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Abstract

This work presents a finite-strain version of an established three-dimensional constitutive model for
polycrystalline shape memory alloys (SMA) that is able to account for the large deformations and
rotations that SMA components may undergo. The model is constructed by applying the logarithmic
strain space approach to the original small-strain model, which was formulated within the Generalized
Standard Materials framework and features a refined dissipation (rate) function. Additionally, the
free energy function is augmented to be more versatile in capturing the transformation kinetics.
The model is implemented into finite element software. To demonstrate the model performance and
validate the implementation, material parameters are fitted to the experimental data of two SMA, and
two computational simulations of SMA components are conducted. The applied approach is highly
flexible from the perspective of the future incorporation of other phenomena, e.g., irreversibility
associated with plasticity, into the model.
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1 Introduction

The unique mechanical properties of shape memory alloys (SMA) have found applications in numerous
engineering devices across different industries, e.g., in medicine [1], logistics [2], aerospace engineering [3],
and civil engineering [4]. Many of these applications inherently undergo large rotations and/or moderate
or finite strains. Consequently, computational analysis of their mechanical response must be extended
beyond the small-strain regime, requiring a finite-strain reformulation of the constitutive model.

The traditional approach to dealing with finite strains in phenomenological elastoplasticity is based
on the multiplicative decomposition of the deformation gradient [5]. The most common examples of
adopting such an approach for modeling SMA mechanics include [6-13]. The evolution of the elastic



part is often governed by various isotropic hyperelastic potentials (e.g. Saint-Venant-Kirchhoff, Neo-
Hookean); the remaining term(s) of the decomposition may vary in interpretation and they are related to,
e.g., transformation, reorientation, conventional plasticity, viscoplasticity, or non-dissipative nonlinear
deformation. Certain models incorporate the thermal component in the decomposition, thereby allowing
for the simulation of thermomechanical coupling [14-16].

As an alternative approach, the additive decomposition models employing Eulerian logarithmic
(Hencky) strain have been developed, see [17-20] for SMA-related work. These rate-form models, based
on a hypoelastic constitutive relation, benefit from the specific properties of this strain tensor discovered
in [21]. The additive decomposition of the strain rate tensor, combined with logarithmic corotational inte-
gration, facilitates a straightforward summation of individual contributions to the Eulerian logarithmic
strain.

The present approach follows the framework of Miehe, Apel, and Lambrecht [22], employing an
additive decomposition of the logarithmic strain. This contrasts with the models discussed above, which
are based on a decomposition of the logarithmic strain rate tensor. Its modular structure allows a simple
extension of constitutive structures from the geometrically linear theory to the finite-strain theory using
purely geometric transformations. Namely, the finite-strain model is built by reinterpreting the inputs of
the original small-strain model within the Lagrangian logarithmic (Hencky) strain space and employing
geometric transformations to its outputs to obtain a chosen (Lagrangian or Eulerian) stress measure and
the corresponding stiffness tensor.

The approach has been successfully applied to many constitutive models of metal plasticity [23] and
damage [24, 25], polymers [26], wood [27], etc., and its limitations have also been addressed [28]. In the
realm of SMA models, the methodology has been only recently applied in [29] and [30] for extending
small-strain models [31] and [32] to finite strains, respectively.

In this work, we benefit from the modular setting and develop the finite-strain version of the small-
strain SMA model originally introduced in [33, 34]. The model was formulated within the Generalized
Standard Materials framework [35]; hence, it perfectly fits the approach devised in [22]. It features an
independent description of phase transformation and (re)orientation (including self-accommodation of
martensite), as well as an enhanced dissipation (rate) function that naturally captures the mechanical
stabilization of martensite [36, 37], and tension-compression asymmetry [38]. Later versions focused on
intermediate phase transformations in NiTi [39], localization of transformation [40], or refined description
of elastic properties [41]. The predictive capabilities of the model were validated against mesoscale
experimental data in [42-44]. Here, the original model is adopted in the logarithmic strain framework,
with particular attention to its ability to cope with large rotations and moderate strains and with the
perspective of using the framework to comply with large rotations and finite strains in concurrently
developed constitutive model tailored for complex plastic deformation processes in NiTi motivated by
[45].

Using the implementation to the finite element method, some illustrative computational simula-
tions of NiTi structures are performed. To assess the robustness of the final model with respect to its
parametrization, we also conduct the simulations with a different set of material parameters, whose
particular choice is motivated by our research on another family of superelastic/shape memory alloys.
Metastable 8-Ti alloys based on Ti-Zr-Nb-Sn exhibit promising superelastic properties [46], which are
utilizable in medical applications. Moreover, they are free of nickel, which is deemed potentially haz-
ardous to health [47]. In this respect, we have modified the energetic function of the core model to get
a more flexible description of transformation kinetics.

2 SMA Model Description

The core of the small-strain SMA model introduced in [33] is converted into a finite-strain model using
the logarithmic strain space approach introduced in [22]. The advantage of this approach is that small-
strain models can be seamlessly integrated into the finite-strain formulation without requiring substantial
modifications. It consists of three steps. In the first step, the information on the deformation of the
body is used to compute the logarithmic strain measure. In the second step, this strain measure enters
a constitutive law, which may retain the identical structure as in the small-strain formulation. In the
third step, the generalized stress tensor and the algorithmic stiffness tensor (consistent tangent modulus)
provided by the model are transformed into a suitable stress measure and the corresponding stiffness



tensor, respectively. The transformation is essentially of a geometric nature and employs specific pro-
jection tensors. The other computational procedures, e.g., handling internal variables or resolving the
constitutive response (time discretization scheme, state update procedure), can be retained from the
original small-strain model.

2.1 Preliminaries

Given a displacement mapping u, we assume the corresponding deformation gradient F' = Vu + I and
the (symmetric) right Cauchy-Green deformation tensor

C=F"F. (1)

Following the ideas from [22, 48], we work with the logarithmic strain measure, known as the Lagrangian
Hencky strain (also called the logarithmic strain) defined through

1
H = 1n(0). (2)

Consider now the multiplicative decomposition of the deformation gradient to an elastic part, F*°!,
and inelastic part, F* as F' = F°'F™ Under the assumption of co-axiality of F'™ and F = FF™,
one gets

1 : . .
H = 5 1n(F1nTFe1TFe1F1n) _ Hel + H™ (3)

To arrive at a computationally attractive framework, the logarithmic strain approach assumes the validity
of this relation beyond the co-axility premise [22]. As demonstrated in previous works, e.g., [22, 30], the
results obtained with the additive ansatz (3) are “very close" to those obtained with the corresponding
models based on multiplicative decomposition, see also [28].

2.2 Formulation within the Logarithmic Strain Space

The finite-strain model is constructed via transforming the existing small-strain SMA model introduced
in [33, 34| through the logarithmic strain space approach. Here, we briefly describe the main features of
its constitutive core. The reader is referred to [33, 34] for more details on the physical motivation and
numerical implementation, to [39, 40, 49] for extensions of the small-strain model, and to [42, 43, 50, 51|
for examples of model performance and validation.

The microstructural state of martensite is assumed to be characterized by two internal variables:
the volume fraction of martensite (scalar), £M, and transformation strain tensor of martensite, HM.
We require that HM is symmetric, i.e., HM ¢ R3X3,H}\]/-[ = H%, i,7 € {1,2,3}, and traceless, i.e.,
tr(HM) = Z?:1 HM = 0, to assure the volume-preserving property of the transformation, cf. [25]. The
additive decomposition of the total strain, H, to an elastic part, H®, and a transformation-related
(inelastic) part, H'", is expected as follows:

H :Hel+Htr _ Hel+£MHM. (4)

The natural constraint on the volume fraction of martensite is complemented by directional and
loading mode restrictions on transformation strain,

0<eM<1,  (HM) < (5)

where k is a material parameter representing the maximum transformation strain of martensite attainable
in uniaxial tensile loading and the material function (-) takes a specific form proposed in [33]:

cos (%arccos(l —a(Is(HM) + 1)))

cos (2arccos(1 — 2a))

(HY) = L(H™) ; (6)



where
2 det(HM)
L(HM = /ZHM: HM, [;(HM) =4—— L. 7
2( ) 3 ) 3( ) IQ(HM)3 ( )
The material parameter 0 < a < 1 accounts for the tension-compression asymmetry.
The core of the model consists of two particular functions. The energy function (thermodynamic

potential), 7', consisting of elastic, chemical, and internal contributions, takes the form
1
ST(H,HM, M) = §th(H)2 +G(EY)|dev(H) — €M HY|?
+ AsM(T — T)eM

+ (M H) (®)

where the bulk modulus, K, is assumed phase-independent, the (apparent) shear modulus of the phase
mixture is given by the Reuss rule

GAGM

AsAM denotes the specific entropy change associated with the phase transformation, Ty is the corre-
sponding phase-equilibrium temperature (see [33]| for details), and || - || denotes the Frobenius norm.
Temperature, T, is considered a prescribed (albeit variable) parameter, as the superscript indicates.

The last term in (8) represents phenomenological energy contributions associated with the hetero-
geneity of the material caused by its multiphase state and/or by its polycrystalline nature,

T,mt _ iE}lard§M<HM>2 4 E(I;m(l _ gM)no + Ei{m(é-M)nl’ (10)

where Ehard, Egi“, E¥™ and 1 < ng,n; < 2 are material parameters obtainable from experimental data.
The form of the first term on the right-hand side is motivated by [52], where such a type of internal energy
reflecting hardening during martensite reorientation was derived from micromechanical considerations.
The other terms are inspired by the work [53], where they were associated with multiphase composition
(“energy of mixing,” cf. [54]); they enable to capture the phase transformation kinetics better.

The dissipation function, d, in which both transformation and reorientation of martensite are
considered, takes the form

M>0 = dH,MHM M = AsM[(Ty — M) + (M, — My)]EM

+ O SEM + P, (11)
M<0 = dH, M HM M) = AsAM(T) — Ap) + M(A, — Ap)]EM
+ o €M) [ EM |+ B (12)

with Mg, M¢, Ay and A; being material constants related to stress-free transformation temperatures
and ¢™° is related to the critical stress for martensite reorientation. Let us note that the above
rate-independent dissipation function allows capturing (re)orientation processes and the mechanical
stabilization of martensite, cf. [55]; hence, it differs for forward (11) and reverse (12) transformation.

After establishing the internal variables in (5) and defining the two constitutive functions in (8),
(11) and (12), the model formulation can be completed using the framework of Generalized Standard
Materials/Media (GSM) [35], which establishes the relation between thermodynamic forces and fluxes
via a generalized Biot’s evolutionary equation. For the (convex) model at hand, it breaks down to the
relation for the logarithmic stress

of(H,aM)
T=—"—""_"—" 1
and the governing principle for the evolution of internal variables
0 € Dom fT(H, ™) + 0gu d™ (aM, &™), aM(0) = o, (14)



with the vector of internal variables a™ := (HM, (M) initially taking the value a§l. Symbols & and €
denote the subdifferential and inclusion relation, respectively, see [22]. Let us note that GSM framework
ensures — under some simple conditions satisfied by (11) and (12) — the thermodynamic consistency of
the proposed constitutive model [22, 35], and that establishing the constitutive law via (14) provides an
alternative to the defining the domain(s) of admissible force(s) together with flow rule(s) as common for
rate-independent models [56].

2.3 Constitutive State Update and Post-processing of Outputs

The time-continuous version of the model introduced in the previous section is discretized in time via
backward Euler scheme (€M — (M —¢M )/At, HM — (HM — HM |)/At with time increment At), see
[34] for details, hence the time-discrete form of the constitutive law at a time instant ¢; takes the form
of a constrained (convex) minimization problem

oy, = argmin{ f7* (a) + di (e, 1) + (o, 1)} (15)

The subscript k& denotes the discretized contributions corresponding to the discrete variational formula-
tion specified in [22], Z is the indicator function, which ensures satisfaction of the constraints (5) [33],
see [55] for numerical implementation details.

After resolving the problem (15), the logarithmic stress tensor is explicitly computed through (the
discretized version of) equation (13). The constitutive update needed for finite element implementation
is subsequently completed by computing the consistent tangent modulus, i.e. the discretized version of
the relation dT'/d H; the analytical form can be derived in the very same manner as in [33], see also [12].

These two model outputs are consequently transformed into the non-symmetric nominal stress, P,
and nominal stiffness tensor (tangent modulus), M, respectively, which directly enter the finite element
formulation of the incremental boundary-value problems. The algebraic relations

dr
P=T:P, M:PT:d—H:P+T:L, (16)

use the fourth- and sixth-order transformation (projection) tensors

2
OH L 0°H

P=5F = OFOF’

(17)

The assembly of the transformation tensors P and L from (17) is more technical and is detailed in [22].
The nominal stress P can be used to calculate the Cauchy stress o given by

1 T
o= et (F) PF*. (18)

3 Finite Element Implementation and Computational Examples

As shown in [22], the variational formulation of the constitutive law can be easily combined with the
principle of minimum potential energy to yield a global variational formulation for the incremental
boundary-value problem of a material body. The resulting “combined" minimization problem (cf. [56])
can be solved in a monolithic manner, e.g., [55], or via the alternating minimization approach, e.g., [34],
which fits well into common implementations of finite element methods. The latter way has also been
used in this work, as described below. The material parameters of the constitutive model are then fitted
to particular alloys and tested on benchmark computational examples.

3.1 Finite Element Implementation

The logarithmic strain model of SMA has been implemented into finite element method in MATLAB
computational environment. The backbone of the implementation is the lightweight code developed in
[57], which features a time-efficient vectorized implementation. Its structure was modularized, and the



elastoplastic core has been replaced by the present finite-strain SMA model. Moreover, the robustness
has been reinforced by implementing a simple adaptive time-incrementation scheme.

The optimization problem (15) is solved using the MATLAB in-built function fminsearch based on
(heuristic) Nelder-Mead minimization algorithm. A toolbox for the automatic differentiation of mathe-
matical functions in MATLAB called ADiGator [58] is used for the computation of the consistent tangent
modulus. For improved numerical robustness of the Newton method, some regularization of functions d
and (-) is applied.

3.2 Material Parameters

To obtain realistic quantitative results in the next subsections, the material parameters of the model
have been fitted to experimental data from two polycrystalline alloys with distinct transformation char-
acteristics, such as kinetics and attainable transformation strain. The first is a conventional cold-drawn
NiTi wire (FWM NiTi#1-CW [59]), which is widely used in applications; the other one is a Ni-free
metastable titanium alloy with the nominal composition Ti-18Zr-11Nb-3Sn (at.%); it is a member of a
family of quaternary alloys considered a prospective alternative to NiTi in medical applications [46, 60].
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Fig. 1: Experimental data on uniaxial tension (red dashed line) of NiTi at 40°C (left) and Ti-18Zr-
11Nb-3Sn at 23°C (right) alloys compared to their simulation counterparts (black solid line).

The superelastic stress-strain relation for NiTi at 40 °C depicted in red dashed line in the left panel
of Fig. 1 was adopted from [42], the same relation for Ti-18Zr-11Nb-3Sn alloy at 23 °C can be seen in
the right panel of Fig. 1. The material parameters of NiTi alloys were fitted based on the hysteresis loop
in Fig. 1 and further experimental characterization performed in [42], see Table 1.* The black solid line
shows the corresponding mechanical response as simulated by the model.

The metastable Ti-18Zr-11Nb-3Sn alloy was manufactured in the same manner as in [62]. The tensile
response was obtained on a dog-bone cylindrical sample (3 mm in diameter) with Instron 5882 deforma-
tion machine equipped with Epsilon 3442 LHT extensometer at quasistatic deformation rate of 5-10~%
s~ after about 25 cycles of a stabilization (tensile) training up to 0.04 strain, cf. [63]. As a more com-
plex experimental characterization of Ti-18Zr-11Nb-3Sn alloy is currently underway, the experimental
measurements in Fig. 1 were complemented by data obtained from the alloy with the same composition
and manufacturing/processing conditions in [63]. Values of parameters in Table 1 with missing exper-
imental information were estimated based on the properties of a similar alloy — the bulk modulus was
estimated based on [62] — or were conservatively adjusted — the tension-compression asymmetry factor
was set to zero. Again, the simulated response is marked with a black solid line in Fig. 1.

1Let us note that the physical origin of the flat stress plateau observed for NiTi alloy in experiments — localization of the
transformation (“shearband”) [61] — is usually disregarded in general SMA modeling and the material parameters are fitted as the
plateau would be the true material response with very weak hardening. Since the choice of the two experimental characteristics
in this work is motivated by the intention to demonstrate the capability to capture very different transformation kinetics, we will
stick to this (over)simplifying approximation. A rigorous treatment of this issue was proposed, e.g., in our previous work [40].



Table 1: Table of material parameters used in finite-element com-
putations. The number in the last column refers to the relation(s)
in which the parameter appears.

Parameter  Unit NiTi Ti-18Zr-11Nb-3Sn  Equation no.
E [ 0.06 0.018 5)

a [1] 0.97 0 (6)

K [GPa] 148 120 (8)

GA,GM [GPa] 25,12 14,15.5 (8)

AsAM [MPa/°C] 0.34 0.041 (8), (11), (12)
To [°C] —17 —61 (8), (11), (12)
Epard [MPal 1.79 0.18 (10)

Ef™ E¥n [MPal 0,0 5.7,5.7 (10)

no, N1 [1] 0,0 1.1,1.1 (10)

My, Mg [°C] —23,-25 —61,-76 (11)

Ag, Ap [°C] —13,-10 —61,—46 (12)

areo [MPa] 100 20 (11), (12)

3.3 Simulation 1: Bending of a Cantilever Beam

In the first example, we simulate the bending of a slender cantilever beam in an initially horizontal
position. The beam has a square cross-section (0.5 x 0.5 mm?) and a length-to-height ratio of 30. It
is divided into a uniform mesh of 3,840 (8 x 8 x 60) linear hexahedral (Q1) elements. The boundary
conditions are such that the nodes at one end of the beam are completely fixed while the other end of
the beam is loaded in the vertical direction to a maximum displacement of 1 cm, giving rise to a bending
moment. No prescribed volume forces are assumed; the temperature of the simulations is the same as
for the superelastic curves in Fig. 1.
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Fig. 2: Finite-element simulation of deflection of a NiTi cantilever beam. Distribution of volume fraction
of martensite (left) and the longitudinal component of transformation strain tensor (right).

Figure 2 shows the spatial distribution of the volume fraction of martensite, &, and the component of
the transformation strain in the direction of the longitudinal axis, H, in the most deformed state for
the NiTi beam. The initial configuration with the overlaid mesh is also plotted. The mechanical response
is dominated by bending. The transformation process initiates near the fixed end and spreads towards
the free end. The maximum absolute value of the transformation strain component reached in tension

on the upper surface differs substantially from that reached in compression on the lower surface. This



is a direct consequence of the asymmetry parameter, a in (6), which also leads to the asymmetry in the
distribution of martensite through the beam cross-section in the transforming region.
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Fig. 3: Finite-element simulation of deflection of a Ti-18Zr-11Nb-3Sn cantilever beam. Distribution

of volume fraction of martensite (left) and the longitudinal component of transformation strain tensor
(right).

The simulation counterpart for Ti-18Zr-11Nb-3Sn alloy is presented in Fig. 3. Compared to the first
simulation, the phase-transformed region propagates further along the beam, but its curvature is lower
there, and spatial distributions are more symmetric. This can be rationalized by the significantly lower
value of the parameter k (related to the maximum attainable transformation strain in uniaxial tension)
and the zero asymmetry parameter, a. Finally, Fig. 4 shows the evolution of the (vertical component of)
force at the free end with displacement for both simulations. Although the deflection at the end of loading
is identical for both cases, the curves differ since the respective alloys exhibit different transformation
kinetics (cf. Fig. 1).
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Fig. 4: The evolution of force with deflection from finite-element simulations of NiTi (left) and Ti-18Zr-
11Nb-3Sn (right) cantilevers.

3.4 Simulation 2: Stretching of a Helical Spring Coil

Computational analysis of the deformation of a helical spring is a common benchmark of finite-strain
SMA models [11-13, 20]. We simulate the stretching of a single coil of a helical spring at a constant
temperature (corresponding to the superelastic curve in Fig. 1), imposing periodic boundary conditions



with a shifted axial displacement to ensure that the geometry represents one segment of an infinitely
long virtual spring. The coil is wound from a wire with a circular cross-section of 0.1 mm in diameter.
The outer diameter of the coil is 2.1 mm (i.e., the spring index 20), and the initial pitch is 0.1 mm
(i.e., the initial pitch angle 3.7°). The finite element model comprises 4,320 linear hexahedral elements
with 48 elements per cross-section distributed uniformly in 90 layers along the wire axis. Stretching
is simulated with a gradual change of prescribed displacement in the coil axis-direction of the central
node at one end, while displacements in the other directions are fixed. The central node at the other
end is fixed completely. Periodic boundary conditions with a shifted axial displacement are imposed at
the remaining nodes of both ends (cross-sections) of the coil. The rigid body motion of the whole coil
is prevented. Hence, the simulated response is the same in any cross-section as required by the infinite
spring assumption.
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Fig. 5: Finite-element simulation of a NiTi coil stretching. Initial and three deformed configurations — 2,
4 and 6 mm strokes — with the distribution of the volume fraction of martensite on the surface. The inset
shows the distribution of martensite, £, and equivalent transformation strain, H;fl, within an arbitrary
cross-section at 6 mm stroke. The surface point marked by a magenta circle is the closest to the coil axis.
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Fig. 6: Finite-element simulation of a Ti-18Zr-11Nb-3Sn coil stretching. Initial and three deformed
configurations — 2, 4 and 6 mm strokes — with the distribution of volume fraction of martensite on the
surface. The inset shows the distribution of martensite, £, and equivalent transformation strain, Hgg,

within an arbitrary cross-section at 6 mm stroke. The surface point marked by a magenta circle is the
closest to the coil axis.

Figure 5 shows the initial position and three deformed configurations with increasing stroke (2, 4,
and 6 mm) with the distribution of martensite superimposed in case of a NiTi coil. For the highest



stroke, the left and right insets show the distribution of martensitic volume fraction and the equivalent
transformation strain computed as I (H®) from (6) within an arbitrary cross-section, respectively. The
surface point closest to the spring axis is marked with a magenta circle. The distribution of these variables
is inhomogeneous, with distinct maxima in the marked point and minima in the central part but below
the center of the cross-section. This indicates the predominantly bending character of the loading at this
stroke, with a clear asymmetry leading to the shrinking of the region where the material is predominantly
compressed. It can also be observed that the phase transformation is not complete in any region of the
NiTi coil.

The same computational outputs are provided for a Ti-18Zr-11Nb-3Sn coil in Fig. 5. In contrast,
the phase transformation is completed in a significant volume of the material, and the torsional charac-
ter of the loading mode is more apparent. This is consistent with much lower attainable transformation
strains compared to NiTi and (the assumed) tension-compression symmetry of the response. Finally,
Fig. 7 compares the computed macroscopic stroke-force response for both materials in a complete stretch-
ing/unstretching cycle. The lower dissipation energy within a superelastic cycle, as exhibited in Fig. 1,
results in a narrower hysteresis loop for the Ti-18Zr-11Nb-3Sn alloy. In the parts where the transfor-
mation and reorientation are completed, the material deforms only elastically, which leads to a much
steeper increase in force than for NiTi.
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Fig. 7: The evolution of force with stroke from finite-element simulations of NiTi (left) and Ti-18Zr-
11Nb-3Sn (right) coils.

4 Conclusions

We have extended a small-strain model based on [33] to the finite-strain regime using the consistent
modular approach of [22]. The approach offers an alternative to both the “classical" multiplicative
decomposition-based approach, which necessitates the complete rebuilding of the model structure
and comprehensive mathematical manipulations, and to the logarithmic stress rate approach, which
builds upon the original model but requires substantial computational effort linked with logarithmic
co-rotational integration.

The logarithmic strain approach employed in this work preserves the original model structure, redi-
recting the modeling effort to the pre- and post-processing phases, with spectral decomposition of tensors
being the primary computational burden. The modular structure of the logarithmic strain approach is
also extremely beneficial for future modifications/development, e.g., towards capturing the plastic pro-
cesses in NiTi martensite, cf. [64], or their coupling with phase transformation [45]. The first attempts
in this direction have been performed in [65]. It is worth noting that the relative simplicity of imple-
mentation is counterbalanced by limited applicability in particularly severe loading modes; see [28] for
details.

The free energy function has been refined (with respect to the original small-strain model) by incor-
porating an internal energy term to enhance the flexibility of the transformation kinetics description, as
demonstrated in two examples of real material responses. The model has been implemented using the

10



finite element method with the constitutive state update procedure retained from the original imple-
mentation, which substantially reduces the development time. Two computational simulations of simple
mechanical structures, a cantilever beam and a helical spring, have been conducted for two different
SMA: NiTi and Ti-18Zr-11Nb-3Sn. The model plausibly reproduced the shape changes associated with
large rotations, which is particularly useful for simulations of slender structures used in microelectrome-
chanical systems or medical devices. The simulations also demonstrated that it captures not only the
differences in macroscopic mechanical response but also in the distributions of phase and strain states
stemming from the different material responses. Such information is valuable for the development and
design of applications relying on SMA alternatives to NiTi. We note, however, that the present results
on Ti-18Zr-11Nb-3Sn are merely illustrative, as the experimental input required for model fitting is
incomplete, and the model premises beyond the superelastic regime have not yet been experimentally
validated.
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