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Abstract. Results of simulations obtained by model iRLOOP for the Roundrobin
SMA Modeling are briefly described and discussed.

1 The Two-dimensional Model

Thin wires from NiTi shape memory alloys exhibit outstanding thermomechanical properties
which makes them suitable for a wide range of new medical and engineering applications.
When these structures are mechanically loaded, multiple deformation modes involving tension,
compression, torsion and bending usually occur. However, due to specific properties of thin
wires the complex behavior can be effectively simulated by two-dimensional approach in many
cases.

The proposed model consists of two interlinked algorithms — the first simulating the tension-
compression response, the other simulating the shear mode — which are used simultaneously. The
algorithms are twinned, i.e. the torsion algorithm was derived from the simple one-dimensional
(tension-compression) model iIRLOOP by reinterpretation of variables and parameters. Driving
forces for martensitic transformation in the two algorithms are mutually independent (inde-
pendent interface evolution concept) and simple assumptions on coupled strain evolution are
made.

The 1-D iRLOOP algorithm determines the martensite volume fraction (MVF), £, from the
value of driving force, ¢, i.e. £ = £(¢). The form of driving force is based on Clausius-Clapeyron
equation coupling stress, o, and temperature, T', with a constant, s, called the transformation
coupling constant in this paper; ¢(o,T7) = o/s — T. The transformation kinetics functions
of complete transformation (TKF) obtained from experiments are input parameters to the
model. To capture specific processes connected to transformation [1], TKF are decomposed
into hysteretic, £, and non-hysteretic, £* parts, see fig. 1. A modification of hysteresis model
proposed by Bouvet et al. in [2] is then used for description of incomplete transformation
kinetics. A distribution of transformation strain inside the material element is introduced in
order to include the processes of reorientation/detwinning in the model: a function representing
the dependence of transformation strain of martensite on stress is denoted by e(o).

Detailed description of model iRLOOP can be found in [3,4]. The two-dimensional extension
including discussion of its physical motivation is described in [5]

2 Parameters ldentification

All scalar parameters corresponding to material properties and their values used in the Roundrobin
simulations are listed in table 1. These parameters can be determined from one experimental
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Fig. 1. An experimental major transformation functions, £**P, are marked with full (black) line.
Their decomposition to hysteretic parts, £ioy and €Rpa, is marked with dashed (red) line and to
non-hysteretic parts, £y and Entsa, with dash-dot (red) lines.

Table 1. Material parameters (scalars) entering the model and their values used in the Roundrobin
simulations. M and A stands for martensite and austenite, respectively.

Parameter Value Unit Meaning

Ar 278 [K] finish temperature of M to A transformation

EA 50 [GPa) Young (elastic) modulus of A

EM 40 [GPa] Young (elastic) modulus of M

G4 17 [GPa] shear modulus of A

aM 14 [GPa] shear modulus of M

Sten 6.5 [MPa/K] transformation coupling constant for tension

Ssh 5.5 [MPa/K] transformation coupling constant for shear

T 0.05 [1] maximum transf. strain of tension-induced M in shear

stress-strain response in superelastic region measured together with recovery stress test starting
at lower plateau, for instance, see fig. 2.

The parameters represented by functions in the model are summarized in table 2. These
functions can obtained from several recovery strain experiments with different constant pre-
stresses by procedure described in [3] in full details, see also fig. 3.

However, for better comfort and speeding up the parameters identification procedure an in-
teractive graphical user interface (GUI) was developed in MATLAB®) code. The material func-
tions of the model were approximated by three types of basic functions (linear, quadratic and
hyperbolic tangent). These analytic functions were parametrized by several easy-understandable
scalar parameters which are to be entered by the user. Number of these parameters can be found
in table 2 for each function. The user can load the experimental results to the GUI, adjust the
parameters and see the comparison of experimental and simulated results immediately. Due
to simultaneous visualisation of several types of simulations in the GUI (superelasticity loops,
pseudoplasticity loops, recovery strain cycles) and built-in parametrized functions, various sets
of experiments can be used for parameters identification procedure. Since different chemical
composition and processing (heat treatment, training) usually lead to very different transfor-
mation and detwinning/reorientation kinetics in NiTi [6-8], the GUI opens a wide space for
simple, rapid and effective modeling of various types of NiTi wires.
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Table 2. Material functions entering the model and the number of scalar parameters used to evaluate
them in the GUI. M and A stands for martensite and austenite, respectively.

Function = Meaning No. of scalars

&N a(®) M to A transformation kinetics function, hysteretic part 1
Ehonr (0) A to M transformation kinetics function, hysteretic part 1
nh 4(®) M to A transformation kinetics function, non-hysteretic part 3
o (@) A to M transformation kinetics function, non-hysteretic part 3
éten(0ten)  dependence of transf. strain on tension for tension-induced M 8
esh(0sh) dependence of transf. strain on shear stress for shear-induced M 8
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Fig. 2. Determination of the elastic moduli of austenite and martensite, austenite finish temperature
and critical martensitic transformation slope (b) from recovery stress experiment (a).
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Fig. 3. Determination of the reorientation function e(o) (b) from recovery strain experiments (a).

3 Simulations & conclusions

The iRLOOP model and the parameters identification GUI were implemented in MATLAB®
code. Torsion tests were performed using finite element approach taking advantage of the radial
symmetry of the wire. Adapted finite element mesh consisted of 19 concentric cylindrical shells
and 1 cylindrical element (core of the wire).

The parameters identification procedure was carried out using a different set of experi-
ments than the set of experiments simulated in the Roundrobin. The model was able to reli-
ably simulate stress-strain tests in tension and torsion (including superelasticity and reorienta-
tion/detwinning processes) for all testing temperatures. Also recovery stress tests and recovery
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strain tests were predicted with reasonable deviations. Some discrepancies occurred due to in-
fluence of R-phase transition in the wire, which is a process not included in iRLOOP model
so far. The puzzling dependence of axial strain on radial displacement in tension-torsion tests
were captured in a qualitative manner.

The model itself is also efficient in simulating one-way shape memory effect, tension-compre-
ssion asymmetry and, especially, loading cycles with incomplete transformation, where the re-
turn point memory demonstrates itself. The model was developed as time- and rate-independent,
therefore, training and aging effects are not covered as like as effects of plasticity.
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