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Summary A three-dimensional phenomenological model for coupled transformation and plastic behavior of shape memory alloys (SMAs)
is presented. Two yield functions are introduced and the corresponding evolution rules are obtained respectively for transformation and
plastic deformation. Numerical examples shows that it can well describe the main features of SMAs, including the plastic deformation
induced obstruction against the inverse transformation, which demonstrates the validity of the proposed model.

INTRODUCTION

In practical application plastic deformation may occur due to stress concentration and for special purposes, and the
interaction between plastic deformation and transformation deformation should be considered. Piao''! speculated that
the energy stored during the forward transformation might be relaxed by plastic deformation, and as a result, the inverse
transformation temperature, such as A and Ay, would be increased. Although some researchers®™! investigated the
residual irreversible strain during forward martensitic deformation, the modeling involving plastic strain that occurs
after transformation and its effect on the following inverse transformation has less been investigated.

A MODEL FOR SMAs TAKING INTO ACCOUNT THE EFFECT OF PLASTIC DEFORMATION

Considering the characteristics of the constitutive behavior of SMAs, we introduce the free energy function as
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e°=¢-g'-gP-¢ is elastic strain, and &, &', €° and & are total strain and its transformation, plastic and thermal components, 7'
is the temperature change, a and p are associated respectively with the kinematic and the isotropic hardening induced
by plastic deformation, C is elasticity tensor, C' and C", are material parameters, p and ¢, denote respectively the
density and specific heat, and are assumed invariant during phase transformation, B represents the sensitivity of the
stress with respect to temperature T, and M, and T, are the reference temperature. &' is subjected to the following
constraint at saturated phase transformation
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in which g is related to saturated phase transformation and y is a Lagrange multiplier. We define Q= Qy[1-exp(-¢ p)]
based on the fact that the inverse transformation start temperature A, depends strongly on irreversible strain '), where
Oy and ¢ are the material parameters. Using the Clausius—Duhem inequality one obtains
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' and %" can be regarded as the transformation- and plastic-back stress. The drag stress of plastic deformation
oo
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where Ry, { and Y, are material parameters. Introducing the following two dissipation potential functions, ' and ¥”, to
describe respectively the evolution of the internal variables of transformation and plastic deformation
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where f(c,',T) and f*(c,y',T) are the yield functions of transformation and plastic deformation and can be expressed as
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a is a constant, ¢,' and o,” are the yield stresses of transformation and plastic deformation, respectively, and
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where B is an arbitrary tensor B of rank two. The evolution of€',&”, @, p can be obtained as
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where A7=1/(2/3)e":&7, A'=/(2/3)E"¢" .
APPLICATION AND VERIFICATION

Fig. 1 shows the numerical simulation of shape memory effect. The material is stretched at 7 < M; to different
strain, then unloading, followed by heating. It can be seen that transformation and plastic deformation take place during
loading, and residual strain exists after unloading, during heating the transformation strain is recovered and plastic
strain remains, The inverse transformation temperature, 4, (marked with small circles), increases with the increase of
plastic strain, which is and the tendency is in agreement with the experimental results '),

Fig. 2 shows the numerical simulation of pseudoelasticity. It can be seen that if unloading occurs before plastic
strain appears, the inelastic strain can be recovered. When plastic deformation occurs, it will remain uncovered. With
the increase of plastic strain, the stress for inverse transformation is reduced, attributed to that additional energy is
needed to compensate the energy for inverse transformation, which is dissipated by plastic deformation. The computed

results agree reasonably with the experimental results .
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Fig. 1 Simulation of SME and increase of 4 due to plastic deformation Fig. 2 Simulation of pseudoelasticity and effect of plastic deformation
CONCLUSIONS

A 3-D phenomenological model for SMAs is presented, considering plastic deformation. Making use of a free energy
function, the driving force for phase transition and that for plasticity are derived. Two yield functions are introduced to
describe the phase transformation and plasticity. The SME and PE of SMAs are analyzed and compared with the
experimental results, demonstrating the validity of the proposed model in the description of the main characteristics of SMAs.
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