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Abstract. Shape memory alloy (SMA) have presented excellent behaviour for medical applications
such as bio-compatible, high corrosion resistance, non-magnetic, and the unique physical properties,
which replicate those of human tissues and bones. Based on the experimental results of super-elastic
NiTi alloy, a three-dimensional super-elastic shape memory alloy (SMA) constitutive model for
stress-induced martensite transformation is constructed in a framework of general inelasticity. In the
proposed model, transformation hardening, reverse transformation of stress-induced martensite, elastic
mismatch between the austenite and martensite phases, and temperature-dependence of transformation
stress and elastic modulus of each phase are considered. The validity of such implementation was finally
presented and compared with experimental data taken from the literature.

Introduction

SMAs are used in medical applications including stents, endodontics, sutures, medical tweezers,
anchors for attaching tendon to bone, implants, aneurism treatments, eyeglass frames and guide wires
and other medical devices and equipments in many fields including neurology, orthopaedics, cardiology
and interventional radiology [1].

Some works are carried out on the implementation of constitutive model of SMA into finite element
software [2,4]. Auricchio [2] had been implemented a super-elastic constitutive model successfully into
the finite element codes, such as ABAQUS and ANSYS. In this work, based on the framework of the
generalized plasticity, a temperature-dependent three-dimensional phenomenological constitutive model
was developed to describe the thermo-mechanical deformation of super-elastic NiTi alloy. The
prediction capability of the proposed model was verified by comparing the simulated results with the
experimental ones. Finally, numerical example of finite element calculation is given to verify the validity
of the implementation.

Constitutive Model. Generalized plasticity is firstly employed by Lubliner and Auricchio [5] to
describe the thermo-mechanical responses of shape memory alloys. It is a local internal variable theory
of rate-independent inelastic behavior which is based primarily on the loading-unloading irreversibility.
The general mathematical foundation provides the theory the ability to deal with the non-standard cases
such as non-connected elastic domains. With infinitesimal strain assumption, the additively

decomposition of the total strain € into an elastic strain € and an inelastic strain €in yields:

(:.‘. = ;;e +£in (1)
Based on the assumption of small deformation, the total inelastic strain g, is the stress-induced
martensitic transformation ¢;. As a result, the total strain expression is:”

:c;:;'_,e +<:1in ::cle +;1t (2)
After discretizing of the equations, the expressions are as follows:

A;lin = Aét (3)
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Age = Ag— A (4)
The stress-induced martensitic transformation and its reverse transformation which can be defined by
the volume fraction of martensite as the internal variable &. The elastic stress-strain relation can be then
expressed as:

—_— J—

6=6 -D (E):Aém ()
where D' (Z) is the equivalent elastic tensor [6,8], and D' (&) =[(1—&)Da +£Dm]™.
where Da and Dy are the elastic tensor of austenite and martensite, respectively. Considering the
deviatoric stress of the above equation, it can be gotten D' : Agin = 2GAsin, and:

g == é* - ZGA;:m (6)
where G is theshear elastic modulus, and 5* is the deviatoric stress of E*.

As mentioned in the references[9, 10], some phase transformations are pressure-dependent. To model
such an effect, the Von-Mises-typed transformation surfaces are introduced:

F(0,0)=0w—0y(q) =0 (7)
1
where o :E.%:E,T is the von Mises equivalent stress. The phase transformation to describe the

forward transformation and its reverse transformation are introduced as follows:

Fau(0,&) = oeq — 23 (£) = 0, forward transformation (8a)

Fua(6,£) = oeq oM™ (£) = 0, reverse transformation (8b)
here, o/}' and o7 are the start stresses of the forward transformation and the reverse
transformation, respectively.

In this paper, the reversible martensite volume fraction E can be related to the transformation
strain &, by the following formula:

&=/ 9)
where, &, isthe maximum phase transformation strain under uniaxial tension, which can be determined
by the experimental test under loading and unloading.

Similar to the classical plasticity, the transformation strain rates obey the normality rule, i.e., they are
normal to the transformation surface in the stress space as

v 3 L .
Agr = EELAé:nAM ,A& >0, forward phase transformation (10a)
ga 3 .
Agr = EgLAgnMA,Ag <0, reverse phase transformation (10b)
with
Naw = M = 3 S (11a)

8(; 2 Oeq
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Nva (11b)

oo 2 Oeq
In this paper, the phase transformation, austenite yield and martensite yield behavior under different
temperature are considered in the process of implicit stress integral solution. In general, it is assumed that
the stress-induced martensitic transformation, and there is no interaction between them. The isotropic
elastic-plastic constitutive model with implicit stress integration method is extended to that method of the
constitutive modeling of SMA. According to the above assumptions, Eq. (6) can be further expressed as
follows for the implicit stress integration process of the phase change behavior:

s=s —2GAg (12)
By Egs. (16a-b), it can be obtained:
—MA 3 4] .
Agr = EgLAanA,Ag >0, forward phase transformation (13a)
—MA 3 1] .
Ag = EgLAanA, A& <0, reverse phase transformation (13b)
oo - - - [35
in which, nav =nNwa =n; =, [= = (14)
2 o

Verification of Proposed Model. The results of the phase transformation simulations by the
proposed model are compared with the experimental data by Kang [11]. To verify the proposed model,
the super-elastic stress-strain curves at die rent temperatures are simulated using the parameters listed as
follows to identify the parameters.

E. =41.0GPa, Ey =37.0GPg; v, =v,, =0.33; C,,, =8.0MPa/K, C,,, =8.8MPa/K; k =0.16; ot

=353.0MPa, O'fA'“T"O =381.0MPa, GyTAO =141.0MPa, a?’fﬁo =122.0MPaq; ¢, =0.035; T, =295K; hf, =
6.7GPa.
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Figure 1. SMA phase transformation and plasticity behavior diagram
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Figure 2. Uniaxial tension and unloading of NiTi shape memory alloy with phase transformation

The uniaxial tension and unloading case of the material is calculated based on the proposed model.
The simulation results are shown in Fig.2. It can be seen from Fig.2 that the stress-induced martensitic
transformation occurs. As the load is lower than the phase transformation finish stress &\*, the austenite

f,177?

will take place elastic unloading as following. That elastic unloading curve is coincident with the initial
elastic loading one. It can be seen from Fig.2 that the response peak stress is about 1000MPa, and the
martensite can still be completely transformed into austenite when unloading. The simulated results
show good agreement with the experimental ones. The results show that the proposed constitutive
model can predict the thermodynamic behavior in the super-elastic NiTi alloy. It can be predicted that
the model can also give a reasonable prediction results for other working conditions and other
experimental results in the temperature range.
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