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ABSTRACT 
A microstructural model of functional and mechanical 
behavior of shape memory alloys (SMAs) is proposed. The 
model is adjusted for simulation both TiNi and FeMn-
based SMAs behavior. Bain's deformation matrixes are 
used in this model as the basic characteristics of the 
martensitic transformations. One set of the internal 
variables of the model describes the amounts of the 
material transformed by different orientation variants of 
Bain’s deformation. They are introduced in a way to 
consider each of the variants of the homogeneous direct 
transformation strain. For a given Bain's martensite 
domain the model envisages the unique variant (for TiNi-
based alloys) or three variants (for FeMn-based alloys) of 
the reverse transformation. Self-accommodation of 
martensite is taken into account by grouping of the 
variants into correspondence variants pairs for TiNi and 
triplets corresponding to the triple symmetry axes in the 
parent fcc phase in FeMn. Another set of internal variables 
specifies the measures of deformation defects produced by 
the plastic accommodation of martensite. Conditions of the 
transformation and microplastic deformation are proposed 
and used for the deduction of the evolution equations for 
the internal variables.  
The model describing the deformation is supplemented by 
a criterion of fracture. This criterion assumes that the 
fracture is provoked by the stress and facilitated by the 
defects and damage accumulation. It is shown that the 
model can describe the fatigue fracture of TiNi and FeMn 
SMAs under various thermomechanical cycling regimes. 
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INTRODUCTION 

In many technical and medical devices SMA working 
bodies are subjected to cyclic variation of the stress 
(strain) and/or temperature. Thus, designers need reliable 
models for calculating the deformation and fracture of 
SMA in such conditions. A suitable approach is a 
microstructural model based on the account of the alloy 
structure, of the regularities of the mechanisms of the 
reversible and irreversible deformation and equipped by a 
fracture criterion. Rather many models allow adequate 
calculation of the SMA deformation [Patoor, 1996], [Yu, 
2015], but very few of them concern the description of 
SMA fatigue properties [Auricchio, 2016]. Probably, one 
of the first attempts to describe the SMA fracture in the 

frames of a microstructural model was undertaken in the 
work [Belyaev, 2018]. 
The microstructural approach [Belyaev, 2015] used in the 
present work allows to take into account the specific 
features of martensitic transformations. It can be adjusted 
to calculate the phase and irreversible plastic strains either 
for TiNi or FeMn-base SMAs [Evard, 2016]. The 
construction of the model is completed by the formulation 
of a deformation and stress criterion of fracture making 
possible to predict the SMA specimens failure under one-
side loading or thermal and mechanical cycling. 

MICROSTRUCTURAL MODEL AND 
CRITERION OF FRACTURE 

The constitutive model under consideration assumes the 
following hierarchy of the structural levels: (1) a 
representative volume, (2) a grain belonging to this 
volume and (3) a sub-volume (domain) inside a grain 
occupied either by austenite or by any of the N 
crystallographically equivalent orientation variants of 
martensite. The assumptions of the possibility of using 
small strain tensors and Reuss’ hypothesis form the basis 
for calculating the strain tensor  of the representative 
volume by averaging the strains over all the grains 
constituting this volume. The grain strain gr is assumed to 
be the sum of the elastic gr e, thermal gr T, phase gr Ph and 
micro plastic gr MP components. 
The phase strain gr Ph of the grain is the sum of Bain's 
strains of the crystal lattice Dn, corresponding to Bain's 
variants of the direct martensitic transformation, taken 
with the weights equal to the volume fractions of these 
variants (1/N)n

, (n=1,…,N): 
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Since the phase strain activates a combination of slips, the 
micro plastic strain is taken in the form: 
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where n

mp are scalar quantities – measures of micro plastic 
deformation, κ is a material constant, dev Dn is the 
deviator part of tensor Dn. It is assumed that the micro 
plastic strain measures n

mp are associated with the 
deformation defects, which are divided into two groups: 
oriented defects bn creating long-range stress fields (for 
example, pile-ups of dislocation loops) and scattered 
defects f (such as kinks or other defects arising at 
intersection of dislocations). The defects are produced by 
the incompatible constituent of the plastic deformation 
and, vice versa, the movement of the defects causes plastic 



deformation. Note that the defect densities bn and fn are 
state variables, while quantities n

mp are not such.  
To formulate the evolution equations for the internal 
variables generalized forces conjugated with n and bn are 
considered as the derivatives of the Gibbs’ thermodynamic 
potential (with respect to n and bn). For a grain consisting 
of two-phases the Gibbs' potential can be written as

mixeig GGG  , where Geig is the eigenpotential – potential 
of the phases considered separately as if they were not 
interacting, and Gmix is the energy of their mixing. An 
approximation of Gmix depending on n and bn is chosen in 
such a way that for TiNi it accounts for the basic self-
accommodation of martensite by grouping of the variants 
into correspondence variants pairs. In FeMn-based SMA 
the multivariance of the reverse martensitic transformation 
suggests that all the variants of martensitic transformation 
form four triplets ("zones") related to each of {111}fcc 
crystallographic planes. This feature means that the 
principle “exactly back” is not valid for the reverse hcp –
 fcc  transformation. 
The evolution equations for the defect densities are 
formulated basing on the general notions of the defect 
theory [Hirth, 1967], the equations for n are derived from 
the condition of the transformation, and for n

mp – from the 
micro plastic flow conditions. This technique is described 
in more detail in [Belyaev, 2015]. 
The criterion of fracture used in this work can be 
considered as a generalization of the Mises criterion. It 
accounts for the fact that the hydrostatic pressure hinders 
the damage and that oriented defects cause stress 
concentration:  
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Here Tσ  is the von Mises stress for the stress tensor σ, F  

is the shear strength, k1, k2 are the material constants, p is 
the damage variable which is assumed to be proportional 
to the total accumulated micro plastic strain in the grain: 
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where B is a material constant. 
Figure 1 gives an example of calculated dependence of the 
cyclic life for TiNi specimens. 
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Fig.1. Dependence of the strain amplitude on the 
number of cycles to failure of a pseudoelastic TiNi 

specimen subjected to alternate stress cycles. 
Experiment - [Miyazaki,1999] 

 
The results show a good agreement with available 
experimental data. 

CONCLUSION 

The concept of the deformation defects together with the 
proper fracture criterion in the frames of the developed 
microstructural model paves the way for simulating the 
functional properties of SMA samples of different types. 
Simulation of TiNi and FeMn-based samples deformation 
at thermocycling under a stress, at symmetric two-side 
cyclic deformation, at straining-unloading cycles, at 
cycling in the regime of loading imitating that of vibration 
protection devices have revealed functionality of the 
microstructural approach and the proposed criterion of 
damage.  
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