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MULTIAXIAL SHAPE MEMORY EFFECT AND SUPERELASTICITY 

 

By K. Lavernhe Taillard, S. Calloch, S. Arbab Chirani and C. Lexcellent 
 

ABSTRACT 

 

The specific behavior of Shape Memory Alloys (SMA) is due to a martensitic 

transformation [1]. This transformation consists mainly in a shear without volume change 

and is activated either by stress or temperature. The superelastic behavior and the one way 

shape memory effect are both due to the partition between austenite and martensite. 

The superelastic effect is obtained for fully austenitic SMA: loaded up to 5% strain, a 

sample recovers its initial shape after unloading with a hysteretic loop. The one way shape 

memory effect is obtained when a martensitic SMA, plastically deformed, recovers its 

initial shape by simple heating. 

Superelasticity and one way shape memory effect are useful for several three-dimensional 

applications. Despite all these phenomena are well known and modeled in 1D, the 3D 

behavior, and especially the one way shape memory effect, remains quite unexplored [2]. 

Actually the development of complex 3D applications requires time consuming iterations 

and expensive prototypes. Predictive phenomenological models are consequently crucial 

objectives for the design and dimensioning of SMA structures. 

Therefore, a series of 2D proportional and non-proportional, isothermal and non-isothermal 

tests has been performed. This database will be used to build a phenomenological model 

within the framework of irreversible processes. 



Introduction 

 

Among the various properties of SMA, several specificities are of great importance for their 

description. The first one is the coupling between mechanical and thermal behavior that is 

responsible for instance for the one way shape memory effect. Otherwise, the peculiar 

behavior during non proportional 3D mechanical loadings is due to the specific mechanism 

of martensite or R-phase reorientation. Moreover, the well-known tension-compression 

asymmetry has to be considered. Therefore the description of the specific behavior of SMA 

requires non isothermal models, able to take into account 3D proportional and non 

proportional loadings and the tension-compression asymmetry. 

 

Many 3D constitutive macro-models describing the behavior of shape memory alloys were 

developed in the last ten years [3-9]. But very few of them are compared with non 

isothermal, non proportional 3D tests results. The main reason of it is the fact that very few 

complete test databases are available for SMA.  

 

The present paper deals with experimental investigations on a textured nickel-titanium 

SMA. Both isothermal and anisothermal bi axial proportional and non proportional tests are 

performed. This database is then analyzed and an equivalent stress is defined.  

 

 

 

 



Material 

 

The polycrystalline nickel-titanium SMA (Ti-Ni 55.4 wt%) used for the tests was furnished 

by the NDC company. The samples have been obtained by drawing, then machined and 

heat treated (2 minutes in salt bath at 480°C) by the Nitifrance company. The 

transformation temperatures at free stress state have been determined using differential 

scanning calorimetry. Nevertheless, the experimental device was not able to reach 

sufficiently low temperature, to determine all characteristic transformation temperatures. 

Only R phase start temperature, Rs = 26°C, R phase finish temperature, Rf = 11°C, and 

austenite finish temperature, Af = 30°C have been determined. 

For this SMA the Young modulus at 50°C is in the order to E = 70 GPa, the Poisson ratio is 

ν = 0.3 and the maximum transformation strain is estimated to εM = 3%. 

 

Experimental 

The tests have been carried out on a MTS axial-torsion hydraulic testing machine. The axial 

and rotary actuators have a load capacity of 100 kN and 1.2 kN.m, respectively. Axial and 

shear strains were measured using a rosette-type strain gauge glued on the external 

diameter of the specimen. The samples are thin walled tubes; the geometry of the specimen 

is given on figure 1. A thermal chamber is also used for temperature regulation.  

 

Isothermal case: superelasticity 



SMA mechanicaly loaded for temperatures over Af presents a superelastic behavior : in a 

first step, the elasticity of austenite phase is observed, followed by a linearity lost denoting 

the beginning of the forward transformation (i.e., autenite to martentite). During unloading, 

the reverse transformation (i.e., martensite to austenite) occurs and is also followed by an 

elastic part. The specificity of superelasticity is the quasi absence of residual strain after 

unloading. The main objective of this part is to determine the shape of the initial 

transformation stress surface using an ad hoc experimental strategy. An automatic 

procedure, in a LabView environement, has been developed to detect the initial 

transformation onset surface. An interested reader can find all the details of this 

experimental procedure in [10]. The initial transformation onset surface is determined with 

a set of proportional loadings (i.e., radial loadings). During each proportionnal loading 

path, the equivalent stress-equivalent strain curve has been drawn. The elastic modulus is 

evaluated at the beginning of the curve and the transformation onset stress is defined when 

the equivalent transformation strain reaches a certain off-set. Then, values of corresponding 

axial stress, σ, and shear stress, τ, permit to define a point of the experimental 

transformation surface. In this work, the off-set of equivalent transformation strain is equal 

to 0.1%.  

Nine proportional strain loading paths in tension-compression-torsion have been carried out 

at 50°C. Figure 2 shows the experimental shape of the initial transformation onset surface 

in the (σ,τ) plane. The material presents, on the one hand, a great tension-compression 

assymmetry (i.e., 691.
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Where a is a material parameter characterizing the tension-compression asymmetry and 

given by the following relation: 
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The great difference between 
y

!  and iso

y
!  is due to the anisotropy of our SMA. 

To modelize the experimental transformation surface, an equivalent stress has been defined. 

In this proposition, the isotropic equivalent stress proposed by Bouvet et al. [10-11] for 

isotropic SMA and given Eqs.(3-6) has been generalized to take into account the anisotropy 

of the material [12]. 
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where the material parameter a is defined by Eq.(2). 

A dilated stress tensor, denoted by !~  , defined as a linear transformation of  the stress 

tensor 
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where F, G, H, L, M, N are the Hill’s criterion coefficients: 
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The angle denoted ! , Eq. (9), corresponds to the inclination of the Hill’s hyper ellipsoid in 

the stress space. Based on this linear transformation, an equivalent stress for anisotropic 

material, anieq
! , can be simply defined by substituting !~   for 

! 

"   in the equivalent stress 

defined by Eq.(3-6) for isotropic SMA: 
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where 
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 is the deviatoric stress tensor of !~ . 

This choice of a dilated stress tensor !~  ensures the convexity of the equivalent stress 

whatever the parameters are: indeed the equivalent stress proposed by Bouvet et al. [10] is 

convex (demonstrated in [14]) and an affine transformation as D  is conservative for 

convexity [13]. 



An identification procedure [12] allows to determine the seven required parameters: 

F=G=H=0.269·10−5 (MPa−1), L=M=N=0.297·10−5 (MPa−1) and a =0.97. Then, the so 

identified equivalent stress is compared to the experimental transformation surface 

(Figure 2). The agreement between these two sets of data is good. The same method of 

identification performed for other anisotropic SMA for various loadings plans [12] shows 

that this anisotropic transformation surface is flexible enough to describe the whole set of 

possible experimental data. 

 

 

Anisothermal case: one way shape memory effect 

All the test presented in this section have been performed at –10°C. At this temperature, the 

alloy is in a R-phase state and has a pseudoplastic behavior under mechanical loading. This 

particular mechanical behavior is due to three successive deformation mechanisms (i.e., R-

phase reorientation, R-phase distorsion and R-phase-martensite transformation, [15]). 

In order to identify the surface of R-phase reorientation, a series of tests have been 

performed. Thirteen proportional loading paths have been performed in tension-

compression-torsion. The procedure for the surface detection is the same as for 

superelasticity (i.e., presented in the previous section). The experimental results are given 

by the dots on Figure 3. The tension-compression asymmetry [16, 17] is very high (i.e., 

yield stress in compression is two times higher than the yield stress in tension) and this 

experimental results shows that this property is of crucial importance in SMA models. 



This experimental surface for onset of reorientation is compared with the equivalent stress 

already identified in the case of superelasticity. The same values for the parameters are 

taken (no new identification is required), and the equivalent stress is reported on Figure 3 

(continuous line). The agreement between the experimental results and the proposed model 

is very good. Consequently, the same equivalent stress can be used for 3D simulations for 

all temperatures. 

To complete the database of non isothermal test, several one way shape memory effect tests 

were performed. 

For each test, the sample is heated to 50°C to be fully austenitic, then cooled without stress 

to -10°C. The mechanical loading is then performed, at constant temperature. Loading is 

strain controlled at a strain rate of 5.10-5 s-1 and unloading is stress controlled (stress rate 1 

MPa.s-1) up to zero stress. Finally, always to zero stress, the sample is heated to 50°C. 

Results obtained in tension during the ABCDE cycle are presented on Figure 4. Letters 

corresponds to the referenced points on each figure. Between A and B the sample is cooled 

without stress: the austenite is transformed into R-phase. This transformation is 

accompanied with a small deformation (0,1%) that corresponds to the thermal contraction. 

Between B and C, the sample is loaded in tension. In the first step, the R-phase 

reorientation takes place, followed by R-phase distortion. At the end, a plateau (partial 

here) is observed, corresponding to the transformation R-phase to oriented martensite [15]. 

The corresponding strain is irreversible at this temperature, as it can be seen after CD 

unloading. This CD unloading is linear and can be called elastic. Finally, between D and E, 

the sample is heated whereas the stress remains to zero. This heating is accompanied 



between As and Af by the reverse transformation (oriented martensite to austenite) with 

progressive decline of the residual strain. The cycle is completely closed; indeed final state 

E is the same as the initial state A. 

Results obtained in compression are not qualitatively different of those obtained in tension 

(Figure 5). Nevertheless quantitative differences during mechanical loading can be 

observed on Figure 6. This figure shows that the yield stress for the R-phase reorientation is 

very different (40 MPa versus 25 MPa in tension) and also that the necessary stress to 

obtained a certain strain is quite doubled; for instance 200 MPa versus 100 MPa in tension 

for a corresponding strain of 1.2%. To the contrary, during heating, the path is very similar. 

In the same way, a torsion test is performed, reported on Figure 7. Between A and B, the 

material is cooled from 50°C to -10°C whereas stress is imposed to be zero (σ = 0 MPa and 

τ = 0 MPa). Then mechanical loading at low temperature is strain controlled (e.g., axial 

strain ε = 0% whereas shear strain γ grows from 0% to 1,2%). The unloading CD is stress 

controlled (σ,τ) up to zero stress (σ = 0 MPa and τ = 0 MPa). Finally the heating (-10°C to 

50°C) is performed always at zero stress. Globally the behavior remains similar to the 

tension or compression. Yield stress for R-phase reorientation is estimated to 25 MPa in 

pure torsion; this value is higher than the von Mises equivalent stress corresponding to the 

yield stress for R-phase reorientation in tension (15 MPa).  

Two other proportional tests are performed combining on one-hand tension and torsion 

loadings and on the other hand compression and torsion loadings (Figures 8 and 9). The 

way to control these tests remains similar. Between A and B, cooling from 50°C to -10°C 

without stress, then a proportional mechanical loading at low temperature (strain 



controlled) is imposed. For the first loading path (tension-torsion), maxima for the strains 

are fixed to ε = 1% and γ = 1,73%. For the second loading path (compression-torsion), they 

are fixed to ε = -1% and γ = 1,73%. The mechanical unloading (CD segment) is stress 

piloted up to zero stress (σ = 0 MPa and τ = 0 MPa). During heating (DE), stresses are 

maintained to zero. The same phenomena are always observed; notice particularly the quasi 

absence of residual strain after one complete cycle. This property was very useful to 

perform all the above-presented tests (tension, compression, torsion, tension-torsion and 

compression-torsion) on the same sample. The small residual strains observed for the last 

tests may be due to an education of the specimen after these five loading paths. It seems 

moreover that during heating (DE segment), the strain recovering occurs in “straight line” 

in the strain plane (ε,γ). 

 

Conclusion 

 

This paper is dedicated to an experimental database on an anisotropic Ni-Ti SMA. 

Anisothermal and bi-axial tension-compression-torsion proportional tests were performed. 

This kind of test database is the only one established for various temperatures and 2D 

loadings for the same SMA. This database has now to be used for the construction, 

identification and validation of a macroscopic model for SMA behavior.  

Concerning the experimental observations, it can be noticed that: 



- Taking into account the tension-compression asymmetry in the behavior for Ni-Ti 

SMA is of crucial importance; indeed the differences observed in tension and in 

compression are of the order of 50%. 

- This tension-compression asymmetry is observed for yield stress surfaces during 

superelasticity (at temperature higher than Af) denoting the beginning of the 

stress induced direct transformation (austenite to martensite) and also for yield 

stress surfaces during one way shape memory effect (at temperature lower than 

Rf and higher than Ms), when R-phase reorientation occurs. 

- Furthermore, the shapes of the yield stress surfaces at different temperatures (i.e.,  

50°C and -10°C) are very similar. Indeed the associated equivalent stress 

proposed here is able to represent these both surfaces. We can so consider that 

the equivalent stress is consistent whatever the temperature is. 

- Finally, bi-axial tension-compression-torsion proportional one way shape memory 

effect tests are presented and commented. These tests describe phenomena that 

should be taken into account in future models, as for instance the strain 

recovering during heating occurring in “straight line” in the strain plane (ε,γ). 
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Figure 1. Tension-torsion thin walled tube specimen  (in millimeters) 



 

Figure 2. Tension-torsion “yield” stress surface for superelasticity: theoretical (continuous 

line) and experimental (dots) 
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Figure 3. Tension-torsion “yield” stress surface for one way shape memory effect: 

theoretical (continuous line) and experimental (dots) 
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Figure 4. One way shape memory effect for pure tension 



 

Figure 5. One way shape memory effect for pure compression 

 



 

Figure 6. Comparison of one way shape memory effect for pure tension and compression 



 

Figure 7. One way shape memory effect for pure torsion 



 

  

  

Figure 8. One way shape memory effect for combined tension-torsion loading 

 



  

  

Figure 9. One way shape memory effect for combined compression-torsion loading 

 
 


