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ABSTRACT
With the design of new lightweight and efficient compo-
nents, Shape memory alloys (SMAs) actuators, of complex
shape, are designed to be subjected to severe loadings.
To accompany such design procedure, the numerical sim-
ulation of two major mechanisms responsible for the loss
of functionality of SMA actuators, namely structural and
functional fatigue, is here investigated. A three-dimensional
constitutive model is presented that describes the behavior
of shape memory alloy actuators undergoing a large number
of cycles leading to the development of permanent defor-
mation, internal damage and eventual failure. Transforma-
tion strain generation and recovery, transformation-induced
plasticity, and fatigue damage associated with martensitic
phase transformation occurring during cyclic loading are
all included within a thermodynamically consistent frame-
work. The numerical implementation in the framework of
Finite Element Analysis, is detailed in this contribution.
Lifetime of an NiTiHf actuator is found to be accurately
predicted, at various stress levels, with this new model.
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INTRODUCTION
Shape Memory alloys components are regularly designed
as actuators subjected to repeated cycles. Their response
may however drastically change upon cycling, until it may
reach a point where the actuator looses its functionality.
This effect is mainly attributed to the accumulation of
permanent strain (i.e., TRIP strain that appear during phase
transformation, plastic strain). In addition, repeated thermal
actuation cycles under load lead to the appearance of
cracks, that eventually lead to catastrophic failure of the
component. The first effect is referred as functional fatigue
while the latter is referred as structural fatigue [Eggeler
et al.(2004)].
The local thermomechanical state, especially considering
the stress, and the transformation strain has a major impact
on the development of irrecoverable strain [Lagoudas and
Entchev(2004)] and fatigue damage [Calhoun et al.(2015)].
The numerical analysis of the thermomechanical response
such three-dimensional components, with the prediction
of both functional and structural fatigue appears to be a

major requirement to develop optimized actuator that can
satisfy the numerous safety, weight, efficiency requirements
imposed by the aerospace industry. The present work is
dedicated to the development of a constitutive model,
where the mechanical response depends on a coupling
between state variables, damage evolution, irrecoverable
transformation-induced plastic strain and phase transforma-
tion and its numerical implementation in Finite Element
Analyses Packages.

Constitutive Modeling Framework
The constitutive model is built upon a previously well-
defined and widely accepted class of model for SMA
phase transformation [Lagoudas et al.(2012)]. Improve-
ments proposed by [Chatziathanasiou et al.(2016)] are
considered regarding the modeling of phase transformation
that drives multiple complex phenomena. A Continuum
Damage Theory is proposed to model structural fatigue,
coupled with the development of transformation-induced
plastic strain (TRIP strain) [Lagoudas and Entchev(2004)],
[Chemisky et al.(2014)]. To summarize, the following inter-
nal state variables associated with multiple inelastic strain
mechanisms are tracked during both forward and reverse
transformations:
• The inelastic transformation strain εεε t, which consid-

ers contributions from crystallographic transformation,
plasticity, and damage), induced by forward and re-
verse transformation (εεεF and εεεR),

• The total martensitic volume fractions induced by
forward transformation and by reverse transformation
(ξ F, ξ R),

• The transformation hardening energies induced by
forward transformation and by reverse transformation
( gF, gR ),

• The accumulated transformation-induced plastic strain
accompanying forward transformation and reverse
transformation (pF, pR),

• The plastic hardening energy induced by forward
transformation and reverse transformation (gtp−F,
gtp−R),

• The (i.e., isotropic) damage accumulation induced dur-
ing forward transformation and reverse transformation
(dF, dR).

Transformation functions Φ̂F and Φ̂R introduced by [Qid-
wai and Lagoudas(2000)] are defined here as a modi-



fied Prager function. The damage accumulation functions
f td−F(Φ̂fwd) and f td−R(Φ̂rev) are based on a linear accumu-
lation written in terms of the integer number N of cycles.
Inspired by the work of [Calhoun et al.(2015)] regarding
the dependence of fatigue life and actuation work, functions
that depends upon the forward and reverse transformation
functions Φ̂F and Φ̂R is defined:
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where Dcrit is the level of local damage associated with
local catastrophic failure. Note that failure will be defined
as the state at which d reaches the critical value Dcrit.)
Here, N0

f is a parameter linked to the actuation work
required for a static failure (N f = 0), while Cd and γd are
parameters characteristic of the number of cycles to failure
dependence on actuation work. The identification of such
function has been realized on a NiTiHf alloy and shown
in Figure 1. The evolution equations for transformation
induced plasticity are detailed in [Chemisky et al.(2018)],
and allows to further study functional fatigue.
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Figure 1: Number of cycles to failure as a function of
the actuation energy Φ̂ for the considered NiTiHf alloy.
Results from the isobaric tests performed at 200, 400, and
600 MPa used for calibration; data from 300 MPa tests used
for validation.

CONCLUSION
A thermodynamically consistent constitutive model for
SMA actuators has been proposed, that incorporate the
accumulation of damage and transformation-induced plas-
ticity. Structural fatigue is described using an evolution
equation for damage based on the rate of transforma-
tion energy relative to the martensite volume fraction.
Evolution of irrecoverable TRIP strains allows to evalu-
ate functional fatigue. The numerical implementation of

such model has been realized using an dedicated library
(https://simcoon.github.io) that includes a built-in material
point solver and wrappers to the Finite Element Analyses
package Abaqus. It is the most up-to-date, to our knowl-
edge, model to study fatigue of SMA actuators.
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