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Abstract

We present a 3D constitutive model for NiTi polycrystalline shape memory alloys
exhibiting transformations between three solid phases (austenite, R-phase, marten-
site). The “full modeling sequence” comprising of formulation of modeling assump-
tions, construction of the model, mathematical analysis and numerical implementation
and validation is presented.

Namely, by formulating micromechanics-inspired modeling assumptions we con-
centrate on describing the dissipation mechanism — a refined form of this description
makes our model especially useful for complex loading paths. We then embed the
model into the so-called energetic framework — extended to our case — while taking
advantage of describing the dissipation mechanism through the so-called dissipation
distance. We prove existence of energetic solutions to our model by a backward Eu-
ler scheme. This is then implemented into a finite element software and numerical
simulations compared with experiments are also presented.

1 Introduction

Shape memory alloys (SMA) are metallic materials exhibiting remarkable properties like
being able to sustain and recover large strains or to “remember” the initial configura-
tion and return to it with temperature change. These properties arise from a reversible
rearrangement of the crystal lattice associated with the so-called martensitic phase trans-
formation. This is a transition from the (typically cubic) parent phase, referred to as
austenite, to the product phase, called martensite and having a less symmetric crystal
lattice. The transformation can be induced by thermal and mechanical loads as wells as
by a combination of these.

The martensitic phase is then characterized by an internal microstructure of different
strain states corresponding to different variants of martensite. This microstructure may
rearrange depending on the current loading conditions; this will be referred to as reorien-
tation hereinafter. It is this reorientation that is at the heart of the unique response of
SMA (cf. e.g. [1]).

Clearly, the specific thermomechanical properties of SMA make them attractive from
the point of view of application. Many products made out of SMA polycrystals are already
being used or developed: in medicine, in automotive industry, in textile industry, etc.
12, 3, 4].

Due to the multiscale character of SMA and due to different objectives in modeling,
the variety of models that have been proposed in literature is very large ranging from
atomistic to macroscopical, from purely static to fully (thermomechanically) evolutionary



ones, from those which focus only on particular phenomena to more general ones (which
may, however, disregard some peculiarities); cf. e.g. [5, 6, 7, 8] for surveys.

From the point of view of applications, however, macroscopic, phenomenological mod-
els for polycrystalline SMA form a powerful tool due to their easy implementation, less
time-consuming calculations and the possibility to be adjusted for the particular ma-
terial easily. Hence, a large number of such models has been proposed to date, e.g.
[9, 10, 11, 12, 13, 14, 15, 16].

Performance of several of them was compared within a unique activity called “Round-
robin SMA modeling” when experimentally measured behavior of a NiTi wire subjected
to complex thermomechanical loading conditions has been compared to predictions of the
individual models; see [17] for details. Assessment of the results revealed that especially
in the case when multiple deformation mechanisms were coming into play, i.e. in general
(non-proportional) thermomechanical loadings, the performance of the currently available
models is still not completely satisfactory. Note that the chosen material, a NiTi alloy, is
of particular importance since it is the commercially most successful SMA.

The difficulty in modeling the response due to non-proportional loadings stems from
an interactions of multiple deformation modes (elasticity, two-stage phase transformation,
reorientation) coming into play and the response becomes very sensitive to changes in
loading conditions [18].

In this work, we derive a macroscopic, phenomenological model that is based on a
simple modeling idea on the interaction of (some of) these processes. This allows us,
in particular, to describe the rate-independent® dissipation mechanism related to (simul-
taneous) phase transformation and reorientation of martensite. Further, we embed the
model into the energetic framework for rate-independent processes to prove existence of
solutions and to propose a suitable numerical approximation. This is then implemented
for verification and prediction.

Therefore, this paper includes a presentation of the “full modeling sequence”, represent-
ing an interplay and synergy of mechanics, applied mathematical analysis and numerics,
consisting of the following main steps:

1. Formulation of simplifying modeling assumptions based on experimental results: Based
on a number of experiments available on polycrystalline NiTi samples and motivated
by microscopic behavior of SMA on the level of the single crystal, we propose simpli-
fying modeling assumptions that form the heart of the proposed model within this
work. The microscopic motivation is especially important to us when we propose that
a “zero-macroscopic-strain” type of martensite forms at the martensite-austenite in-
terface. Microscopically this notion reminds of twins (laminates) well know from
single crystal studies. Let us stress that we are aware that the situation in the
polycrystal is more complex and this assumption is very simplifying and might not
even be always satisfied. Nevertheless, the assumption is simple enough to allow us
to formulate a well-performing model and still transfers some of the essence of the
martensitic transition at the microscopic level to the macroscopic one.

2. Formulation of a thermodynamically consistent model: Following our modeling as-
sumptions we formulate our model in the framework of generalized standard solids
(GSM). In contrast to the original works due to [21], we, however, work with the
so-called dissipation distance (cf. [22]) instead of the dissipation potential.

'In the range of mechanical loading frequencies where assumption of isothermality is satisfied, which
will be the regime in which we work here, SMA behave in a rate-independent manner [19, 20].



3. Mathematical analysis of the model: We embed our model into the so-called ener-
getic framework due to [23] which allows us to prove existence of solutions to the
model by a constructive method that simultaneously provides a conceptual numeri-
cal algorithm. Unlike in the previous works concerning the energetic framework, we
have to cope here with a dissipation distance dependent on temperature; we, hence,
extend the framework also to this case.

4. Numerical implementation: Based on the mathematical analysis, we develop a suit-
able numerical approximation of the model, which is used for implementation into
the finite element software Abaqus.

5. Validation of the model by comparison of simulations with experiments: Implemen-
tation of the model is employed in simulations of a superelastic helical spring loaded
in tension. We confirm plausibility of the model by comparing numerical results
with experiments on a real spring. Let us note that information from such a numer-
ical analysis helped to shed light on the problem of fatigue lifetime of SMA braided
stents in [24].

Although most published SMA models concentrate on only some of the aforementioned
steps, we present the full modeling sequence to assure that the models satisfies the re-
quirements of thermodynamical consistency and mathematical rigor as well as quantitative
prediction of experimental results within a good accuracy.

Let us also note that although we believe that especially the microscopically-motivated
modeling ansatz is more general, we adapt the model here to NiTi samples similar to those
used in the Roundrobin activity. Therefore, other troublesome phenomena specific to these
samples, namely the two-step transformation through intermediate R-phase and material
anisotropy, are also incorporated into the model by the approach proposed in [25].

The article is organized as follows. In section 2, we will briefly introduce the internal
variables, derive the specific form of the dissipation mechanism and construct the consti-
tutive model. In section 3, we will express the general problem of a quasistatic mechanical
loading of a NiTi-based SMA body with prescribed temperature evolution as a mathemat-
ical time-evolutionary problem and establish properties of its solutions utilizing an elegant
method, namely the notion of energetic solutions, recently developed for rate-independent
processes. In section 4, we will briefly summarize the numerical implementation and
demonstrate the predictive capabilities of the model.

2 Model Derivation

For model formulation, we adopt the formalism of so-called generalized standard models
(also called generalized standard materials) (GSM) developed by [21]; so, we have to specify
two functions (potentials) to construct a constitutive model. The first one is the energy
function, f, expressing the energy stored in the material, the other one is the dissipation
function, d, describing the energy transformed into heat by the material during the loading
process.

However, ideas presented further on in this paper can be advantageously expressed in
the form of so-called dissipation distance, §, due to [23, 26]. This dissipation distance gives
the minimal possible dissipation when the system transits between two arbitrary states
ay and ag; i.e.

§(cs, ap) := inf { /

aN—OR

d(a, &) dT; over all smooth paths from a4 to aB} (1)



Moreover, if the system transits from a4 and ag in an infinitesimally short time-increment
the dissipation distance approximately gives the total dissipated energy on transition be-
tween the two states (similar concepts have also been used in e.g. [27, 28]).

Remark 2.1 (From dissipation distance to dissipation function). Clearly, obtaining the
dissipation distance in a closed form via formula (1) can be a very hard task. Nevertheless,
as in this paper, it can be advantageous to derive (a candidate) dissipation distance by
observing a transition between two states in a very short time increment. However, one
may ask which requirements such a candidate has to satisfy in order to guarantee that it
can be derived from dissipation potential via (1).

It is easily seen that necessary requirements for this to hold true are that 6(a4, ap) > 0
for all admissible states of the system (as the dissipation function is non-negative) and
that J satisfies the so-called triangle inequality

d(aa, ap) <dlag,ac)+ d(ac, ap)

for all admissible states of the system a4, ap, ac. As the dissipation potential has to
be convex in the second variable for thermodynamic consistency, we also need to demand
that

d(aq,ap)is convex in the second variable.

Moreover, if we knew that 0 was obtained from some dissipation function through (1) the
corresponding dissipation function could be found through

Ao, &) = lim 50, @ + e6y), (2)
e—0t €

respectively (see [22] for details). However, to the authors’ knowledge, it is not known
whether these requirements are truly sufficient. Yet, working with a dissipation distance
satisfying these requirements (together with some coercivity) allows us to work within
a thermodynamically and mathematically consistent framework; so, we will impose only
these in what follows without verifying whether the dissipation distance really stems from
a dissipation function.

Within this section, we first introduce internal variables of the model. Then, we
present the concept of transformation favourable martensite, which is central for ensuing
derivation of the proposed dissipation distance. Finally, we briefly describe the form of
the free energy.

2.1 Internal variables

As the primary state variables, we choose the total strain tensor, €, and temperature, 7.
Following a common approach in GSM [29] that has also been widely used in macroscopic
SMA modeling, cf. [12, 14, 30], we introduce two internal variables for description of
the state of material. The first, scalar one is the volume fraction of martensite, £ €
[0,1]. The other one is a tensor variable, €™, coming from the conventional small strain
decomposition:

el =g — ¢ (3)

where €° represents the common thermoelastic strain tensor. Hence, €™ is the only
macroscopic variable used for storing information about microscopic internal structure of



martensite.? It shall be noted that we do not consider other inelastic strain contributions
as plasticity, retained martensite accumulation, etc. since they are beyond the scope of
the presented model.

Remark 2.2. One could formally decompose inelastic strain into the following product:
e = £t where €' represents a “homogenized” mean transformation strain of martensite
and was used as a primary variable (together with &) in e.g. [12, 14]. However, as it will
turn out later, the choice of the pair &, €™ is suitable for derivations in Subsection 2.2 and
advantageous for mathematical treatment in Section 3.

Since the relative volume change associated with martensitic transformation is very
small [33], it is (similarly as in works [10, 12, 14]) neglected. In addition, crystallographic
considerations show [34] that there exists a maximum value of strain that is attainable
due to phase transformation; so, the inelastic strain is considered to lie in a bounded
convex set. Moreover, the area of this set has to shrink linearly if the volume fraction of
martensite shrinks.? Thus, we further restrict e as follows:

e € {x € R¥? : z is symmetric, tr(z) = 0, (z) < ¢}, (4)

where tr(z) denotes the trace of a tensor @ and (-) : R3*3 — R* is a suitable positively
1-homogeneous convex function; by a particular form of this function, tension-compression
asymmetry and anisotropic material behavior is captured in the model.

As the presented model is adapted to NiTi samples, it is important to capture also
the effect of another martensitic-type transformation specific to this alloy: the R-phase
transformation [18]. Here, we concentrate only on two important phenomena associated
with this transformation: namely, the dramatic change of elastic behavior and the distinct
entropy change. To this end, we introduce the volume fraction of R-phase, n € [0,1],
as an additional internal variable?; then, since an arbitrary mixture of the three phases
(austenite, R-phase, martensite) can be found in the material, the set of natural constraints
on &, 7 reads as:

0<n<1-¢<1. (5)

2.2 Dissipation

During general thermal and mechanical loading of SMA, mutual interaction between two
important dissipative processes, namely phase transformation and reorientation, occurs.
To effectively capture this in the model we first formulate a set of assumptions, (A1l)-
(A7), which actually build up the presented model. The first three of them are based on a
simplified modeling notion of evolution of the internal structure of martensite during the
phase transformation. This notion is inspired by microstructural observations of SMA on
the single-crystalline level while formulation of the other assumptions is rather influenced
by macroscopic experimental findings. The assumptions are then used to propose a suitable
dissipation distance.

2This is in contrast to common treatment in micromechanics-based models, where such an information
is often stored in a vector of volume fractions and/or transformation strains of all microstructural variants,
e.g. [31, 32].

3 As the aforementioned crystallographic considerations force indeed rather the transformation strain to
be uniformly bounded, the upper bound on magnitude of the mean transformation strain must be, with
respect to the decomposition in Remark 2.2, multiplied by & to obtain the upper bound on &'™.

4Our approach neglects the transformation strain related to transformation between austenite and
R-phase. Justification of such a substantial simplification is further discussed in [25].



Note that we concentrate mostly on the dissipation mechanism since, as far as the free
energy is concerned, most available macroscopic SMA models consider similar dominant
energy contributions [5]. The dissipation mechanism is much less explored, though, and
so we concentrate on describing implications of the modeling ideas (A1)-(A7) to it.

Remark 2.3 (Neglecting dissipation due to R-phase transformation). The transformation
between austenite and R-phase is also of the martensitic type [35]; however, we apply the
following simplifications. Since the phase transformation between austenite and R-phase
exhibits a very narrow hysteresis in experimental studies [36], we neglect the associated
dissipation. Accordingly, we suppose that the same amount of energy is dissipated when
austenite transforms to martensite through R-phase as when it transforms directly.® This
could be justified by a substantially smaller change in crystal lattice associated with the
austenite-to-R-phase transformation than for the austenite-to-martensite one [35].

Let us stress, at this point, that our derivation is local in the sense that our consider-
ations apply to any single arbitrary material point.

2.2.1 Assumptions of a two-step martensitic transformation

During transformation from austenite to martensite a specific form of structure of marten-
site compatible within the structure of austenite is formed [1]. Thus, requirements of
crystallographic coherence between the parent phase and the product phase impose some
conditions on the twinned structure of the formed martensite and application of an ex-
ternal load may lead to a further (usually complex) evolution of this structure [37, 38].
Extending this observation for any material point of the polycrystalline sample, we for-
mulate the first assumption as follows:

(A1) Austenite transforms to martensite always through formation of a particular marten-
sitic structure. This structure will be called transformation favorable martensite
(TFM) hereinafter and it is characterized by zero net macroscopic strain at the mo-
ment of creation. Immediate subsequent reorientation of TFM is possible.

Let us stress that formation of TMF is presumed not only in purely temperature-induced
transformation, but also in every transformation from austenite to martensite induced by
any combination of stress and temperature changes.

In [37, 39] it was observed that compatible interfacial structure forms and develops
when martensite, regardless whether twinned or detwinned, transforms back to austenite.
Motivated by such observations, the idea of TFM is now extended to the reverse trans-
formation, too; i.e., we suppose that TFM is always present also during disappearance of
martensite:

(A2) A necessary condition for initialisation of a reverse transformation in any amount
of martensite is formation of TFM within it.

The formulation emphasizes that if the actual martensite is not the TFM, then the struc-
ture of the disappearing martensite is adjusted first to TFM; only then the reverse trans-
formation may proceed.

Due to the previous assumptions, we can assign two additive contributions to dissi-
pation during thermomechanical loading of SMAs. The first one is connected with phase
transformation between austenite and TFM and we shall call it transformation part of

5The same assumptions has recently been used in the micromechanical model by [32].



dissipation distance, 5%, in the following. The second contribution is connected to struc-
ture evolution of martensite and it is called reorientation part of dissipation distance, §™°.
Thus, we arrive at a quite natural assumption:

(A3) The contributions to dissipation associated to formation/disappearence of TMF and
reorientation of martensite are additive.

Hence, § = §% 4 §7°°.

Remark 2.4. Distinction between dissipation related to transformation and reorientation
can be found in several other recent SMA models as in those of [14] or [12]. In our model
it emerges inherently due to the notion expressed by (Al) and (A2).

Remark 2.5. Making profit from experimental observations, we attempted to identify
those characteristics of the phase transformation at the single crystalline level which are,
in our opinion, of key importance for description of dissipation at the polycrystalline
level. Of course, the real situation in polycrystals is much more complex than in single
crystals. Nevertheless, we believe that albeit simplified, our assumptions capture the
essential ingredient of the evolution of martensitic structure in polycrystals.

2.2.2 Derivation of the transformation part of dissipation

If austenite is cooled under stress-free conditions, martensite phase transformation starts
at a temperature denoted usually Mg and finishes at temperature M; (i.e. My < My).
Similarly, the reverse transformation occurs in a temperature range from Ag to As under
stress-free conditions (i.e. As < Af) forming together a hysteresis loop in a closed trans-
formation cycle. Such conditions correspond well to a situation where only energy related
to the formation of TFM is dissipated. Thus, the dissipation distance should depend, in
such a case, only in the volume fraction of martensite in the initial and finite state. Since
more energy is dissipated when a larger volume fraction of the material transforms and
due to the rate-independence we assume the following:

(A4) The transformation part of dissipation distance is proportional to the absolute value
of the difference between its initial and final volume fraction of martensite. The
positive proportionality factor may depend (linearly) on the volume fraction.

For simplicity, we assume that the dependence of the proportionality factor in (A4) on
the volume fraction is linear. This corresponds to the situation sketched in Fig. 1 and
the corresponding form reads, then, as (we again distinguish initial and terminal state by
subscripts A and B, respectively):

€ >€at 0(€a,ép) = As™ |(T) — M) + %(Ms - Mf)} 1&g —Eal,  (6)
<& O(enen) =AM (-1 + ST U |-l 0

where As?M and Ty adjust the transformation temperatures with respect to the particular
form of f, see (12).

Remark 2.6. Let us note that corresponding type of dissipation function was analytically
studied by [40] in model denoted “M2” in that work. Choice My = M; < Tp and As =
Ag > Tj leads to the situation denoted “M1” in that work and corresponds to the simplest
non-trivial dissipative mechanism.



Mf Ms TO As Af T

Figure 1: The evolution of volume fraction of martensite with temperature under stress-
free condition in case only the transformation dissipation is considered in the model.

Remark 2.7. One may ask whether the form of the proportionality factor as given in,
say, (6) is the only possible as given by thermodynamic limitations. This is not entirely
so; however, when assuming linearity in the volume fraction, several restrictions can be
derived only from these consideration. To illustrate some of them, take the most general
form of §* which reads as

(C+ A¢a + BEg) ¢ — €4l (8)

with some A, B, C. For definiteness, let us concentrate only the case when £ > £4;
then, as the proportionality factor has to be positive, we deduce that C' > 0. Moreover,
as the dissipation distance needs to be convex in the second variable, also B > 0. As the
dissipation distance needs to fulfil the triangle inequality we obtain that A > B; this can
be seen by taking {p = 1, £4 = 0 and the intermediate step £c = 1/2. So, in particular,
the proportionality factor could not depend, e.g. only on the last step. We also have that
A < B+ C. To see, this take ég = 1 and €4 = € for some small € small. Now as in this
case a smaller amount of martensite transforms than in the case when the starting state
was zero. So,

CH+Ae+B)(1—-¢)<B+C =(A-C—-B)le—A? <0
(

for all ¢ > 0, which can only be satisfied if the above condition holds. Even more conditions
could be derived when testing the triangle inequality jointly in the case when {5 > £4 and
EB <éa.

Note that the constants chosen in (6)-(7) indeed satisfy all the above constrains.

Remark 2.8. The value of reference temperature Ty determines the ratio between energy
dissipated during forward and reverse transformation.

2.2.3 Derivation of the reorientation part of dissipation

Microstructure observations reveal that several types of structure rearrangement may be
involved in evolution of martensite due to applied stress [38, 41]. All such processes are re-
lated to existence of twin boundaries within the material and their movement contributes
to change of the inelastic strain of the specimen. In our model, description of complex
internal structure is simplified to one tensorial variable. Thus, we neglect possible depen-
dence of amount of dissipated energy on type of internal microstructure rearrangement
and make following simple assumption:



(A5) If martensite is subject to reorientation, the corresponding dissipation distance is
proportional to the norm of the difference between its final and initial inelastic strain.

A proportionality coefficient in units of stress must appear in formula for the dissipation
distance so that the resulting dissipation distance keeps the physical dimension of energy.
It seems natural to relate this coefficient to stress needed for initialization of martensite
reorientation at temperatures below M. Since it is often observed [42, 43] that this
stress decreases with increasing temperature,® we, finally, make an assumption on the
temperature dependence of dissipation related to reorientation as follows:

(A6) Dissipation accompanying reorientation processes is proportional to temperature.

We denote the proportionality coefficient o (7).

Now, we are going to formulate the reorientation dissipation distance explicitly. When
austenite to martensite transformation occurs (i.e. {g > £4), we directly follow assump-
tions (A5) and (A6) and obtain

€p>&a: 0", €, Tp, e, Ep) = 0" (Tp) el — el (9)

An analogous consideration leads to extending the definition also for pure reorientation,
ie. &g =¢&4.

However, the situation is less clear when some martensite disappears (i.e. £4 > £p).
The disappearing martensite and remaining martensite shall be treated separately, since
they differ in the final state of inelastic strain. In line with assumption (A2), the disap-
pearing martensite forms TFM, which is characterized by zero inelastic strain. Yet, by
this assumption it is still not evident how much of the inelastic strain €'} is lost by trans-
formation of the disappearing martensite to TFM. A rather sophlstlcated approach to this
issue based on substitution of internal variable €™ by an internal function was proposed
n [44], where, however, only the one-dimensional situation is tackled which cannot be
straightforwardly adapted to the 3D case. So, we confine ourselves to the following simple
assumption:

(A7) The inelastic strain is distributed homogeneously within martensite.

Hence, the initial value of the inelastic strain corresponding to the disappearing martensite
is then proportional the ratio ({4 — &p)/€a. Considering the temperature dependence as
in (9), the dissipation distance reads

SO (e €4, T, e, ) = 0™ (T MA @ln(m_am mwA—Q%m

Moreover, the remaining martensite, whose initial inelastic strain is then proportional to
the ratio £5/€4, can reorient, which adds the second term

5ie°(e, €4, T, €8, €5) = 0™ (Tp) || - iB enll. (10)

The sum
forming to austenite

01°° 4 65%° gives the the reorientation dissipation distance for martensite trans-

Cp<Cii 60l Ea T, el €p) = 00 H@ﬁ—fww%—@ﬁu

5This could be associated with increasing mobility of twin boundaries with increasing temperature.



Remark 2.9. To the authors’ knowledge there is no systematic experimental study which
would provide deeper insight on situation discussed in the previous paragraph. Neverthe-
less, since the constitutive model is intended for a finite element method calculations, a
“homogeneity” approximation like (A7) is reasonable (cf. [12].)

2.3 Free energy

We consider the free energy consisting only of two dominant contributions, namely the
elastic and chemical energy, which are pivotal in SMA models, e.g. [10, 15, 45, 46]. The rule
of mixtures is employed to determine the specific free energy of the multiphase material
and the Reuss model for strain decomposition is adopted. We omit the details in this work
and refer the reader to [25], where the procedure yielding the Helmholtz free energy

JTeenen) = SKu(e)? + Gl ) dev(e) - )
+ AT = To)é + AT — TEHE m)
+ ug‘ — sé‘T—i— cA [(T —Tp) —Tln (;ﬂ)} . (12)
0

is described. Note that the superscripts 4,7 and ™ distinguish entities related to austenite,
R-phase and martensite, respectively. The constant K denotes the bulk modulus (con-
sidered independent on the phase composition), G' the shear modulus, As the difference
of specific entropy per unit volume. u?,s? and ¢4 are the specific internal energy, en-
tropy and heat capacity of austenite at a reference temperature Tp.” dev(x) denotes the

deviatoric part of a tensor x.

Although the transformation between austenite and R-phase is considered non-dissi-
pative, the form of the free energy allows to capture two important effects related that
transformation. First, due to considered different values of shear modulus of the phases,
the substantial change of the elastic behavior observed e.g. in [47] is covered. Second, the
term proportional to AsA% reflects the distinct change of entropy driving the transforma-
tion process. Moreover, to account for a possibly wide temperature range in which the
austenite-to-R-phase transformation takes place, we define Td% as

n Ry — Ry
T n) = Rt L T (13)

where Ry and Ry denote the initial and final temperature of the transformation from
austenite to R-phase, i.e. Ry > Ry. See [25] for details.

To sum up the final form of free energy and dissipation distance (recall (A3)) reads as

"With respect to their physical meaning, we assume that all these constants are positive in Section 3.
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follows:

. 1 i
f(Te,e™ & n) = iKtr(&:)2 + G(&,n)||dev(e) — ™
+ AsM(T — Ty)e + AsAB(T — T (€, m)n
+ uf — s{T 4 ¢t [(T—TO)—Tln (g)] (14)
0
AsAM [Ty — M, + 4382 (M, — My)] [ — €4
. | + 0™°(T)|les — 1] if §p > Ea,
5(T7 51275478%1753) = (15)
A [Ag — Ty + S48 (4, — A7) €5 — &4
+ oreo(Tp) 1§26l — €| + ey - $2ek)]  ifen <éa

Remark 2.10. By a straightforward calculation (cf. [48]) it can be shown that dissipa-
tion distance proposed here satisfies the necessary conditions from Remark 2.1; namely,
it is non-negative, convex in the second variable and, importantly, satisfies the triangle
inequality.

Remark 2.11. As outlined in Remark 2.1, if the dissipation function were derived from
some dissipation potential, this had to be determined by (2). It is worth mentioning that
if this (candidate) dissipation function is derived, it corresponds to the one heuristically
obtained in [25] by careful analysis of experimental phase diagrams. Utilizing this dissipa-
tion function, we could formulate the standard governing equations/inclusions within the
GSM framework to obtain time-evolutionary problem of quasistatic mechanical loading of
a NiTi SMA body with prescribed temperature evolution, see [25]. It is also worth men-
tioning, that, even though we shall not formulate these equations/inclusions and rather
give an energetic formulation of the problem, after performing time-discretization the same
problem as in [25] is obtained.

Remark 2.12. It is apparent by comparing formulas in (15) that the dissipation distance
is continuous for g = £ 4.

Remark 2.13. In accord with experimental observations, we assume that described pro-
cesses are strongly dissipative, i.e. ag4 # ap = d(aas, ap) # 0. With respect to this, in
our case it is sufficient to put

My < Ty < As and o™(T) >0 (16)

for any T considered.

3 Mathematical Analysis

In this section, we examine the mathematical properties of the proposed model and embed
it into the energetic framework due to Mielke and collaborators (cf. e.g. the works
[26, 49, 50, 51]) which we generalize for dissipation distances dependent on time through
the external loading by temperature. In particular, we also propose a conceptual numerical
scheme that is further used in Section 4 and prove convergence to so-called energetic
solutions. This analysis shows that our model is well-behaving in the sense that we can
prove that solutions to it exist in a natural sense;® moreover, the numerical approximation

8Importance of such an analysis for SMA models was highlighted in [52] for instance.
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is, due to the presented analysis, expected to be well-behaving, for example to be mesh
independent.
Let us start by presenting a global formulation of our model.

3.1 Global formulation

The constitutively defined Helmholtz energy and dissipation distance (14)—(15) are the
starting point for the energetic formulation, as outlined in e.g. [26, 51]. However, instead
of the Helmholtz free energy, we shall rather include the force terms into the energy and
work in terms of the global Gibbs free energy £ and the global dissipation distance D.

In the following, we denote by Q the reference configuration (usually the stress-free
austenitic state of the specimen) and 92 denotes its boundary. We assume the following
splitting Q) = I'p UT'y U N with I'p, I'y open, disjoint and the two-dimensional measure
of N being zero. On the part I'y the surface force Fyu is acting on the specimen while
on the part I'p Dirichlet boundary conditions for the displacement are prescribed. For
simplicity, we restrict ourselves here to zero Dirichlet boundary conditions; i.e., u(x) = 0
on I'p. Let us note that, by shifting, considering any other constant-in-time Dirichlet
boundary condition is immediate; sufficiently smooth time-dependent Dirichlet boundary
conditions could be, again by shifting, incorporated , too — this would, however, make the
analysis presented bellow more technical.

To shorten the notation, let us introduce a vector of dissipative variables

o= (e, 8).

With this notation, we introduce the global, i.e. integrated over the reference configuration,
dissipation distance (recall (15)):

D(t,a,6) = D (t, , &) + D*°(t, , &) = / 5(t, 0, &) dz + / 5t 0, a) de. (17)
Q Q

Remark 3.1. Due to the triangle inequality mentioned in Remark 2.10, the global dissi-
pation satisfies that

D(t,aa,ac) < D(t,an,ap) + D(t,ap,ac), (18)
for any fixed time t. Moreover, the following coercivity property
D(t, aa,08) = ¢*llas — aglipi o). (19)
with some ¢* > 0 reflects Remark 2.13.

We have the following form of the global Gibbs free energy

5(t7 u, &, 77) = Af(ta E(U)v «, 77) + VHva(t)HQ - Fvol(t) ~udr — /1" Fsurf(t) : Udsa (20)
N

where Fy, is the prescribed volume force acting on the specimen and v > 0 is an arbitrary
(small) constant. The term v||Va(t)|? is then a regularization term as it penalizes fast
spatial changes of the internal variables. This term can be linked to capillarity effects [53];
however, we include it in order to make the analysis tractable — it could be avoided in
some special cases, see e.g. [51], which we do not consider here. Note that, apart from
the regularization term, (20) represents the standard global form of the Gibbs free energy
corresponding to the Helmholtz free energy f(¢,e(u), a,n).

12



In accordance with the concept of generalized standard materials (cf. Section 2), the
two functionals £, D determine the rate-independent evolution of the state and internal
variables of the specimen; however the values of these variables are limited by natural
constrains expressed in (4) and (5). Thus, we shall define the set of admissible states Q
through

Q:={(u,a,n) EUXV x Z :n(x) <1—E(x) for aa. € Qwitha= (7,6} (21)

where
U:={ue W1’2(Q,]R3) cu=0onIp} (22)
Vi={(e™ &) € WH(Q,R¥3) x W2(Q) : € is a traceless, symmetric matrix,
(eM(x)) < &(x) for a.a.z € Qand 0 < &(z) < 1 for a.a. = € Q} (23)
Z:={nel>™R)) : 0<n(x) <1 foraa. xecQ}. (24)

Note that, we also included the Dirichlet boundary condition into the space U.
The triple (Q,&,D) then defines a rate-independent system the solutions to which
describe, in our modeling approach, the evolution of a polycrystalline SMA-specimen.
Finally, let us introduce the overall dissipated energy over the path (u,«,n) : [0, 7]
Q (when actually only the path in o’s plays a role since those are the dissipative variables):

Dissp(c; [0, T]) := Diss™ (a; [0, T]) + Diss™(e; [0, T]). (25)

First, we define that the overall energy loss due to transformation can be computed as
follows:

N
Diss™ (a; [0, 7)) := sup { ZDtr(a(ti_l), a(t;)) : app. 0=tp<t; <...<ty= T},
i=1
(26)

where we abbreviated “over all possible partitions” by “a.p.p.”. This definition follows
the works [26, 51] and is motivated by the idea that if the dissipative variables change
smoothly then this formula integrates up all the losses due to this process (cf. Remark
3.2). However, it can incorporate also more general situations; for example, it can be easily
seen that if the values of the internal dissipative variables jump in finitely many points of
the considered time-interval, then (26) counts exactly the energy dissipated during these
jumps.

As far as the reorientation losses are concerned, we know that the reorientation part of
the dissipation depends on the temperature which, roughly speaking, represents a “weight”
on the energy dissipated due to the change on the dissipative variables. To capture this
phenomenon we define

Diss™(a, [0, 1]) 1= /O 0 (T(5)) dia (5). (27)

Here we denoted by p, the Radon measure defined on [0, 7] by prescribing its values on
every closed set S = [s, 2] C [0, 7], as

N
L1 (S) 1= sup {ZDreo(a(til),a(ti)) capp. s=l <t <...<ty= z} . (28)
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and thus for any Borel subset A C [0, 7]

ta(A) = sup {Z wi(Vi) : U Vi € A with V; closed intervals from |0, ’T]} , (29)
- .

2

where
51“30(0[(151,1), Oz(ti)) = /Q(Sreo(a(til), Oé(ti)) dCC
- /Q (L alts 1), o)) dz with o**(T() =1;  (30)

hence, the measure itself does not depend on the prescribed function o"*°(7'(t)).

The principle behind this definition is similar as above; the usage of the measure allows
us to incorporate the dependence of the dissipated energy on the temperature. Again, it
is instructive to observe an evolution of the internal variable o that exhibits only a finite
number of jumps. In such a case (27) together with (28) counts exactly the dissipated
energy at the jumps weighted by the actual temperature at the jumps.

Remark 3.2. It follows from the theory of functions of bounded variation (see e.g. [54])
that the definition of the total dissipated energy over the prescribed path is designed in
such a way that, for sufficiently smooth processes,

-
Dissp(a; [0, T]) :/0 /Qd(t,a(t),o'z(t))dxdt,

if § is such that it is associated to the dissipation function d, see Remark 2.1.

Remark 3.3 (Convexity of the free energy). The free energy f(t,(v(t)), a(t), n(t)) defined
through (14) can be shown to be convex by calculating the Hessian of f which turns out
to be positive semi-definite if the constrains 0 < £ < 1, 0 < 5 < 1 — ¢ hold. Actually,
one relies here on the fact that the functions h(z,y) = % and iL({L‘, y) = % are convex,
provided 0 <y < 1.

Let us note that this property is available because we work with the inelastic strain
and not the transformation strain mentioned in Remark 2.2.

3.2 Definition of energetic solutions, data qualifications

Following [26, 49, 50, 51|, we define:

Definition 3.4 (Energetic solution). Let £, D be given by definitions (17) and (20) and let
(up, g, mo) € Q. Then triplet (u(t), a(t),n(t)) : [0,T] — Q is called an energetic solution
to the rate-independent system (Q,&,D) if 0;&(t,u(t)) € L'([0,T]) and if the following
conditions are satisfied:

e Stability condition:
E(t,u(t), alt), n(t)) < E(t,u, 0, 1) + D(t,a(t),q) V(u,a,) e  (31)

e Energy balance:

-
E(t,u(t),a(t),n(t)) + Dissp(a, [0, T])=E(0, u(0), a(0), 7)(0))—1—/0 & (s,u(s)) ds.
(32)
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e Initial condition: (u(0),a(0),7(0)) = (ug, ag,n0) a.e. in Q.

Remark 3.5 (Justification of the definition from a mechanical point of view). In [26] the
definition of energetic solutions has been linked to the so-called realizability principle which
postulates that whenever a process is admissible from the point of view of thermodynamics
it will happen immediately. This principle then justifies the stability condition which
essentially states that a state can be only stable if a process leading to a lower energy
state is thermodynamically not admissible. It shall be noted that this approach does
not lead to the same results as other ones, e.g. vanishing viscosity limits [55, 56, 57].
Nevertheless, we use it since it adapts perfectly to our modeling setup.

Remark 3.6 (Relation to classical variational inequalities in the framework of general-
ized standard materials). It has been proved in [58] that if specific convexity/continuity
conditions on &£ are satisfied and also conditions on the dissipation function correspond-
ing to the dissipation distance D are posed, then there exists a unique energetic solution
which moreover satisfies the weak formulation of the classical doubly non-linear inclusion
appearing in the framework of generalized standard solids (see e.g. [59]). However, since
the convexity condition demanded in [58] is stricter than strict convexity (which is not
satisfied in our case) the results are not applicable to our model. One could try to improve
the situation by introducing regularizing terms which, in some cases, can be even linked
to physically relevant phenomena like hardening (see [25]); but this is beyond the scope
of the present discussion.

Finally in this subsection, we summarize the needed data qualifications.

(D1) Domain of the specimen: 2 is a regular, bounded, Lipschitz domain; I'p C 052 is
such that its two-dimensional measure is positive.

(D2) Domain of the inelastic strain: (-) is convex, positively 1-homogenous and it holds
(M =0=em=0,

(D3) Forces: Let Fyo € CH([0,T], L2(Q;R?)) and Fyuf € CL([0, T], L?(Ix; R3)).
(D4) Prescribed temperature: Let T € C1([0,T]).

Remark 3.7. Since we are considering sufficiently small specimen (e.g. wires) heated
uniformly on the boundary, we can assume that the temperature within the specimen is
constant and fully determined by the reservoir into which the specimen is placed; hence
(similarly as in [60, 61]) we can impose the regularity (D4). Let us note, however, that in
case of a larger specimen when the heat equation is included into the governing system,
such a regularity is usually not obtained (cf. e.g. [62, 63]).

3.3 Existence theory

In this subsection, we follow the works [23, 51] and also [60, 61] to prove existence of
energetic solutions to the rate-independent system (Q,&,D). Let us just note that in
addition to these works (and in particular also to the latter ones), we cope here with
a dissipation distance dependent on temperature which calls for a modification of the
available proofs. This is outlined, more specifically, in Step 6 and Step 7 of the proof of
Theorem 3.8 below.

Theorem 3.8 (Existence of an energetic solution). Let £, D be defined by (20) and (17),
let (D1)-(D4) hold true and let initial conditions (ug,ap,m0) € Q satisfy the stability
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condition (31). Then there erists an energetic solution of the rate-independent system

(Q,€,D).

Sketch of proof. For lucidity, we divide the proof into 7 steps. Let us stress, at this point,
that hereinafter C' will denote a positive generic constant that may vary from expression
to expression.

Step 1 (Time-incremental problem):

Let 0 = tog < t1 < ...tn(;) = T be a partition of the time-interval [0, 7] such that
max;(ti+1 — t;) < 7. In the spirit of [23, 51] we design a time-discretization of (31)—(32)
via the backward Euler method. To be more specific, we call the triple (uﬁ,af,nf) €
Q a discrete energetic solution to rate-independent system (Q,&,D) at time-level k& =
1,...,N(7) if it solves

Minimize & (tx,u, o, n) + D(tg, o/ﬁ_l, a)
subject to (u,a,n) € Q (TIP)

with (u2, a2, 7n%) = (ug, ag,n0) € Q defined through the initial condition.

The existence of solutions to (TIP) is shown by the direct method (cf. [64]); to this
end we mostly rely on the fact that the cost function in (TIP) is convez (cf. Remark 3.3)
and the minimization is performed on a closed convex set. In addition, the cost function
in (TIP) is coercive in the sense that &(tg, u, o, n) > C([|lullw12rs) + allwr2@rsxs xr))
whenever (u,a,n) € Q.

As to the coercivity, we use the regularization terms and the uniform bounds on «
imposed through the set V to get the coercivity in «. To show the coercivity in u, we
exploit the elastic part of the Helmholtz free energy combined with Korn’s inequality and
assumption (D4) that allows us to estimate the force terms.

Thus, we take an infimizing sequence of the cost functional in (TIP) ([u*];, [@*];, [7*];) €
Q and, due to the coercivity, we can extract a weakly* converging subsequence in W12(Q; R3)x
WH2(;R x R?) x L>®(Q) (not relabelled); the weak* limit is denoted (u*,a®, n*) €
WH2(Q;R3) x WH2(Q;R x R3) x L>®(£2). Because closed convex sets are weakly* closed
we actually have that (u*,a*, %) € Q. Finally, due to convexity of the the cost function,
(uF, a® 1) is indeed a solution to (TIP).

Step 2 (Discrete stability condition and two-sided energy inequality):

Exactly the same way as in [51, 53] (see also [48] for more details), we can show that the
discrete energetic solutions to the rate-independent system (Q, &, D) satisfy the discrete
stability condition

E(ty, ur, ag,mp) < E(tg, @, &, n) + D(ty, ag, &) V(a,a,7n) € Q (33)

and the energy inequalities

tk
0& (s, up(s))ds < E(ty, uk, ag, i) + D(ty, -1, ar) — E(th—1, Uk—1, Vp—1, Mi—1)
th—1
g
< E (s, up—1(s)) ds. (34)
te—1

Let us stress, however, that in order to derive (34) as in [51, 53], we need to exploit
that the dissipation distance satisfies the triangle inequality (18) as noted in Remark 3.1.
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Step 3 (Defining interpolants and a-priori estimates):
Based on solutions of (TIP) established in Step 1, we introduce their piece-wise constant
interpolants through

[ur(t), o (t), 1, (8)] = [uk, 0k 0¥ if t € [ty, tpyr), k=0,...,N —1 and
[ur (T), ar(T),0:(T)] := [Uiva ay,n] (35)

It follows from (34) that the interpolants satisfy the following bounds:

[zl Loo (o, 77w 12 (m3)) < C, (36)
77l oo 0,771,200 () < 1, (37)

leer |l oo (o, 77, w12 (@33 xR)) < Cs (38)
Varpiqrsxsxr)(ar; [0, T]) < C, (39)

where the variation is defined through

N

Var i s s xr) (a7 [0, T]) := sup { > llaltion) = alti) pomssxm) - (40)
=1

a.p.p.O:togtlg...gtN:t}. (41)

Indeed, by summing the upper inequality up to some arbitrary [ € 1,..., N(7) in (34), we
can estimate

l 171
g(tlaui—7ai-7n£')+ZD(ti7aT(ti—1) Oé»,—( l)) < 8(0 u07a07770 / \8t5(5,u7(s))|ds. (42)
0

i=1

Then, (36) and (38) are obtained from the coercivity of £, which was already pointed out in
Step 1, combined with discrete Gronwall’s lemma and assumption (D3) — this assumption
is exploited to estimate gl |0:E(s,ur(s))|ds by a combination of Holder’s and Young’s
inequalities. Having (36) already at our disposal, (D3) readily gives

-
/ |0:E(s,ur(s))]ds < C. (43)
0
The estimate (37) is induced by the fact that n,(t) € Z for all ¢t € [0, T]. As far as (39),
we obtain it from (42) when putting | = N(7):

N(r)
Varpiqrsxsxr)(ar; [0, T]) = Z lak — ¥ 1 oraxaxr)

o)
<> E(D(tk,alﬁflaaﬁ) + E(T, ur(T), e (T),1:(T)))
k=1
1 T
<~ (£(0,up,00,m) +/ 0.8 (s, u-()] ds) < C.
c 0

For more details on this step, the reader is referred to, e.g., [48].

Step 4 (Selection of subsequences):
Let us now find a cluster point of the sequence (u,, ar,n;) for 7 — 0 which we shall, in the
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following, show to be an energetic solution to the rate-independent system (Q, £, D). By an
application of a suitable version of Helly’s selection principle [see Theorem 1.126 and Re-
mark 1.127 in 65], [23], we deduce from (39) that there exists an o € L°°([0, 7], W12(Q))n
BV([0,T],LY(€Q)) and a subsequence of a.,’s (not relabelled) so that

Vte[0,T] @ ar(t) = a(t) in WH(Q;RY3 x R) = a,(t) — a(t) in L2(Q;R3*3 x R).
(44)
Further, we define 0(t) := limsup,_,q0:E(t, u-(t)); note that 6(¢) is measurable on
[0,7].
Let us fiz t € [0,7] and let us define a time-dependent subsequence of 7's labelled
Ti(t) such that 0(t) = limz, -0 0 (t,ur(t)). With ¢ still fixed, we choose, if necessary, a
further subsequence of 7;;) (not relabelled) such that

Ury —u(t) forl— oo in wh2(Q), (45)
Moy Sopt)  forl — oo in L®(Q), (46)

owing to (36)-(38). Thus, by (D2) and the particular form of the Gibbs free energy (20),
0(t) = 0:&(t,u(t)) and so, by an application of the Fatou’s lemma,

T T T
limsup/O 8t5(s,u7(s))ds§/0 9(s)d3:/0 € (s,u(s))ds (47)

T—0

Finally, we realize that due to the mentioned weak* closedness of convex closed sets,

(u(t),a(t),n(t)) € Qforall t €[0,7].

Step & (Stability of the limit function):

Let us show that (u,a,n) € Q found in the previous step satisfies (31). Due to the
convexity of the Helmholtz free energy f we have that £ : R x Q +— R is weakly lower
semicontinuous; hence, for some ¢ € [0, 7] fixed, we have that

E(t,u,a,m) < ler(?)l_I)lg g(tﬁc(z) s Uty ey s Xy s 77'rk(t))

< lim sup (5@%@, &, 1) + Dty Oy (8), a)) (48)

Tk(t)ﬁo

with ¢, = inf{t; : ¢t < ;50 = 1,...,N(7())} and for any (4,a,7) € Q; we also
exploited the discrete stability (33).

On the right hand side, we use that £(t, -, -, -) is continuous due to (D3) and (D4) and
limr, ) —0 D(Tht)s Oryyy (8), &) = D(t, (), &). To see the latter, we employ the Nemytskit
continuity of D(-,a,-) : L*(Q;R3*3 x R) + R (note that, thanks to (44), Oy — O
strongly in L?(€;R3*3 x R)) and the continuity of D(¢,-,-) : R + R. While the second
property is a direct consequence of (D4), the Nemytskii continuity is guaranteed by the
linear growth of D(-, o, -) (with respect to «) and the fact that 0(-, «,-) is continuous.

Thus,

E(t,u,a,m) < ler(%lil(f) g(tTk(t) s Uty ey s Xy s nTk(t))

< lim sup (5(t7k(t) y Uy ﬁ) + D(Tk(t)a aTk<t) (t)’ &))

Tk(t)—>0

< &(t,u,a,1) + D(t, a(t), @)
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for any (u,&,n) € Q, i.e. we verified (31). In particular, when taking (@, a,7n) = (u, a,n)
in the above inequality, we also get that

E(t,u,a,m) = lim 5(t7k(t),uTW),aTk(t),nTk(t)). (49)

Tk(t)_>0

Step 6 (Upper energy inequality):
In order to prove the upper energy inequality

.
E(T,u(T), a(T),n(T)) + Dissp(e, [0, T]) < £(0,u(0), «(0),7(0)) +/O OhE(s, u(s)) ds,

we first need to show the weak lower semicontinuity of Dissp(a, [0, 7]) along the sequence
o, selected in 4. We will establish it separately for the transformation and reorientation
part:

N(7)
. tr < limi tr
Diss" (a, [0, T]) < hrTn_glf kzl D" (ar (te—1), or(tr)) (50)
and
N(r)
Diss™ (a, [0, 7]) < liminf > D™ (ty, ar(tp—1), or (). (51)
70 1

In fact, only the reorientation part needs our attention since, for any partition of the
interval [0,7] 0 < ¢! < 2 < ... < t! = T, we have that DY (a, (t*71), a (t*)) —
DU (a(th=1), a(t¥)) whenever a; — o in V; this already implies (50).

Concentrating thus on the reorientation part, we take again some partition of the
interval [0,7]0 <t <2 < ... <t¥ =T. Since a,(t) — a(t) strongly in L?(Q; R3*3 x R)
for all t € [0, 7| we have that a,(t,z) = a(t,z) for a.a. x € Q and all t € [0, T] (at least
in terms of a not-relabelled subsequence). Because all a;’s are in V, we know that (for
the components of this particular o) (€i"(x)) < & (). This property assures continuity
of 3" in the sense & (ar(t571, 2), ar (8%, 2)) — 3 (a(tF1, z), a(tF, x)) for a.a. x € Q.
Thus, 6 (a(t* 1, z), a(tF, z)) is measurable and exploiting the growth of 6~ as well as
the Lebesgue dominated convergence theorem we get that

lim D" (a7 (7*71), ar (7)) = D" (a(r" 1), a(r4)

which standardly yields that
pa((5,2]) < limind g, (15, 2). (52)

for any subinterval [s, z] C [0, T]; notice that p,, is defined through (28) with «, in place
of a. Moreover, (52) can be extended to also to all Borel sets A in [0, 7] (in particular
also to half-open intervals) through (29); i.e.

,ua(A) < liminf pq, (A) (53)

k—o00

Since 0™ (T'(t)) is positive and continuous, we may approximate it by piece-wise con-
stant, positive functions on half-open intervals to get from (53) that

k—o00

T T
/ o™ (T(t)) dua(t) < lim inf/ o™ °(T(t)) dpaa, (t). (54)
0 0
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Indeed, in more detail, we take an equidistant partition 0 =ty <t; < ... <t, =7 of the
interval [0, 7] with ¢; = tg + ih for i € {0,...,n} and h := T /n (note that this partition
does not need to coincide with any of the previously chosen ones) and define a sequence
of functions o (t) : [0, 7] — R as

O',rleo(t) = Ureo(T(ti_l)) if te [ti—lv ti), 1=1,...,N and
0y (tn) := 0"(T(T)) (55)
Due to (D4), we have that o}°°(t) — 0"°(T'(t)) pointwise. Clearly, from (53),
T T
| oot duatt) < timint [ o7(0) dp, (0
0 k—o00 0

(54) is then obtained by Lebegue’s dominated convergence theorem owing to (D4) provid-
ing a uniform bound on ¢f*°(¢) and (39).

Therefore, we can exploit (51) and the weak*-lower semicontinuity of the Gibbs free
energy as well as (34) (with [ = N (7)) to get

E(Tw(T),aT),n(T)) + Diss(a, [0,¢])

N(r)
< lim inf (E (T ur(T), 0r(T), (T + D D”"(tk,af(tk_l),aT(tk))wtr(aT(tk_l),aT(tk)))
7—0 —1
T T
< lim sup (S(O,UO,ao,no) +/ HE(s,ur(s)) ds) < &(0, up, ag, o) +/ 0E(s,u(s)) ds,
T—0 0 0

where the last inequality is due to (47).

Step 7 (Lower energy inequality):
Finally, we prove that

.
(T u(T), a(T),5(T)) + Dissp(a, [0, T1) > £(0, u(0), a(0), 7(0)) + /O (s, u(s)) ds

actually, as was observed in e.g. [49], this is indeed a consequence of the stability condition
(31). Tosee this,let 0 =ty <t; <...<txg =T,t€[0,T]beasequence of some arbitrary
partitions of [0, 7] with Ag :=max{t; —t;—1 : j=1,...,K}.
Let us define the piece-wise constant interpolant areo(T(t)) of 0™ as follows:
o (T(t)) = 0"°(T'(tj—1)) if te[tj—1,t;),j=1,...,K and
ok’ (T(T)) = a"*(T(T)). (56)
Due to the continuity of ¢™°(T'(t)) (and thus, in particular, uniform boundeness) on
[0, 7] (cf. (D4)), we may employ Lebesgue’s dominated convergence theorem to get
T T

lim [ o ?(T(t)) dpa(t) = / o (T (t)) dpat)- (57)

K—oo 0 0

O

Moreover, exploiting the definition of the interpolant ¢ and positivity of o™ in (16),

we obtain the following inequality:

[FW )) diia(?) ZAIMt“wM>

K

K ¢
> ZUE?O(T(tj—l))/ dpg(t) = Y D*(tj-1,a(tj-1), a(ty)), (58)
j=1

tj—1 j=1
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where the Radon measure py, is defined for every closed set S := [s,2] C [0,7] through

wh(S) == D (a(s),a(z)). Notice that in the inequality on the second line we actually
exploited the definition (28).

Now, testing (31) in the point (u(tj—1),a(tj—1),n(tj—1)) by (u(t;),a(t;),n(t;)) gives
(after summation over j = 1,..., K)

.
E(t,u(t), o(t), n(t)) + Diss" (a, [0,1]) +/0 ok’ (T (1)) dpa(t) = €(0,u(0), a(0),7(0))

K
> E(t,ult), a(t),n(t) + Y D (altj-1), alt;)
j=1

K
+ DDt altj-1), alt;) — €(0,u(0), a(0),7(0))

j=1
K t
>3 / A (s, u(ty), alty), n(t;)) ds
j=1"ti-1
K K
=Y 0E (g, ulty), alty), n(t))t; — tia| =Y ojlt; — til, (59)
j=1 j=1
@ (11)
where we defined
1 t
0j = [0:E (s, ulty), alty), n(ty)) — OE(ts, ulty), alt;), n(t;))] ds.  (60)

|tj - tj—1| ti1

As K — oo in (59) term (I) converges to fOT 0:E(s,u(s))ds by [23, 66] which allows to
approximate the Lebesgue integral by Riemann sums, while term (II) converges to 0 by
the uniform continuity of 0;£(t,-) on the compact set [0, 7] (cf. [23] for details). O

4 Numerical implementation and simulations

Now we proceed with a brief description of the way the numerical implementation of
the proposed model is treated. We specify forms of the material functions and values of
material parameters and present a validating simulation.

4.1 Concept of numerical implementation

The analysis of existence of energetic solutions provides grounds for numerical implemen-
tation of the model; indeed (TIP) provides the starting point for our implementation.
Let us just note that, in order to simplify the implementation, we omit the regularization
term in the energy — and denote the modified energy as £ - since v is presumed to be very
small.”

The global minimization problem in a time-point ¢ (k = 1,..., N) of a time-discretization
0=ty <t; <...<ty =T then takes the form

Minimize &(ty,u, €™, &) + D(ty, ey, Ek—1,€™,€)
subject to (u,e™, &, 1) € Q; (61)

9Note that this term is not relevant when proving existence of discrete energetic solutions.
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where (ug, e, £0,m0) = (u(0),e™(0),£(0),7(0)) € Q defined through initial conditions.
A possible effective method of solution of (61) is to split it into two complementary
subproblems, which are to be solved consecutively.!® To this end, let us note that D is
independent on u, hence, minimization in (61) with respect to u — other variables fixed and
considered as parameters for the moment — can be viewed as minimization of a potential
energy with respect to displacement, which is a rather standard problem solvable by finite
element method.

Hence, the first subproblem corresponds to minimization with respect to displacement
on the level of domain €2, i.e. finding global mechanical balance, and it can be iteratively
solved by employing a finite element software. At p-th iteration (p € N), the problem
takes the form:

e 1 in
Minimize S(Tk, Uy € 1> fk,p—l, nk,p—l)

subject to u € Y4sC; (62)

where (8ikrfp,1,§k,p—1,77k,p—1) now represent a set of parameters resulting from the sec-
ond subproblem and U9%¢ is a suitable approximation of &. We put (5};170,516,0,77;@,0) =
(e 1, &—1,mk—1) and the set is upgraded after every iteration in (62). Let us note the
number of parameters in this set depends on spatial discretization of ).

The second subproblem corresponds to minimization only with respect to internal vari-
ables, i.e. local thermodynamical balance. It can be solved in each material point inde-
pendently and represents the constitutive response:

Minimize f(Tk> Ek,pv Einv 57 77) + 5(Tka gk’—la Eikn—lv ga Ein)
subject to (e, €, n) satisfying constraints in (5) and (4). (63)

Here, in each material point, strain €, is derived from displacement wuj ), generated in
actual iteration of the minimization problem (62). Since the cost function in convez the
consolidated result of the iteration process corresponds (with respect to numerical error)
to the solution of (61) or, in other words the solutions of the iteration process converge to
solutions of (61) [68, 69].

Constraints given by inequalities in (5) and (4) can be imposed by inclusion of appro-
priate form of indicator function to the minimized (cost) function in (63). Due to physical
reasons [25], it may be advantageous to use a regularized form of the indicator function,
denoted (', £,n) in that work, which assures smooth behavior when internal variables
approach limiting values.

In the present work, the minimization problem (63) was solved by the method in-
troduced by [70]. It is an iterative, derivative-free optimization algorithm suitable for
non-smooth functions. The corresponding subroutine was then implemented into Abaqus
finite element analysis software. Details including the particular form of the regularized
indicator function can be found in [25].

4.2 Specification of material functions

To capture the transformation strain anisotropy of the material and the well-known
tension-compression asymmetry (e.g. [71]), we specify the function (-) as follows:

(eM) = Ir(De™) cos (3arccos(1 — a(I3(De™) + 1)))
B k cos ($arccos(1 — 2a))

; (64)

10Such an approach is sometimes termed combined minimization principle, see e.g. [67].
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k1] EA [GPa]  EM [GPa E" [GPa] G* [GPA]  GM [GPa] G® [GPa]

0.07 71 41 43 25 22 15
a [1] Al] B[] ¢ [rad] L[1] M [1] N 1]
0.8 1 1 0 1 1.44 1.44
A, [°C] A; Q] M, [°C] My [°C] R, [°C] Ry [°C] To [°C]
-17 -13 -22 -24 38 1 -19
As®T(J/°C)  As?[J/°C]  of° [MPa] %' [MPa/°C] ('8 [MPa] E™ [MPa]
0.364 0.121 130 -0.9 10 30

Table 1: Table of material parameters used in simulations. Parameters A, B, p, L, M, N
specify the linear mapping D, parameters ¢*°8, E'™ determine the regularized indicator
function r, see [25] for details.

where Ir(x) = \/g||a:|| and I3(x) = 4;15::(;;?2 The material parameter k represents the
maximum transformation strain in tension, whereas parameter a characterizes the tension-
compression asymmetry and ranges between 0 (no tension-compression asymmetry) and 1
(transformation strain in compression is a half of the strain in tension). The linear mapping
D : R3*3 — R3*3 is chosen so that the model can be adjusted to material symmetry of
macroscopic inelastic strain observed in experiments. The particular form of D used in
our simulations can be found in [25] and it corresponds to transversal isotropy usually
observed in NiTi wires.

As mentioned in Subsection 2.2.3, it is often experimentally observed that the stress
needed for initialization of martensite reorientation decreases with increasing temperature.
This motivates the particular form of the material function ¢™° to be a decreasing linear
function of temperature in the temperature range of interest, i.e.

o™(T) = oy + X7 - (T — Tp), (65)
where o(® and Y'* are material parameters.

The above forms are chosen to provide enough freedom for adaptation of the model to
material properties which can differ due to variation in composition or processing, albeit
trying to keep the number of input parameters low to facilitate the experimental effort
prior to simulations.

4.3 Numerical simulation of a NiTi helical spring

In this subsection we present a simulation of loading of a NiTi superelastic helical spring
at constant temperature. Such a spring was used in an investigation of fatigue lifetime of
NiTi wire in combined loading in [24].

Figure 2 presents two-coil model of the spring in finite element model software Abaqus
(7680 eight-node hexaedral elements C3D8R used). The outer diameter of a coil is
3.14mm, its length is 1.05mm, the coil wire has 0.19mm in diameter. The material
parameters of the wire are summarized in Table 1.1 Let us note that elastic properties in
tension and torsion were considered as independent (not related through the bulk modu-
lus) because of the strong texture in the real wire [25]. The symmetry axis of transverse
isotropy of the material is supposed to follow the axis of the wire forming the spring. The
corresponding uniaxial and shear response of a material point at temperature at which
the spring was loaded, Ty, = 20°C, are presented in Fig. 3.

"Note that restrictions (16) are satisfied for a reasonable range of working temperature. Moreover, due
to [72], requirements imposed on function (-) in (D2) can be also verified.
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Figure 2: A helical spring model: undeformed shape in grey (used meshing shown) and de-
formed shape at 19.3 mm stroke in colors; color map shows distribution of volume fraction
of martensite.
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Figure 3: Uniaxial and pure shear response of a material element with parameters accord-
ing to Table 1. Red (solid) line corresponds to uniaxial loading, blue (dot-dashed) line
to pure shear loading. In shear, values of equivalent shear strain (v/v/3) and shear stress
(v/37) are reported. Note pronounced tension-compression asymmetry in uniaxial loading
(since a # 0) and reduced transformation strain in shear (since N # 1).
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Figure 4: Experimental (dashed blue line) and simulated (solid red line) force-stroke
response of a helical spring for three loading-unloading cycles with maximum stroke of
10.4mm, 15.2mm and 19.3 mm.
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Figure 5: Distribution of volume fraction of martensite (VEM) and R-phase (VFR) within
a cross section of the wire for stroke of a) 10.4mm, b) 15.2mm, ¢) 19.3mm in forward
loading. The lowest point of the cross-section is the closest one to the spring axis.
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Figure 2 also shows the deformed shape of the spring at stroke 19.3 mm. The contour
plot provides basic information about distribution of volume fraction of martensite on the
surface of the spring.

In Fig. 4, simulated force-stroke response for three loading-unloading cycles is com-
pared to experiments. Even though clamping of the real spring may influence the response
(especially at the highest stroke when the spring faces uncoiling), a rather good correspon-
dence between experiments and simulations is reached in general.

Distribution of volume fraction of martensite and R-phase within the cross section of
the wire far from the ends at three strokes during loading (denoted by black circles in
Fig. 4) are presented in Fig. 5. In stress free state, approx. 49% of R-phase and 51% of
austenite is present in the material (Rf < Ty < Rs). When loaded the wire is deformed
both in torsion and bending. First, shear induces increase of R-phase concentration near
the surface of the spring. Moreover, the inner part of the surface which is closest to the
spring axis is deformed in tension, which promotes further transformation to R-phase and
leads to early occurrence of martensite in this region, see a). Due to tension/compression
asymmetry (cf. Fig. 3), the same process induced by compression on the opposite side
of the surface is retarded and transformation from R-phase to martensite starts at higher
loading, see b). The tension/compression asymmetry also causes that the neutral axis in
loading is shifted from the center of the cross section of the wire towards the outer surface
of the spring. Hence, the minimum of volume fraction of martensite is closer to the outer
surface, as readily seen in c).
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