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Numerous constitutive models of shape memory alloys aiming to reliable predictions of their remarkable
thermomechanical response are available in the literature. Often, experimentally documented specifics as tension-
compression asymmetry or anisotropy of some physical properties of martensite are not considered, e.g. because it
is difficult to determine them experimentally without dedicated instrumentation. Hence, parameterization of the
models is limited to data from tensile tests, yet the models are used to predict material response in more general
loading modes. This contribution addresses limits and pitfalls of such a modeling shortcut. It is also shown that
an accurate prediction of NiTi wire response in torsion can be obtained with parameters derived from a test in
tension and compression, which challenges the general comprehension of the influence of the processing texture.
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1. Introduction

Shape memory alloys (SMA) are intermetallic ma-
terials exhibiting the remarkable response to mechani-
cal and/or thermal loading due to a reversible marten-
sitic phase transformation. Their extraordinary proper-
ties such as superelasticity, pseudoplasticity or one-way
shape memory effect have already been used in vari-
ous applications [1]. This has simultaneously triggered
the development of constitutive models of polycrystalline
SMA allowing finite element predictions of the thermo-
mechanical response of final products [2–5], see also re-
cent reviews [6, 7].

The crucial issue of SMA modeling is proper capturing
and coupling of several deformation phenomena, primar-
ily the elasticity and the formation and changes of the
martensitic structure. The latter one — inelastic defor-
mation — is related to the so-called (mean) transforma-
tion strain, which is often a key internal variable of the
models. The maximum value of transformation strain in
SMA single crystals can be deduced from crystallographic
considerations and it is highly orientation-dependent and
loading mode-dependent for NiTi alloys.

However, to facilitate fitting of material parameters in-
troduced in models, elastic isotropy of individual phases
and/or isotropic and symmetric limits of transformation
strain, i.e. the von Mises type of transformation domain,
are often assumed. Such an approach may be challenged
by several experimental facts: (i) tension-compression
asymmetry† originating in the crystallographic nature
of martensitic transformation has already been well
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†Under compression, the transformation strain induced by the
phase transformation is lower and the absolute value of stress level
required to start the forward phase transformation is higher than
in experiments in tension.

documented in literature [8–10], (ii) strong texture of
austenite induced during processing of NiTi components
can lead to considerable material anisotropy [11, 12],
(iii) different martensitic microstructures form and de-
velop when martensite is subjected to different loading
modes [13]; such microstructures can exhibit different
macroscopic properties [14, 15]. Accepting these objec-
tions, one can further ask how substantial the simulation
error is when these effects are neglected in the consti-
tutive model. Of course, the question is relevant only in
the loading scenarios where more complex loading modes
(than a simple tension) occur. Elementary examples are
torsion or bending (combining tension and compression),
which are, however, often employed even in the simplest
applications [16].

In this contribution, we investigate this issue via com-
parison of experimental data with simulations performed
with our own developed SMA model [17] which is ca-
pable to take the abovementioned phenomena into ac-
count. We adopt extensive experimental dataset pub-
lished in [18] containing both tensile and combined
tension-torsion tests at different temperatures on a NiTi
wire and complement it by experiments on a similar ma-
terial in tension-compression published in [19]. As a
byproduct, we discuss the influence of material parame-
ters derived from tension and compression to model pre-
dictions in torsion.

2. Constitutive model
The core of the rate-independent constitutive model

for NiTi SMA used in this work was first formulated in
[17]. The thermodynamic state of material is described
by two external state variables — total strain, ε, and
temperature, T , two scalar internal variables — volume
fraction of martensite, ξ, volume fraction of R-phase, η,
— and one tensorial internal variable — traceless inelas-
tic strain related to transformation strain of martensite,
εin. The rule of mixtures was employed to determine the
Helmholtz free energy
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f(T, ε, εin, ξ) =

1

2
(ε− εin) : Ĉ(εin, ξ, η) : (ε− εin) + ∆sAM (T − T0)ξ

+∆sAR
(
T −Rs −

η(Rf −Rs)
2(1− ξ)

)
η +Q(T ), (1)

where Q(T ) is a term depending on temperature only.
∆sAM and ∆sARdenote (positive) change of entropy
related to transition between austenite and martensite
and austenite and R-phase, respectively. T0 is a ma-
terial parameter related to the thermodynamic equilib-
rium between austenite and martensite, whereas Rs and
Rf are temperatures adjusting initiation and termination
of transformation between austenite and R-phase at the
stress-free state. The elastic stiffness tensor of austenite,
R-phase and martensite mixture is computed following
the Reuss model for strain decomposition

Ĉ(εin, ξ, η)=

[
(1− ξ − η)ŜA+ηŜR+ξŜM

(
εin

ξ

)]−1

, (2)

where Ŝi denotes the compliance tensor of an individual
phase i. It is assumed that both austenite and R-phase
are elastically isotropic (full stiffness determined by two
independent elastic constants: K — bulk modulus and
E — Young’s modulus), whereas martensite can exhibit
substantial anisotropy depending on its internal state
(see the next sections for experimental justification). The
algorithm for calculation of ŜM ( ε

in

ξ ) was first proposed
in [20]. The input parameters of this algorithm are one
isotropic elastic tensor of temperature-induced marten-
site (again two independent parameters only) and two
transversely isotropic elasticity tensors of martensite re-
oriented by applied uniaxial tension (“tensile martensite”)
and uniaxial compression (“compressive martensite”, five
independent parameters each), respectively. The elas-
ticity of martensite is determined by a unique decom-
position of ε

in

ξ tensor into tension-like and compression-
like contributions, which modify the isotropic elasticity
of temperature-induced martensite, see [20] for details.

The model incorporates natural constraints on volume
fractions of phases

0 ≤ η ≤ 1− ξ ≤ 1, (3)
and it assumes that the set of possible transformation
strain tensors is restricted to a bounded convex domain
defined by the inequality〈

εin
〉
≤ ξ. (4)

The specific form of the (convex) function denoted by
angle brackets allows capturing the well-documented
tension-compression asymmetry or a possibly transfor-
mation strain anisotropy. The particular form used in
this work follows:〈
εin
〉
≤ ξ=

I2
(
εin
)

k

cos
(
1
3 arccos

(
1− a(I3

(
εin
)

+1
))

cos
(
1
3 arccos (1− 2a)

) , (5)

where I2 (x̂) =
√

2
3 x̂ : x̂ and I3 (x̂) = 4 det(x̂)

(I2(x̂))
3 for an ar-

bitrary tensor x̂.

Fig. 1. The shape of the von Mises transformation
strain domain (blue) and the domain described by
Eq. (5) (red) (k = 0.067, a = 0.98) in the space of prin-
cipal strain components (a) — viewed from the (111)
direction, and in the plane of tensile (ε = ε11) and shear
(γ = 2ε13) strain components (b).

Here, k is a material parameter representing the maxi-
mum transformation strain in tension and the parameter
a (ranging between 0 and 1) captures experimentally ob-
served tension-compression asymmetry (see the next sec-
tions). The forms of the transformation strain domain
defined by Eq. (5) for a = 0 (von Mises domain) and
a = 0.98 are depicted on Fig. 1. The domain is shown
both in the space of principal strain components and in
the plane of tensile (ε = ε11) and shear (γ = 2ε13) strain
components, which is relevant for simulation of combined
tension-torsion experiments. It is worth noting that the
definition of the domain by Eq. (5) neglects any possi-
ble material anisotropy related to, e.g. crystallographic
texture of the material as it is a function only of tensor
invariants. Rate-independent dissipation function, which
completes the definition of the constitutive model, has
the following form (see [21] for more details):

d(T, εinξ, ε̇in, ξ̇) =
∆sAM [T0 −Ms + ξ(Ms −Mf )] ξ̇

+σreo (T )
∥∥ε̇in∥∥ if ξ̇ ≥ 0,

∆sAM [T0 −Af + ξ(Af −As)] ξ̇
+σreo (T )

[∥∥∥ ξ̇ξ εin∥∥∥+
∥∥∥ε̇in − ξ̇

ξ ε
in
∥∥∥] if ξ̇ < 0.

(6)

Here, As, Af , Ms, Mf and σreo (T ) are material pa-
rameters influencing the hysteretic behavior of the model.
The dissipation associated with the transition between
austenite and R-phase is neglected, hence the dissipation
is not a function of η̇.

3. Numerical simulations

Numerical simulations within this work have been per-
formed by our own-developed User MATerial subroutine
in numerical software tool Abaqus validated in previous
works [22–24]. Based on prescribed strain and tempera-
ture, values of internal variables are obtained as the so-
lution of a constrained minimization problem, in which
the sum of the free energy and the dissipation function
is minimized in each integration step with respect to the
internal variables. For more details on numerical treat-
ment and implementation see [17, 21]. Simulations of
simple uniaxial tension tests with displacement control
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were done using one 8-node linear brick element, simu-
lations of combined tension-torsion tests were performed
using four-node axisymmetric bilinear elements with an
additional twist degree of freedom; 500 (50×10) elements
were used to represent a 1 mm long segment of the wire.

Three complementary sources were used for fitting the
material parameters: (a) extended experimental dataset
published in [18], (b) superelastic tensile and compressive
tests at constant temperature measured in [19], (c) mea-
surements of the elastic anisotropy of strained martensite
by ultrasound methods performed in [15].

To demonstrate the effects of tension-compression
asymmetry and elastic anisotropy of martensite, we pro-
ceed as follows:

1. The model was fitted on “tension at constant tem-
perature” tests and “temperature cycling at con-
stant preloads” tests from [18]. We obtained ma-
terial parameters listed in Table I except for the
bulk moduli of austenite and martensite — these
were set to KA = KM = 143 GPa, i.e. values de-
termined in [15] — and asymmetry parameter. We
set a = 0 corresponding to isotropic (von Mises-
type) transformation domain. The Young’s modu-
lus of martensite determined from the tensile tests,
EM = 43 GPa, corresponds well to measurements
in [15]. KM and EM were used to set a fixed ŜM ,
hence martensite is supposed isotropic in any load-
ing scenario. This set of parameters — called here-
inafter “set 1” — represents the situation when all
the material parameters are derived simply from
tensile tests as common in modeling with very lim-
ited material and experimental sources (e.g. only
NiTi wires and a tensile machine with a thermal
chamber are available).

2. In the second set of parameters, “set 2”, only the
asymmetry parameter was changed: a = 0.98 (very
close to the upper limit) so that the influence
of tension-compression asymmetry can be studied.
We remind that although the elastic tensors of
phases are different, they are all isotropic; such a
setting is very common in the most of current NiTi
SMA models.

3. Both tension-compression asymmetry (a = 0.98)
and elastic anisotropy of oriented martensite are in-
cluded in “set 3”. Elastic tensors of strained marten-
site enter the model via Eq. (2) and the algorithm
from [20]. All values of parameters in this set are
listed in Tables I and II.

TABLE IParameters of the constitutive model (set 3)
used in simulations, see text for details.

KA,R [GPa] EA [GPa] ER [GPa] T0 [ ◦C]
150 71 42 −27

Ms [ ◦C] Mf [ ◦C] As [ ◦C] Af [ ◦C]
−27 −37 −22 −11

Rs [ ◦C] Rf [ ◦C] ∆sAR [MPa/ ◦C] ∆sAM [MPa/ ◦C]
25 5 0.121 0.364

σreo
0 [MPa] Σreo [MPa/ ◦C] k a

110 -0.8 0.067 0.98

TABLE II

Elastic constants of martensite (A — temperature-
induced martensite, B — tensile martensite, C — com-
pressive martensite). The axis of transversal symmetry
is aligned with the x3-axis.

c11 [GPa] c33 [GPa] c44 [GPa] c66 [GPa] c13 [GPa]
A 161 15
B 179 159 25 32 131
C 166 186 30 20 125

4. Results and discussion

First, we present results of the fitting procedure lead-
ing to set 1. In Figure 2, tensile tests at three different
constant temperatures, −10 ◦C, 10 ◦C and 40 ◦C, are com-
pared with corresponding experiments published in [18].
The correct predictions of the plateau stresses for both
loading and unloading shows that the thermomechanical
coupling (Clausius-Clapeyron type) is well captured. Let
us note that the coupling is sensitive to values of trans-
formation strain and elasticity of all three phases, hence,
these parameters are well adjusted. The simulated results
are thus equal for all three sets of material parameters
described in the previous section.

Fig. 2. Simulations of tensile tests (red line) for three different temperatures compared with experiments from [18]
(black line).
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Now, we can study the influence of tension-
compression asymmetry and martensite elasticity param-
eters on the model response. Figure 3a documents very
different results obtained for the three sets of material
parameters defined in the previous section. By direct
comparison with experimental data from [19] in the same
figure, we can see large overestimation of transformation
strain, if the von Mises-type of transformation domain
is assumed. By adjusting the transformation strain via
parameter a (i.e. simulation with set 2), the effect of
anisotropization of elasticity of martensite induced by re-
orientation becomes well visible — for a given strain be-
hind the compressive plateau, stress value easily differs
by hundreds of MPa. An excellent agreement between
the experiment and the simulation is achieved with the
set 3, which reflects both tension-compression asymmetry
and martensite anisotropy revealed in experiments. On
one hand, this is not so much surprising since martensite
elasticity components in set 3 (Table II) were defined so
that “best fit” is reached in Figs. 3 and 4 – we hasten
to note, however, that they are close to values in [15].
On the other hand, and more importantly, this clearly
demonstrates that both phenomena must be taken into
account even for a mere uniaxial loading.

Figure 3b shows the same analysis of the influence of
material parameters on simulations of torque-torsion an-
gle symmetrical +/− responses of a 0.1 mm thick wire at
the constant external tensile stress of 70 MPa and tem-
perature T = 30 ◦C. The situation is analogous to the

compression — a very good fit is obtained by the set 3
of material parameters. Hence, even if no compression
is involved in the loading (as in some types of actua-
tors), both discussed material phenomena can severely
deteriorate predictive ability of any SMA model which
neglects them.

Fig. 3. Simulation of response in tension-compression
(left) and torque (right) for three different material
parameter sets (see text for details): assuming the
von Mises type of transformation surface (blue line),
involving tension-compression asymmetry (green line)
and considering also the elastic anisotropy of oriented
martensite (red line). Experimental data ([19] for
tension-compression and [18] for torsion) are marked by
black dash lines.

Fig. 4. Simulations of response in torsion tests (red line) for three different temperatures compared with experiments
from [18] (black line).

Finally, set 3 was also used to simulate the change of
the response in torque with the temperature at the same
tensile stress of 70 MPa, see Figure 4. All these simula-
tions also show very good agreement with experimental
data in many aspects — the transition between pseudo-
plastic and superelastic behavior, the evolution of plateau
stress with temperature, hysteresis width, etc.

One could infer that the good fit is due to an apt
parametrization of the transformation domain in Eq. (5)
and the advanced algorithm for determination of marten-
site anisotropy proposed in [20]. However, they both suf-
fer from a major drawback — the initial (e.g. process-
ing) texture of the material is neglected, even though it

is most likely present in the wire and should have a sub-
stantial impact on its transformation strain and elastic
properties.

Indeed, as documented in the literature [13, 25], heat
treated drawn NiTi wires exhibit a strong 〈111〉B2 fiber
texture along the wire axis in austenite. The simple tran-
sition model of [11] shows that the significant anisotropy
of martensitic transformation on the level of single crys-
tals gives rise to anisotropy of the transformation domain
in polycrystalline SMA (cf. [26]). Hence, the transforma-
tion strain in tension in the direction of the wire axis is
larger than transformation strains reached in any other
direction.
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The question thus arises: How is possible that the
value of transformation strain in torsion in the model
corresponds to experiments even though the variation of
maximum transformation strain in tension and compres-
sion with orientation is not taken into account? Within
our parametrization (Eq. (5)) and with the maximum
compressive strain being lower than the maximum tensile
strain, the value of the maximum shear strain is predom-
inantly constrained by the value of the maximum com-
pressive strain. Hence, if the variation of the maximum
transformation strain in compression (with orientation)
would be much lower than in tension (no experimental
data are available to the best authors’ knowledge), then
the effect would be similar to the transformation strain in
shear and the texture-induced anisotropy documented in
the literature would have lower impact on the maximum
shear strain than generally assumed.

Concerning the elasticity, the influence of texture
seems to be moderate according to [15]. In that investi-
gation performed on a textured polycrystalline NiTi sam-
ple, low elastic anisotropy was detected in austenite and
it even fully vanished during formation of temperature-
induced martensite. After straining in the martensitic
state, a relatively strong stiffening was observed in some
directions whereas almost no change of the Young’s mod-
ulus was observed in others, i.e. anisotropy of elastic-
ity indeed developed. However, the stiffening direction
mainly followed the orientation of applied loading irre-
spective of the orientation of the processing texture. In
fact, exactly this type of “loading mode-dependent” evo-
lution of elasticity is captured by the algorithm for com-
putation of ŜM in the model.

5. Conclusion

This contribution highlights the importance of cap-
turing tension-compression asymmetry and anisotropy
of martensite elasticity in simulations of NiTi mechan-
ical response. In contrast to general expectations stem-
ming from the influence of texture, predictions of NiTi
wire response in torsion based on material parameters de-
rived from tension and compression tests were found to
be fairly accurate. A possible explanation, which must
be verified experimentally, was suggested. This finding
could have a practical impact as it reduces the number
of necessary material parameters and avoids experimen-
tal difficulties with testing SMA material in torsion.
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