments (namely 10−3 s−1) (cf. Fig. 66a). Finally, Fig. 67a shows that the evolution of
temperature is well captured for all strain rates. In fact, the maximum error is less than 9 % as
given in Fig. 67b.
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Figure 62. (a) Comparison of the minimum (circles) and maximum (crosses) temperatures over the first
cycle obtained by the experiments (blue) and by the simulations (red). (b) Error on the numerical
estimation of these temperatures by comparison with the experimental values.
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Figure 63. Comparison of the 10th cycle obtained by the experiments (blue) and the simulation (red) for
the different strain rates.
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Figure 64. (a): Comparison of the hysteresis areas obtained from the experiments (blue) and from the sim-
ulations (red) for the 10th cycle (transient response). (b): Comparison of the maximum (crosses)
and minimum (circles) temperature values over the 10th cycle obtained by the experiments
(blue) or by the simulations (red).
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Figure 65. Comparison of the stabilized cycle obtained by the experiments (blue) and the simulation (red)
for the different strain rates.
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Figure 66. (a) Comparison of the evolution of the hysteresis areas obtained by the experiments (blue) and
by the simulations (red) for the stabilized cycle. (b) Error on the numerical estimation of the
area by comparison with the experimental one.
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Figure 67. (a) Comparison of the minimum (circles) and maximum (crosses) temperatures over the stabi-
lized cycle obtained by the experiments (blue) and by the simulations (red). (b) Error on the
numerical estimation of these temperatures by comparison with the experimental values.
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4.6 conclusion

The monocycle ZM model for SMA is extended to account for thermomechanical coupling. It
is implemented into the finite element code Cast3m, considering strong coupling between me-
chanical and thermal equations. Quantitative and qualitative comparisons between experiments
and simulations at low strain rates show good agreement for both thermal and mechanical
responses. However, for high strain rates the agreement is achieved only qualitatively. This
discrepancy may be explained by the occurrence of the localization of the martensitic transfor-
mation which is not considered in our model. The model accounts for intrinsic dissipation,
which explains the formation of the hysteresis loop even for quasistic loading conditions, and
latent heat, which was found to be predominant when solving the heat equation. The lim-
ited influence of dissipation on the temperature of the material should not be interpreted as a
complete absence of intrinsic dissipation. Then, an experimental and theoretical study of the
thermomechanical coupling in SMAs in the cyclic pseudoelastic regime has been provided. First,
an experimental analysis has been performed using superelastic NiTi wires subjected to cyclic
loadings. The obtained results give an explanation of the evolution of the mechanical response
with the strain rate. Namely, the analysis of the thermal results allow to associate this depen-
dence to the thermomechanical coupling. For example, the stabilized cycle is greatly influenced
by the thermomechanical coupling, because phase transformation yield stresses and slopes as
well as hysteresis area change with strain rate. In addition, it is shown that the hysteresis area
follows a non-monotonic evolution with the strain rate for both the transient and the stabilized
responses and that the maximum is reached for a strain rate of 1.10−3 s−1. Second, in order to
account for the cyclic thermomechanical coupling, a model was developed and validated against
experimental data. A good correlation is achieved for both the transient and the stabilized me-
chanical responses for all strain rates. The thermal response is also reproduced, but with lower
accuracy especially at high strain rates. The simulation reproduces the non monotonic evolution
of the hysteresis area at the stabilized cycle, with a maximum error of 8 %.

The next step is to correlate these observations with the fatigue lifetime of SMA structure.
Indeed, following Moumni et al. [2005], the number of cycles to failure Nf is related to the
hysteresis area W at the stabilized cycle through a power law:

W = mN
p
f ,

where m and p are material constants. Since the evolution of the hysteresis area is non monotonic
with respect to the strain rate, a non monotonic evolution of the fatigue lifetime can be expected,
with a minimum corresponding to maximum hysteresis, since the fatigue of SMA structures
depends on the loading frequency. This will be discussed in Chapter 6, dealing with fatigue.

Before dealing with the fatigue criterion, we propose to develop a numerical method to reduce
the computation time that can be prohibitive as soon as an important number of cycles has to be
computed on a structure with a large number of degrees of freedom.
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The determination of the number of cycles to failure of complex superelastic structures re-
quires

• a reliable constitutive law,

• the computation of the asymptotic state of the structure,

• a proper fatigue criterion.

The previous chapters developed extensions of the ZM models to allow precise prediction of the
asymptotic state. Indeed, the fatigue criterion uses the asymptotic state of the structure as an
input parameter, assuming that the structure spends the larger part of its life in this asymptotic
state1. It becomes then theoretically possible to determine the number of cycles to failure of
complex superelastic structures [see Moumni et al., 2009].

The time required to compute the stabilized response of a structure subject to cyclic mechanical
loading can be prohibitive, due to the tens of cycles that have to be computed to reach the
asymptotic state. The reduction of this computation time is of prime importance for industrial
applications. To this aim, different approaches have been proposed in literature, mainly for
elasto-plastic constitutive laws and are presented below.

This chapter aims at extending one of these numerical methods allowing a reduction in com-
putation time for the determination of the stabilized state of an SMA structure subject to cyclic
loadings. Among the different existing methods, we choose the Direct Cyclic Method. After a
brief literature review on the shakedown theory and on direct methods, the Direct Cyclic Method
is extended to SMA behavior and its efficiency is tested on three loading paths.

5.1 literature review on the numerical methods

The development of direct cyclic methods is based on the assumption that the structure un-
der cyclic mechanical loading reaches a stabilized state. The stabilization of the mechanical

1 This is experimentally verified for Shape Memory Alloys, when looking, for instance, at the evolution of the hysteresis
area with the number of cycles.
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response is the purpose of several works that give conditions for the occurence of stabilization,
independently from initial state and loading path.

5.1.1 Shakedown

Three different asymptotic states are usually defined for a structure subject to cyclic mechani-
cal loadings:

• The elastic shakedown corresponds to an elastic asymptotic state. Inelastic deformations
reach constant values, and the total dissipated energy remains bounded with respect to
time. This leads to high cycle fatigue.

• The plastic shakedown. In this case, inelastic deformations occur during each cycle but
become periodic: they have the same value at the beginning and at the end of the cycle.
The dissipated energy reaches a constant value, but the cumulated dissipated energy goes
to infinity when time goes to infinity. This leads to low cycle fatigue.

• Ratchetting. It may be possible that the structure never reaches an asymptotic state; the
response always evolves between two consecutive cycles. The collapse of the structure
occurs in a very low number of cycles.

Different theoretical studies have been performed for elasto-plastic materials to give conditions
for the occurrence of one asymtotic state. The first ones are the successive works of Melan
[1936] and Koiter [1960], who gave a theorem with sufficient conditions for elastic shakedown
of an elastic perfectly plastic material. This condition is path independent, and independent
of the initial state of the structure. This work has been successfully extended to other elasto-
plastic constitutive laws (see [Nguyen, 2003] and references therein). Three contributions have
been published for Shape Memory Alloys. Feng and Sun [2007] use the constitutive law from
Raniecki and Lexcellent [1998] and deal with plastic shakedown, in the sense that phase transfor-
mation deformation occurs at each cycle. However, Pham [2008] shows that their approach is for
different reasons not path independent. Wu et al. [1999] give some results on the shakedown in
SMAs but it remains a local approach. Recently, Peigney [2010] states some sufficient conditions
for the energy dissipation to remain bounded, independently of the initial state.

In our case, we did not verify that the conditions given by Peigney [2010] are verified, but we
assume that the structure reaches an asymptotic state.

5.1.2 Direct methods

The different methods proposed to reduce computation time aim at determining the asymp-
totic material state directly, without going through the whole loading history (unlike the incre-
mental method, in which the loading history is divided into increments to ensure convergence).

Among these approaches, Peigney and Stolz [2003] propose a method based on the optimal
control theory. The asymptotic state is calculated as the solution of a minimization problem.
The minimized function represents the elastic energy of a generalized stress field associated
to the distance to periodicity (the function is equal to zero when the solution is periodic). A
finite-element simulation is developed, introducing the adjoint state of the function.

Zarka et al. [1998] proposed a simplified method, which allows a direct computation of the
stabilized cycle based on the introduction of a transformed parameter linked to both the local
behavior and to the structural coupling.

A Direct Cyclic Method was developed by Maitournam et al. [2002] based on a method pro-
posed by Akel and Nguyen [1989] to directly calculate the stabilized state and on the Large Time
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Increment Method developed by Ladevèze [cf. Boisse et al., 1990]. The LATIN Method separates
the equations into the equations for the static and kinematic admissibility (global equations) and
the constitutive law, giving the evolution of the internal variables (local equations). The problem
is directly solved on the whole loading time, solving iteratively each set of equations until the
solution verifies simultaneously both sets. Two time scales are introduced: a large one to capture
slow evolutions between cycles, and a small one to capture rapid variations inside a cycle. This
allows faster determination of the solution.

In other studies, modified alternative finite elements methods are proposed to allow faster
computation of the mechanical response. Namely, Masud and Xia [2006] developed a variational
multiscale method following the work of Hughes [1995], in which the displacement field is de-
composed into coarse and fine scales, allowing arbitrary combinations of interpolation functions.
It has been applied to an SMA constitutive law and leads to interesting gain of computation time.
Following the same idea of Hughes [1995], another finite element method have been developed
for elastoplasticity by Commend et al. [2004] employing Petrov-Galerkin method.

5.2 the direct cyclic method for sma behavior

In this section, the Direct Cyclic Method (DCM) is extended to the SMA pseudoelastic behav-
ior: the numerical algorithm is detailed and results in tension, torsion and bending are presented,
exhibiting the gain of time allowed by this method.

5.2.1 Main ideas

DCM allows accelerated computation, under certain conditions, of the stabilized response of
an elastoplastic structure subjected to cyclic thermomechanical loading. This is achieved using
a Large Time Increment Method [cf. Boisse et al., 1990] in which periodicity is enforced on the
state variables [cf. Maitournam et al., 2002]. The stabilized response is determined without
considering the complete loading history and is typically used as an input for fatigue criteria
like Moumni’s [cf. Moumni et al., 2005]. Compared to the classical incremental technique, DCM
was shown to be very time-efficient.

In the case of the cyclic ZM model for shape memory alloys, only approximate periodicity can
be achieved in a finite number of cycles. Indeed, the model incorporates a number of parameters
and state variables that reach asymptotic values only for infinite cumulated martensite volume
fraction (cf. Eq. (2.20)). DCM can still be used, nonetheless, to determine an approximate
stabilized state within some predefined tolerance from the exact asymptotic state.

In practice, the Direct Cyclic Method is built around two major concepts:

1. The first is the separation of the global and local simulation stages. The global stage re-
quires the inversion of a linear but usually large system of equilibrium equations over a
complete loading cycle, while the local stage typically involves solving nonlinear comple-
mentary equations over the same cycle.

2. The second is the explicit enforcement of periodicity on the state variables, since the stabi-
lized solution will necessarily be periodic.

Convergence is achieved once a periodic solution is reached that satisfies the global and
local equations simultaneously over a complete cycle.

In the original DCM proposed by Maitournam et al. [2002], a Fourier transform was used to
accelerate the computation of the global stage. However, this requires a constant stiffness, to
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avoid complex inversion of the stiffness matrix, which can not be assured for the ZM constitutive
law.

5.2.2 Numerical algorithm

The loading cycle is divided into N intervals. At each time step n = 1 . . . N, let fn, Td
n,

ξdn be the external body force, the contact forces and the imposed displacement applied. The

superscript (k) denotes the iteration number, one iteration consisting of global and local and
periodicity stages.

Initialization

An initial estimate of the solution (k = 0) is classically determined by solving an elastic prob-
lem over the cycle, assuming that the dissipated variables are equal to zero:

∀n = 1...N, z
(k=0)
n = z

(k=0)
e,n = 0 and B

(k=0)
n = ε

(k=0)
ori,n = ε

(k=0)
r,n = 0. (5.1)

Global stage

The global stage aims to calculate stress and strain fields that are kinematically and statically
admissible throughout the loading cycle by solving at the k-th iteration:

∀n = 1...N, div
(

σ
(k)
n

)

+ fn = 0 in Ω

ξ
(k)
n = ξdn in ∂Ωξ

σ
(k)
n .n = Td

n in ∂ΩT

(5.2)

The internal variables are assumed to be known from a previous iteration (k− 1) or from initial
conditions (k = 0) and are kept constant during this stage:

∀n = 1...N, z
(k)
n = z

(k−1)
n , z

(k)
e,n = z

(k−1)
e,n B

(k)
n = B

(k−1)
n , ε

(k)
ori,n = ε

(k−1)
ori,n , ε

(k)
r,n = ε

(k−1)
r,n . (5.3)

For instance, the global stage for k = 0 is the resolution of elastic problems over the whole cycle,
because the dissipative variables are equal to zero (cf. Eq. (5.1)). A weak form of the equilibrium
equations (5.2) is given by:

∀w ∈ C,

∫

Ω
σ
(k)
n : ε [w] dV =

∫

Ω
ρfn.w dV +

∫

∂Ωξ

T
(k)
n .w dS+

∫

∂ΩT

Td
n.w dS. (5.4)

where w is a test function belonging to C, group of displacement fields which are continuous

and regular over Ω, and T
(k)
n is the reaction associated with the prescribed displacement ξdn on

the part of the boundary ∂Ωξ where prescribed displacements are imposed. Introducing the
constitutive law (2.74) in this weak form gives:

∀w ∈ C,

∫

Ω
ε
(k)
n

[

ξ
(k)
n

]

: K
(k)
n : ε [w] dV =

∫

Ω
ρfn.w dV +

∫

∂Ωξ

T
(k)
n .w dS

+

∫

∂ΩT

Td
n.w dS+

∫

Ω

(

ε
(k)
r,n + z

(k)
n ε

(k)
ori,n

)

: K
(k)
n ε [w] dV .

(5.5)

where ξ
(k)
n is the displacement field solution of the problem (5.2). As the dissipative variables

are assumed to be constant during this stage, they are in the right part of the equation. This
leads to the classical Galerkin formulation of the problem:

[K] {U} = {F} , (5.6)
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where {U} is the generalized displacement vector, [K] is the stiffness matrix which depends on
the martensite volume fraction z in the case of the ZM model (cf. Eq. (2.11)), and {F} is the gen-
eralized force vector, in which the inelastic strains are taken into account as nodal forces as long
as they are constant during this stage. Inverting this equation allows to obtain the displacement
field kinematically admissible. The strain and stress fields are obtained respectively using Eqs.
(2.60) and (2.74).

After the global stage, the solution calculated over the whole cycle is checked for periodicity
and admissibility with the constitutive laws:

• Periodicity: This has sense only until the second iteration, since the test for periodicity is
done at the end of the local stage. If the test (5.8) is satisfied, then the periodicity condition
is reached.

• Admissibility with the constitutive laws:

∀n = 1...N, F1
z

(

σ
(k)
n , z

(k)
n ,B

(k)
n , z

(k)
e,n

) ?
6 0 and F2

z

(

σ
(k)
n , z

(k)
n ,B

(k)
n , z

(k)
e,n

) ?
6 0 (5.7)

If these two conditions are fulfilled, the solution, which is also kinematically and statically ad-
missible with the input data, is the stabilized response of the material. If the admissibility and
periodicity requirements are not met, local and periodicity stages are computed, and then an-
other iteration is carried. This process stops when the difference between the periodic quantities
kinematically and statically admissible and the quantities admissible with the constitutive laws
is small.

Local stage

The local stage modifies the internal variables and the stress field over the whole cycle in
order that the constitutive law (Eqs. (2.74), (2.28), (2.29), (2.30)) is verified at each load increment.
The increments of the internal variables are determined using the return mapping algorithm
described in Table 4.

After the local stage, the solution is checked for periodicity and the result of this test is saved
until the end of the next global stage:

for f = {B,εr, γ} ,
∣

∣

∣f
(k)
N − f

(k)
0

∣

∣

∣

?
6 tolerance (5.8)

where f0 and fN are the values of the field at the initial and final time of the loading cycle
respectively.

Periodicity

The periodicity condition is then enforced on variables B, εr and ze:

for f = {B,εr, γ} , f
(k+1)
0 = f

(k)
N . (5.9)

This guarantees the periodicity of the other variables, namely the stress σ, and the material
parameters that depend on ze (i.e. a, b, G, α, β, γ, ξ, κ).

The algorithm for the Direct Cyclic Method adapted for use with the ZM model is given in
Table 11.
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Input: model parameters, loading cycle discretized into N intervals, initial and boundary condi-
tions.
Output: stabilized stress, strain and internal variables fields over the loading cycle.

1. Initialization: Set k = 0 and set the dissipative variables equal to zero for each load incre-
ment (Eqs. (5.1))

2. Global stage: For each load increment n = 1 . . . N:

• Set the dissipative variables to their values at the end of the previous iteration using
Eq. (5.3).

• Calculate the parameters (a, b, G, α, β, γ, ξ, κ) that depend on ze with Eq. (2.20),

• Update the stiffness matrix according to Eq. (2.11) and compute the generalized forces
from the right-hand part of Eq. (5.5),

• Calculate the displacement increments by solving Eq. (5.6),

• Calculate the strain and stress fields (cf. Eqs. (2.60) and (2.74)).

3. End test: If conditions (5.8) (periodicity of the variables) and (5.7) (admissibility with the
constitutive law) are fulfilled throughout the loading cycle, then the solution is the stabi-
lized cycle: exit. Else, continue with local stage.

4. Local stage: For each load increment n = 1 . . . N, if condition (5.7) is not met, compute the
increments of internal variables using the return mapping algorithm (cf. Table 4).

5. Periodicity condition: For f = {B,εr, γ}, set f0 = fN (Eq. (5.9)).

6. Set k = k+ 1 and go to 2.

Table 11. Algorithm for the Direct Cyclic Method.
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5.2.3 Results

In order to evaluate the efficiency of the Direct Cyclic Method in determining the asymptotic
response of a superelastic shape memory structure, three finite element analyses are performed
using the finite element code Cast3M. For all simulations, the material parameters used in the
analysis are listed in Table 12. The temperature is taken as 50 °C, which is greater than the
reverse transformation finish temperature A0

f .

Parameters values

EA 70000 MPa EM 45000 MPa

a(0) 1.3043 MPa a(sat) 0.42184 MPa

b(0) 0.47845 MPa b(sat) 0.21504 MPa

G(0) 2.8826 MPa G(sat) 1.3236 MPa

γ(0) 0.96 % γ(sat) 0.37 %

α(0) 8333.3 MPa α(sat) 21622 MPa

β(0) 16667 MPa β(sat) 43243 MPa

ξ(0) 0.09497 MPa/°C ξ(sat) 0.05631 MPa/°C

κ(0) 0.7314 MPa κ(sat) 0.71784 MPa
(

A0
f

)(0)
42 °C

(

A0
f

)(sat)
42 °C

ν 0.3 εsatr 0.5914 %

τ 8.64 Y 80 MPa

Bsat 160 MPa

Table 12. Model parameters

Tensile test

The first simulation is related to the behavior of an SMA cylinder of 100 mm in length and 5
mm in diameter subjected to cyclic tensile loading. One end of the cylinder is cantilevered and
the other is subject to pressure that increases monotonically from 0 to 500 MPa in equal steps
of 5 MPa. The remaining part of the boundary is free. The system has a total of 2142 degrees
of freedom. DCM is used to determine the asymptotic state of the structure and the result is
compared to the one obtained by incremental calculation over the first 20 loading cycles. Fig. 68a
shows a comparison of the stress-strain curves obtained using both methods at the center of the
cylinder’s midsection. Only the last cycle obtained using DCM is physically relevant whereas
all 20 cycles determined using the classical method are. The stress-strain curves for the last cycle
are similar for both methods (see Fig. 68b) with DCM being 4.6 times faster (20 times 8364 sec.
for the classical method versus 36067 sec. total for DCM). The efficiency of DCM is expected to
increase with increasing complexity of the system to be solved.

Torsion test

The second simulation is done on the same cylinder (length of 100 mm and radius of 5 mm)
subjected to torsion loading. The simulation is performed imposing the torque on one end of
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the cylinder, while the other end is cantilevered. The maximum torque is 78 Nm, in equal steps
of 1.5 Nm. The results are plotted on Figure 69a and 69b. Even in this case, comparison with the
incremental method shows that DCM gives an accurate simulation of the stabilized cycle. The
gain of computing time reaches a ratio of 4.

Bending test

The third simulation is performed on a beam with a square section subject to bending loading.
The beam is 50 mm long and its section has an area of 25 mm2. One end of the beam is
cantilevered, while the other one is subject to a bending force of 12 N in equal steps of 0.3 N.
The comparison between the incremental method and the DCM is shown on Figs. 70a to 71b.
The stress-strain curves are plotted for two points near the cantilevered section, and symmetric
with respect to the neutral plane. In this simulation, DCM is very efficient, because it leads to a
gain of time of 7.5.
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Figure 68. Comparison of the stress-strain curves (a) and of the stabilized cycles (b) obtained using the
incremental method (solid line) and the Direct Cyclic Method (dotted line) for a tensile cyclic
loading.
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Figure 69. Comparison of the stress-strain curves (a) and of the stabilized cycles (b) obtained using the
incremental method (blue curves) and the Direct Cyclic Method (red curves) for a point situated
on the external radius of the cylinder which is subject to a torsion loading.
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Figure 70. Comparison of the stress-strain curves (a) and of the stabilized cycles (b) obtained using the
incremental method (blue curves) and the Direct Cyclic Method (red curves) for a point situated
on the upper face in tension, near the cantilevered section. The beam is subject to a bending
loading.
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Figure 71. Comparison of the stress-strain curves (a) and of the stabilized cycles (b) obtained using the
incremental method (blue curves) and the Direct Cyclic Method (red curves) for a point situated
on the lower face in compression, near the cantilevered section. The beam is subject to a bending
loading.
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5.3 conclusion

Numerical computation of the stabilized cycle is of prime importance for the determination
of the fatigue lifetime of a structure. However, incremental algorithm such as the one developed
in section 2.4.2 leads to high computation time. In order to accelerate convergence, the Direct
Cyclic Method, initially developed for elastoplastic materials, was adapted for use with the
ZM model. Through a finite element analysis of simple SMA structures subject to tension,
torsion and bending, the method was shown to be very efficient as it allowed considerably faster
calculation of the asymptotic state of the SMA structure compared to a classical approach that
accounts for the complete loading history.

With this chapter, the first and second steps of the global approach for fatigue design of SMAs
are completed. Indeed,

• the second chapter explained the choice of the ZM models for this approach and developed
the suitable return mapping algorithms required for numerical simulations.

• Chapters 3 and 4 developed important extensions of these models for providing a more
accurate prediction of the stabilized cycle.

• Finally, this chapter provides a numerical method for fasten the determination of the stabi-
lized cycle.

Of course, some works remain to unify all these extensions... but this work is intended as a first
step for giving to an engineer suitable tools for fatigue design.

The last chapter deals with the third step of the global approach for fatigue design: the deter-
mination of the number of cycles to failure of the structure, thanks to a fatigue criterion.
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This chapter introduces the third step of the comprehensive approach for fatigue analysis.
The chapter deals with the development of a low-cycle fatigue criterion capable of predicting the
number of cycles to failure of an SMA structure subjected cyclic loadings.

Thermomechanical fatigue of Shape Memory Alloys originates in irreversible modifications
of the microstructure of the material, which accumulate while cycling, leading to the failure of
the structure. Literature [cf. e.g. Van Humbeeck, 1991; Wagner et al., 2004; Eggeler et al., 2004;
Moumni et al., 2005] usually distinguish between two kinds of fatigue for Shape Memory Alloys.

1. Mechanical fatigue occurs in a structure subjected to cyclic mechanical loading at imposed
strain or load amplitude under constant external temperature. The material may be either
martensitic, austenitic or undergo phase change during the loading cycle. Classically, the
phenomena associated with mechanical fatigue are a cyclic hardening of the stress-strain
plateaus, the appearance of persistent slip bands, and the initiation and propagation of
cracks, ultimately leading to the failure of the structure.

2. Thermal fatigue or amnesia is the degradation of the material characteristics (physical, me-
chanical or functionnal properties), such as the transformation temperatures, the size of
the hysteresis loop, the degradation of the two-way shape memory effect. This type of fa-
tigue occurs after thermal or thermomechanical cycling, when the loading path repeatedly
crosses the transformation zones.

This chapter focuses the mechanical fatigue.

6.1 literature review on the fatigue of smas

The available research on the fatigue behavior of Shape Memory Alloys can be classified into
the following groups:

104
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• Metallurgical investigations which aim at explaining the cyclic stabilization of the thermome-
chanical properties of SMAs by the creation of defects, the presence of residual martensite,
the creation of persistent slip bands, etc.

• Development of fatigue criteria. Tests are performed on different geometries of specimens
with different chemical compositions, for different loading cases (rotative bending, tension-
compression, torsion...). These tests lead to the establishement of Wöhler curves (also
called SN curves) which link the number of cycles to failure to the imposed strain or stress
amplitude. Manson-Coffin laws are generally proposed for low-cycle fatigue.

• Analysis of failure surfaces to understand crack propagation.

The literature review focuses on the two first points.

6.1.1 Metallurgical aspects

In conventional materials as well as in Shape Memory Materials, surface quality has a detri-
mental effect on fatigue resistance (especially the surface roughness), by the presence of inclu-
sions, and by the grain size... For Shape Memory Alloys, phase change also participates to the
creation of defects.

Melton and Mercier [1979] seem to have pionnered research on fatigue of SMAs. They per-
formed tensile tests on NiTi cylindrical specimens. They showed that the martensite start tem-
perature Ms does not impact the rate of crack growth in martensite. However, the Paris law they
proposed to describe crack growth rate turns out to be dependent on the specimen geometry.

Miyazaki et al. [1986] studied the influence of inclusions on crack initiation. Inclusions act
as preferential locations for crack initiation, because they generate geometric incompatibilities
and stress concentrations. They showed that similar incompatibilities exist at grain boundaries
but, that stress concentration is more important around inclusions. It is thus important to avoid
inclusions by specific heat treatment. Moreover, they demonstrated that cracks always initiate at
10 % of the fatigue life. Concerning the influence of temperature on crack growth, they showed
that for martensitic materials, a low propagation rate is obtained, because the deformation is
due to the movement of intervariant interfaces. Propagation rate increases with temperature:
martensite nucleates at crack tip to decrease stress concentration; for increasing temperatures,
martensite nucleation becomes more and more difficult as long as austenite becomes more stable,
leading to the increase of the crack propagation rate. For high temperature, the material is totally
austenitic, the propagation rate is independent of temperature and follows a classical Paris law.

Siredey et al. [2005] performed bending tests on CuAlBe specimens. They showed that one
main martensitic variant is induced by bending loading; this leads to an homogeneous stress
state in the structure. During cyclic loading, an increasing number of striation patterns is formed
in the structure; furthermore, the highest the strain amplitude, the higher the number of stria-
tions, and the higher the strain rate, the smaller the spacing of the striations. Siredey et al. [2005]
ascribed these patterns to the formation of martensite bands, as they correspond to zones where
residual martensite exists. Moreover, they showed that microcracks appear inside the striations.
Besides, they demonstrated that a low roughness leads to a higher lifetime, and that single
crystals have higher fatigue lifetime than polycrystals.

Nayan et al. [2008] performed tensile fatigue tests on cylindrical specimens, and studied the
evolution of phase change yield stress, of the hysteresis area and of the Young modulus.
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6.1.2 Fatigue criteria

1D criteria

In literature, the fatigue behavior of SMAs is usually analyzed through one-dimensional tests,
either tensile-compressive tests or rotating bending experiments on wires or to a less extent tor-
sion tests. The results are usually interpreted in terms of Wöhler curves (SN curves) and different
Manson-Coffin laws are proposed. The Manson-Coffin laws that account for thermomechanical
coupling will be presented in a later section.

Following Wagner et al. [2004], three types of fatigue can be defined in terms of the number
of cycles to failure:

• High-cycle fatigue typically occurs for small strain amplitudes, the response of the material
remains elastic in this case and the number of cycles to failure is higher than one million.

• For intermediate strain amplitudes, there is still no stress-induced martensite; however
some martensite plates exist locally due to fatigue microcrack initiation.

• For high strain amplitudes, most of the structure undergoes stress-induced martensitic
transformation. The number of cycles to failure highly depends on the strain amplitude.
This is the domain of low-cycle fatigue.

Melton and Mercier [1979] proposed a Manson-Coffin law to model their fatigue results. It
links the plastic strain amplitude to the number of cycles to failure. They also showed that
the fatigue limit at room temperature decreases for increasing Ms temperature. This may be
explained by the fact that the more martensite variants are created, the higher number of crack
initiation zones.

Siredey et al. [2005] also proposed a Manson-Coffin law to describe the low-cycle fatigue of
Shape Memory Alloys under pseudoelastic cyclic loading. The total strain amplitude is linked
to the number of cycles to failure for strain amplitude lower than 10 %. For strain amplitudes
higher than 10 %, a bigger dispersion of the experimental results is noticed. This can be due to
the higher number of martensitic variants as well as to their orientation.

3D criteria

To our knowledge, the only 3D criterion for SMAs was proposed by Moumni et al. [2005]. They
took advantage of the similarities between low-cycle fatigue of metals and SMAs to propose
a criterion based on the hysteresis area at the stabilized cycle. Indeed, pseudoelastic cyclic
responses exhibit first a transient response which stabilizes after a few number of cycles (cf. Figs.
5 and 72). Assuming that the material spends most of its lifetime in the stabilized response, this
fatigue criterion links the hysteresis area at the stabilized cycle to the number of cycles to failure.
The criterion is validated for tensile-compressive experiments, but has to be validated for other
sollicitations. So far, the criterion was validated for uniaxial tensile-compressive loading cases.

6.1.3 Influence of thermomechanical coupling on the fatigue behavior of SMAs

It was shown in Chapter 4 that thermomechanical coupling is responsible for important
changes in the stress-strain response of SMAs. The following literature review presents the
influence of thermomechanical coupling on the fatigue lifetime of SMA structures focusing on
loading frequency, temperature, geometry of the specimen, and surrounding medium.

Matsui et al. [2004] and Tobushi et al. [1997] performed rotating-bending experiments on both
NiTi wires and cylindrical specimens, and showed that the geometry of the test sample as well as
the temperature and the rotation speed influence fatigue resistance. The extent of this influence
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depends on whether the tests are carried in the air or in water. More precisely, at constant
rotating speed, the water temperature impacts the fatigue lifetime; the rotating speed changes
the fatigue lifetime in air but not in water. Matsui et al. [2004] proposed a Manson-Coffin
criterion that links the strain amplitude to the number of cycles to failure, in which the exponent
of the power law depends on temperature.

Miyazaki et al. [1999] obtained similar results by showing that the fatigue behavior depends
on the liquid bath temperature: the higher the temperature, the smaller the lifetime at fixed
strain amplitude.

Wagner et al. [2004] performed rotating-bending experiments and considered the influences
of the wire diameter and of the rotation speed on the fatigue lifetime of the wires. They showed
that, because of the strong thermomechanical coupling existing in SMAs, the influences of wire
diameters or rotation speed disappear when the tests are performed in a liquid bath with high
convective heat transfer coefficient. In air, the influence of the rotation speed is noticeable for
speeds lower than 400 rpm (rotations per minute). The existing dependencies are related to
the possibility of the specimen temperature to vary during the test because of thermomechanical
coupling: at high rotation speed, the specimen temperature is increased, leading to an increase of
the stress level and thus a decrease of the fatigue lifetime. The tensile tests and rotative bending
tests performed in a liquid bath by Eggeler et al. [2004] show either pure elastic response or
pseudoelastic behavior. The dependence of the fatigue lifetime on temperature and on loading
frequency is also investigated. Furthermore, the evolution of the residual strain with respect
to these parameters is investigated. These two studies follow on the work of Sawaguchi et al.
[2003], who showed that for tests in air, there was a limited influence of wire diameter and
rotation speed on fatigue resistance.

Predki et al. [2006] performed torsion experiments on cylindrical and tubular specimens at
ambient temperature, without control of the specimen temperature, for frequencies varying be-
tween 0.1 and 1 Hz. The authors first studied the evolution of different characteristics of the
response (namely maximum shear stress, shear modulus and damping capacity) with the num-
ber of cycles and the frequency, underlining the thermomechanical coupling. They also find that
the fatigue lifetime changes with the geometry of the specimen, the type of sollicitation (repeated
or alternated load) but not as much with the loading frequency.

Paradis et al. [2008] investigated the effect of pausing the loading cycle on the cyclic behavior
of SMAs and on their fatigue lifetime: this so-called "pause effect" is a thermal effect, arising from
the fact that SMAs under cyclic loading are not in thermal equilibrium with the surroundings;
thus, during interruption, the specimen temperature returns to the ambient temperature, and
another transient phase occurs when the test is restarted. Likewise, part of the residual strain is
recovered during an interruption of the test. They showed that the fatigue lifetime is dependent
on whether there is interruptions or not, as the dissipated energy is not the same in both cases.

Figueiredo et al. [2009] obtained unusual results for rotating bending tests on different wires
(either martensitic, or austenitic or pseudoelastic); indeed for pseudoelastic tests, a Wöhler curve
with a "Z-shape" (high dispersion) was obtained, which was not reported anywhere else in
available literature.

To summarize,

• The higher the temperature of the structure, the lower the number of cycles to failure. The
temperature may be increased either by performing the experiments in a liquid bath at
high temperature, or at high loading rate for experiments performed in air.

• Loading rate changes the fatigue lifetime mainly for experiments in air. This dependence
seems to be restricted to a certain range of frequencies.
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• Geometry of the specimen also influences the fatigue lifetime for experiments in air, be-
cause of thermomechanical coupling.

• Most of the results are given in terms of strain amplitude, which does not give any infor-
mation on the maximum stress encountered by the structure nor on the hysteresis area.

An energy-based criterion should be able to account for all these dependencies in a unified way.

The next section proposes an extension of the energy criterion developed by Moumni et al.
[2005] in order to account for the influence of the hydrostatic pressure.

6.2 modified energy-based criterion

6.2.1 Tensile-compressive fatigue results from Moumni et al. [2005]

We are mainly interested in the low-cycle fatigue of SMAs, for pseudoelastic loading paths,
which are characterized by an energy dissipation at each loading cycle. In the literature, the most
common low-cycle fatigue criterion is the Manson-Coffin law, linking the number of cycles to
failure to the inelastic strain amplitude. However, this criterion is not suitable for non isothermal
loading cases, as shown by Constantinescu et al. [2004] for thermal fatigue of elastoplastic metals.

Following Skelton et al. [1998] and Constantinescu et al. [2004], Moumni et al. [2005] proposed
an energy-based criterion for pseudoelastic SMAs. After a short transient phase, the pseudoe-
lastic response of the SMA stabilizes, and settles into a closed stress-strain loop. The most
important part of the specimen lifetime is spent in the stabilized state. This allows the use of the
stabilized response as an indicator of the fatigue lifetime of the specimen. Plotting the hysteresis
area as a function of the number of cycles shows that these two quantities are related through a
power law (cf. Fig. 73). Thus, the proposed criterion is:

Wd = mN
p
f , (6.1)

where Wd is the hysteresis area at the stabilized cycle, Nf the number of cycles to failure, and m

and p two material parameters. For the tensile-compressive results from Moumni et al. [2005],
m = 4.92 MJ/m3 and p = −0.3019.

In order to estimate the ability of the criterion to predict the lifetime of a structure, it is
interesting to plot the number of cycles estimated by the criterion with respect to the number of
cycles determined experimentally. This is done in Fig. 74. The more points are located near the
first bisector of the plane, the better is the criterion. The dispersion of the experimental results
is quantified by two parallel lines: the upper line stands for experimental lifetime three times
larger than the estimation, while the lower line stands for estimated lifetime three times larger
than experimentally observed. Consequently, points situated above the upper line lead to unsafe
situations.

In the next section, we show that the number of these points can be reduced by taking into
account the influence of hydrostatic pressure.

6.2.2 Accounting for the role of the hydrostatic pressure in the fatigue criterion

Experiments on metals show the importance of accounting for the triaxiality of stress [see, e.g.
Amiable et al., 2006]. Besides, most of the high-cycle fatigue criteria introduce an effect of the
hydrostatic pressure on the lifetime.
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Figure 72. Evolution of the hysteresis area vs. the number of cycles.
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Figure 73. Evolution of the hysteresis area at the stabilized cycle with respect to the number of cycles to
failure for the initial energy-based criterion.
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We choose to introduce the hydrostatic pressure in the fatigue criterion linearly:

Wd + a Pmax = mN
p
f (6.2)

where a is a new material parameter. For a = 0.0025, the results are reported on Fig. 75
(m = 5.19 MJ/m3 and p = −0.2196).

It is clear from Fig. 75 that the experimental points are now less scattered. This is confirmed
by Fig. 76, which shows the estimated vs. experimental lifetime for the modified criterion (6.2).
Like in the previous case, the three black lines stand for one third, one and three times the
experimental lifetime. Only one point is situated above three times the experimental lifetime
and remains non conservative, but no point is under one third the experimental lifetime. This
exhibits the role of the hydrostatic pressure on the fatigue lifetime of SMAs.

6.2.3 Extension to torsion experiments

Two series of torsion experiments under imposed torque were performed on cylindrical tubes:
alternating torsion (R = −1) and pulsating torsion (R = 0). The results of the experiments are the
torque-angle curves, which stabilize after a few number of cycles. However, the computation of
the hysteresis area requires the evaluation of the integral:

W =

∫

cycle
σ : ε̇dt. (6.3)

A precise computation of the hysteresis area requires finite-element calculations because stress
and strain are not uniform in the section. However, assuming thin-wall tubes allows the follow-
ing simplifications:

• The Navier-Bernoulli assumption allows to neglect the warping function, and to assume
that only one component of the stress tensor (σθz) is not vanishing.

• The thin wall of the cylinder allows to assume that the stress state is uniform in the thick-
ness: thus torque and stress are proportional. Besides, the analytical solution in torsion
showed that angle and strain are also proportional.

σθz =
1

R3
e − R3

i

3C

2π
,

εθz =
φ

2h
Re,

(6.4)

where C is the torque, Ri and Re are the internal and external radii of the cylinder, h the height,
and φ the measured angle. This gives:

W =

∫

cycle
σθz ε̇θzdt =

1

R3
e − R3

i

3

4π

1

h
Re

∫

cycle
C θ̇dt. (6.5)

The multiplying constant is function of the geometric parameters of the tube.
The quantity W + aPmax vs. the number of cycles to failure for both tension-compression

and torsion experiments is plotted in a log-log graph on Fig. 77. The values of the criterion
parameters are: a = 0.0058, m = 12.084 MJ/m3 and p = −0.3151. The corresponding graph
plotting the number of cycles estimated by the criterion vs. number of cycles experimentally
observed is given in Fig. 78. On Fig. 78, some points remain above three times the experimental
lifetimes. They all correspond to repeated torsion (R = 0), with imposed torque. However,
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Figure 74. Estimated vs. experimental lifetime for the experiments at different R ratios for the energy-
based criterion.
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Figure 76. Estimated vs. experimental lifetime for the modified energy-based criterion.
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Figure 77. Modified energy-based criterion for tension and torsion experiments.
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points associated with alternated torsion are located between the two lines, and the criterion
seems to apply. We do not have a physical explanation for the points that do not verify the
criterion, except to check the reproducibility of the tests. The validation of the modified energy-
based criterion for torsion experiments has to be performed with more precision, by submitting
all specimens to the same thermomechanical treatment before testing, and by ensuring uniform
thermal boundary conditions. Furthermore, the hysteresis area is very small for these specimens.

6.3 prospects

The following section presents prospective works, dealing with the influence of the thermo-
mechanical coupling on the fatigue lifetime.

6.3.1 Accounting for the influence of thermomechanical coupling

The literature review in section 6.1.3 underlined the importance of thermomechanical coupling
for the determination of the fatigue lifetime of the SMA. The modified energy-based criterion
may be able to account for the observed dependencies.

Most of the tests presented in the review were rotating bending experiments. In these tests, the
strain amplitude is imposed by the curvature of the wire, but the maximum stress is determined
by the constitutive law. It follows that the higher the temperature, the higher the stress, because
of higher phase change yield stress at higher temperature. It is thus possible that the presence
of the maximum hydrostatic pressure in the fatigue criterion accounts for the dependence on
temperature. It is also established that temperature has little influence on the hysteresis area.

Concerning the dependence on the loading frequency, this seems to happen only for tests
performed in air and in a certain range of frequency. For the different series of tests, we tried
to compare the frequency for which the maximum of hysteresis area is obtained with the tested
frequencies. Indeed, He and Sun [2010] showed that the maximum of hysteresis area is reached
for a frequency such that the characteristic loading time tT (equal to the time of heat generation)
is equal to the characteristic time of heat transfer th, defined by:

tT =
γ

ε̇
,

th =
ρCpR

2h
.

(6.6)

where ρ is the density, Cp the specific heat capacity, R the radius of the wire, h the convective heat
transfer coefficient, γ the size of the phase change plateau, and ε̇ the strain rate. It seems that the
maximum of influence is observed for frequencies near the peak of the hysteresis area curve (cf.
Fig. 43). For example, for the experiments performed by Predki et al. [2006], and according to
He and Sun [2010], the maximum of hysteresis area should be located at a frequency of 0.01 Hz
which is far smaller than the tested frequencies: this can explain that no dependence was found.
Besides, for strain rates larger than the peak, the maximum temperature of the specimen reaches
an upper limit (as the specimen cannot dissipate more energy than the latent heat, temperature
cannot increase indefinitely, [He and Sun, 2010]), and thus the maximum hydrostatic pressure
should be constant with the frequency.

Furthermore, when the frequency is increased, the specimen temperature increases because
of thermomechanical coupling, leading to an increase of the slope of the phase change plateaus,
and thus of the maximum hydrostatic pressure at fixed strain amplitude (cf. e.g. Fig. 52). Both
quantities (hysteresis area and hydrostatic pressure) change with varying frequencies, allowing
the modified energy-based criterion to account for the influence of frequency.
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Accounting for the hysteresis area in the fatigue criterion should be able to reproduce the
dependence on geometry, and more precisely on the radius (cf. e.g. Fig. 45b).

From the above discussion, it seems interesting to conduct the same tests with precise mea-
surements of the hysteresis area and of the maximum hydrostatic pressure to validate the mod-
ified energy-based criterion. This would validate the hysteresis area as a relevant parameter for
fatigue life prediction. We tried to postprocess fatigue data from literature, to evaluate the rel-
evance of these ideas. We used the rotative-bending experiments from Matsui et al. [2004] and
evaluated the quantities of the fatigue criterion as follows:

• the maximum hydrostatic pressure is evaluated for each strain amplitude with the qua-
sistatic curves at the three temperatures of the tests. No change due to thermomechanical
coupling is accounted for;

• the hysteresis area is equal to zero if the strain amplitude leads to an elastic response, and
is equal to a fraction of the total area proportional to the strain amplitude if phase change
occurs.

The values are reported in Fig. 79, where the influence of the hydrostatic pressure is accounted
for with a coefficient a of 0.003. Then, estimated vs. experimental lifetimes are reported on
Fig. 80 and are compared to the Manson-Coffin temperature-dependent criterion of Matsui et al.
[2004]:

εaN
β
f = αs10

−a(T−Ms), (6.7)

with β = 0.28, αs = 0.248 and a = 0.0032 K−1 The results seem quite satisfactory as the
determination of the modified energy is not precise. Indeed, five points are situated above the
upper line of our criterion, and four points for the Manson Coffin law from Matsui et al..

Similar rotating-bending experiments have been undertaken in the laboratory. For the mo-
ment, three temperatures were tested at two different strain amplitudes. The first results are
given on Figs. 81 and 82. Our experimental setup generates high stress concentrations near
the attachments, which change the lifetime. Further investigation has to be done to give final
conclusions.

6.3.2 Detection of the crack initiation

We aim at designing the SMA’s structure resistant to crack initiationas a way to increase
fatigue resistance. This requires a tool to detect crack initiation. A previous work [Gloanec
et al., 2010] leads us to the idea that the hysteresis area would change near the crack initiation,
because of the energy dissipated by the crack. This was observed during one interrupted fatigue
test, and microscopic simultaneous observations allowed to link the peak of hysteresis area to
crack initiation. However, for the eight fatigue experiments we performed on NiTi cylindrical
specimens, no peak of hysteresis area was observed. It is possible to use acoustic emission
techniques in order to predict the initiation of cracks (crack initiation is interpreted in terms of
self-organized criticality), but this is beyond the scope of the present thesis.
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Figure 78. Estimated vs. experimental lifetimes for the modified energy-based criterion for both tension
and torsion tests.

2 2.5 3 3.5 4 4.5 5 5.5
−0.2

−0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Log(N
f
)

Lo
g(

W
 +

 a
 P

m
ax

) 
(M

J/
m

3 )

 

 

T=303 K
T=333 K
T=353 K

Figure 79. Modified energy-based criterion for the rotating-bending experiments performed by Matsui
et al. [2004].
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Figure 80. Estimated vs. experimental lifetime given by the modified energy-based criterion (squares) and
by the Manson-Coffin criterion from Matsui et al. [2004] (diamonds).
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Figure 81. Modified energy-based criterion for our rotating-bending experiments. Diamonds (resp. circles)
stand for strain amplitude of 2.5 % (resp. 2 %). Red (resp. blue and magenta) points stand for
experiments performed at 50 °C (resp. 70 °C and 35 °C).
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Figure 82. Estimated vs. experimental lifetime for the modified energy-based criterion. Diamonds (resp.
circles) stand for strain amplitude of 2.5 % (resp. 2 %). Red (resp. blue and magenta) points
represent experiments performed at 50 °C (resp. 70 °C and 35 °C). The blue lines stand for two
and half the experimental lifetime, while the external black lines represent three and third the
experimental lifetime.
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6.4 conclusion

This chapter is an attempt towards the validation of the energy-based fatigue criterion, first
proposed by Moumni et al. [2005] for low-cycle fatigue of SMAs. The criterion was extended
to take into account the influence of the maximum hydrostatic pressure. The modified energy-
based criterion is shown to better predict the fatigue lifetime of SMAs. An attempt to validate
the criterion for torsion experiments was presented; the results can be improved by performing
all tests under the same experimental conditions. Finally, preliminary results regarding the
influence of the thermomechanical coupling on the fatigue lifetime of SMAs have been given:
it was shown that the modified energy-based criterion could suitably account for this influence.
However, many experiments are required in order to validate the energy criterion for general
loading conditions.

This chapter constitutes the third important step of the global method for fatigue design:
the prediction of the fatigue lifetime of SMA structure from the knowledge of the stabilized
thermomechanical state of the structure.



7 C O N C LU S I O N

We proposed a comprehensive approach for fatigue analysis of Shape Memory Alloys. Shape
Memory Alloys are mainly subject to cyclic loadings and thus have to be designed against fatigue.
Assuming that the fatigue properties must be deduced from the characteristics of the stabilized
cycle, our approach proposed three main steps.

The first step, developed in Chapters 2, 3, 4, is the determination of a cyclic constitutive law,
able to reproduce the main features of the SMA behavior. These features were identified as the
modification of the stress-strain response due to microstructure degradation occurring during
cyclic loadings, the tensile-compressive asymmetry and the thermomechanical coupling due to
the strong dependence of yield stresses on temperature and to the presence of a latent heat. The
first property was already accounted for in the ZM cyclic model. Tensile-compressive asymmetry
has been added by making the yield criterion depend on both second and third invariants of
quantities of interest. The extension of the model was shown to quantitatively reproduce both
experimental pseudoelasticity and martensite orientation in tension and compression, as well
as direct phase change yield stresses in tension, compression and shear over a large range of
temperature. Thermomechanical coupling was introduced in both monocycle and cyclic models
by coupling mechanical equations (equilibrium and constitutive equations) and heat equation.
The main tendencies of the thermal response were correctly reproduced, and the evolution of
the mechanical response (especially the hysteresis area and the maximum hydrostatic pressure)
was quantitatively captured. For cyclic loadings, our constitutive law now accounts for both
microstructure degradation and thermomechanical coupling.

The second step, detailed in Chapter 5, is the development of an original numerical method
for the computation of the stabilized cycle. Indeed, incremental resolution is very time consum-
ing. The Direct Cyclic Method, extended to SMA constitutive laws, allows interesting gain of
computation time. It is however limited to the isothermal case.

Finally, the third step, developed in Chapter 6, deals with fatigue. The fatigue criterion is
based on the characteristics of the stabilized cycle, and links the number of cycles to failure
to an energetic quantity, defined as a linear combination between the hysteresis area and the
maximum hydrostatic pressure. Results from literature show that this kind of modified energy
criterion should be able to account for dependencies of the fatigue lifetime on temperature and
frequency in a unified way.

To summarize, our approach can be used as follows: knowing the geometry of the structure
and the thermomechanical loading path, the cyclic constitutive law allows the determination of
its asymptotic thermomechanical state by incremental resolution. If the structure in thin enough
or if the convective heat transfer is sufficiently important, the assumption of isothermal response
can be made and the Direct Cyclic Method can be used to fasten the determination of the sta-
bilized state. Then, the fatigue criterion can be computed at each point of the structure. The
critical point, at which microcrack will initiate, is determined as the point where the energetical
quantity is maximum. The lifetime of the structure is determined at this point.

Main prospects concern non proportional loadings and fatigue.
The major part of this work assumed proportional loadings: the constitutive law has been

validated only for such kind of loadings; experiments will be performed to validate the model
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for non proportional loadings. This work is of prime importance, as industrial structures gen-
erally involve complex geometries and complex thermomechanical loading paths, which imply
simultaneous occurrence of martensite reorientation and phase change. The fatigue criterion
will be validated for larger range of sollicitations, including in-phase and out-of-phase loading
paths, under different thermal conditions. Both works will be undertaken in collaboration with
Henri Tudor Institut at Luxembourg, in a common research project on fatigue design of stents,
which are submitted to complex thermomechanical sollicitations. Furthermore, collaboration
with university of Hong Kong is underway for research on fatigue (influence of grain size, ...).

This work will also be continued with the study of fracture mechanics for shape memory
alloys. In fact, experimental and numerical determination of fracture parameters of SMA (J
integral, stress intensity factors, energy release G, and fracture toughness) seem to be new issues
which can help designing SMA structures. This work is undertaken in collaboration with the
department of Mechanical Engineering of Bogazici University at Istanbul.
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a.1 first law of thermodynamics: energy balance

Let us consider a system S occupying a volume Ω (boundary surface ∂Ω). Its thermodynamic
state is defined by the values of a finite number of fields defined for each configuration. Let U
be a velocity field.

The first law of thermodynamics states that there is a function of the thermodynamic state of
the system, called "internal energy" E, verifying at each time the equality:

Ė+ K̇ = Pe +Q, (A.1)

where the dot stands for the material derivative of the field, K is the kinetic energy of the system,
Pe is the power of external forces exerced on the system, and Q is the amount of heat received
by the system.

The classical assumption of absence of forces acting at distance is made. If F are the body
force densities and T the surface forces exerced on the system (both quantities may depend on
the point x and on the time t):

Pe =

∫

Ω
ρF.UdΩ+

∫

∂Ω
T .Uda, (A.2)

K =

∫

Ω

1

2
ρU2dΩ. (A.3)

The amount of heat received by the system results from a volume contribution r and a surface
contribution qs, which may also depend on the point x and on the time t:

Q =

∫

∂Ω
qsda+

∫

Ω
rdΩ. (A.4)

The heat density r is assumed to be identical for the whole system S. Finally, we assume that the
internal energy is an extensive function, thus:

E =

∫

Ω
ρedΩ. (A.5)
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Eq. (A.1) becomes:

∫

Ω

d

dt

(

ρe+ ρ
U2

2

)

=

∫

Ω
(ρF.U+ r)dΩ+

∫

∂Ω
(T .U+ qs)da. (A.6)

a.2 kinetic energy theorem

This theorem is a specific case of the virtual work principle for real motion. It states that, in a
Galilean reference frame:

Pe +Pi = K̇ (A.7)

where Pi is the power of internal forces expressed by1:

Pi = −

∫

Ω
σ : ε̇dΩ, (A.8)

where σ is the Cauchy stress tensor, and ε the strain tensor associated with the displacement U.
Thus, the first law of thermodynamics becomes by application of the Ostrogradsky’s theorem,2:

ρė = σ : ε̇+ r− div q, (A.9)

a.3 second law of thermodynamics

The second law states the existence of an absolute temperature T and of an extensive function
of the thermodynamic state called entropy, such that:

∀t,
∫

Ω
ρṡdΩ >

∫

Ω

r

T
dΩ−

∫

∂Ω

q.n

T
da. (A.10)

The local form is:

∀t, ρṡ− r

T
+ div

(q

T

)

> 0. (A.11)

a.4 clausius-duhem inequality

Gathering the expression of the internal energy (A.9) and the inequality of entropy (A.11), we
get:

σ : ε̇+ ρ (T ṡ− ė) −
q

T
.∇T > 0. (A.12)

A partial Legendre-Fenchel transformation on the internal energy gives the Helmholtz free en-
ergy:

W = e− Ts. (A.13)

1 assumption of small perturbations
2 qs = −q.n with q flow heat through the surface and n the outer normal vector of the surface.
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Eq. (A.12) becomes:

D = σ : ε̇− ρ
(

Ẇ+ sṪ
)

−
q

T
.∇T > 0. (A.14)

This is the Clausius-Duhem inequality. D is the dissipation, usually split into: D = D1 +D2,
where:

D1 = σ : ε̇− ρ
(

Ẇ+ sṪ
)

, (A.15)

D2 = −
q

T
.∇T . (A.16)

D1 is the intrinsic dissipation and D2 is the thermal dissipation. Both dissipations are assumed
to be separately positive.
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b.1 Normal state variables 124

b.2 Method of two potentials 125

b.3 Case of dependent state variables 126

The ZM model is developed within the framework of Generalized Standard Materials with
internal constraints [Halphen and Nguyen, 1975; Moumni et al., 2008] in order to guarantee
thermodynamic consistency. An overview of this framework is provided in this section.

b.1 normal state variables

The thermodynamic framework is the Thermodynamics of Irreversible Process [cf. Germain
et al., 1983].

The axiom of local state suggests that the state of a thermodynamic system is entirely deter-
mined by a finite number of variables that are defined at each point and at each instant: the state
variables. Helmholtz (1883) introduced the concept of normal state variables, assuming that for
each thermodynamic system, at least one set of normal state variables may be introduced. A set
of state variables is normal if [cf. Duhem, 1997]:

• the temperature is one of the variables, and no internal constraint exists between tempera-
ture and the other state variables;

• the other variables χi are such that an arbitrary variation of temperature may be imposed,
maintaining the other state variables constant and without any power of internal forces Pi

developed:

∀Ṫ , χ̇i = 0 ⇒ Pi = 0. (B.1)

The power of internal forces is given by:

Pi = −

∫

Ω
σ : ε̇dΩ. (B.2)

Thus, the macroscopic strain is one of the state variables. The internal variables can be classified
into the following categories:

• the dissipative variables, α,

• the non dissipative variables, β.
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b.2 method of two potentials

The constitutive laws are derived from two thermodynamic potentials:

• the Helmholtz free energy W which is a function of the state variables only:

W = W (ε, T, α, β) ; (B.3)

The other potentials are obtained from the Helmholtz free energy by a partial Legendre-
Fenchel transformation. For stability requirements, the potential must be a convex, lower
semi-continuous function of its arguments [cf. Germain et al., 1983].

• a pseudo-potential of dissipation Ψ, which is function of the dissipative variables α as
parameters and of their fluxes α̇:

Ψ = Ψ (α, α̇) . (B.4)

The state laws are defined as follows (this choice is a consequence of the choice of normal state
variables) [cf. Germain et al., 1983]:

σ = ρ
∂W

∂ε
, Aα = −ρ

∂W

∂α
, 0 = ρ

∂W

∂β
, (B.5)

where σ is the stress (the macroscopic strain is assumed to be a non dissipative variable), Aα

is the thermodynamic force associated with the variable α, and where the thermodynamic force
associated with the non-dissipative variable β is equal to zero.

The state law related to temperature is obtained from the Clausius-Duhem inequality. This
inequality is derived from the first and second laws of thermodynamics and gives the expression
of the dissipation D (cf. Appendix A):

D = σ : ε̇− ρ
(

Ẇ+ sṪ
)

−
q.∇T

T
> 0, (B.6)

where s is the specific entropy and q is the heat influx vector. With (B.5), the following expression
of the dissipation is obtained:

D = Aαα̇− ρ

(

∂W

∂T
+ s

)

Ṫ −
q.∇T

T
> 0. (B.7)

The total dissipation D is usually divided into two parts:

• the intrinsic dissipation D1,

D1 = Aαα̇− ρ

(

∂W

∂T
+ s

)

Ṫ ; (B.8)

• the thermal dissipation D2,

D2 = −
q.∇T

T
. (B.9)
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These two dissipations are assumed to be separately positive. The assumption of normal state
variables together with the positivity of the intrinsic dissipation give:

ε̇ = 0, α̇ = 0, ∀Ṫ , D1 > 0 ⇒ s = −
∂W

∂T
. (B.10)

Finally,

D1 = Aαα̇. (B.11)

To obtain a complete determination of the thermodynamic state, complementary laws need to
be defined, which link the fluxes of dissipative variables α̇ to the thermodynamic forces Aα. The
framework of Generalized Standard Materials, developed by Halphen and Nguyen, introduces
a normal mechanism of dissipation: the thermodynamic forces associated with the dissipative
variables Aα are sub-gradients of the pseudo-potential of dissipation:

Aα ∈ ∂Ψ (α̇) . (B.12)

The pseudo-potential Ψ is required to have the following properties:

• non negative,

• convex with respect to the fluxes of dissipative variables α̇,

• lower semi-continuous,

• equal to zero for α̇ = 0.

This ensures the positivity of the intrinsic dissipation.

b.3 case of dependent state variables

This method of getting thermodynamically admissible constitutive laws has been extended to
the case where internal constraints exist between state variables [cf. e.g. Moumni and Nguyen,
1996; Moumni et al., 2008]. The state variables may be subject to two kinds of constraints:

• unilateral constraints:

h = ĥ (ε, α, β) > 0; (B.13)

• bilateral constraints:

g = ĝ (ε, α, β) = 0. (B.14)

Following Moumni and Nguyen [1996], it is assumed that all constraints are perfect and that all
generalized reactions are associated with the potential:

Wl = −λg− µh, with µh = 0 and µ > 0, (B.15)

where λ and µ are Lagrange multipliers. The potential to be considered for the derivation of the
state laws is the Lagrangian, sum of the Helmholtz free energy and of the potential associated
to the constraints:

L = W+Wl. (B.16)

Moumni and Nguyen [1996] showed that generalized reactions never work in the actual evo-
lution. Consequently, as first introduced in [Moumni, 1995] and shown in [Zaki, 2006], it is
not necessary to consider the constraints in the expression of the thermodynamic forces if these
variables are scalar and if the constraints are differentiable.
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