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Abstract

We investigate the variational structure of a phenomenological model for the coupled thermomechanical behavior of shape-
memory polycrystalline materials. The nonisothermal evolution of the medium is reformulated as a generalized gradient flow of
the entropy with respect to an entropy-production potential. Based on this reformulation, a semi-implicit time-discretization of the
fully coupled thermomechanical problem is presented and proved to be unconditionally stable and convergent. The flexibility and
robustness of the numerical method is assessed via both uniaxial and multiaxial computational tests.
© 2015 Elsevier B.V. All rights reserved.

MSC: 80A17; 74F05; 65L.20

Keywords: Shape-memory materials; GENERIC formalism; Generalized gradient flow; Time-discretization; Stability and convergence

1. Introduction

Shape-memory alloys (SMA) are active materials: considerably large deformations (up to 10%) can be activated
either by mechanical or thermal means. Such amazing material properties, combined with the typical resistance
and workability of metals, make SMAs attractive for innovative engineering applications in various industrial fields
including, e.g., automotive, robotics, civil, seismic, and biomedical [1]. The interest for this class of materials is
currently triggering intense research efforts toward the implementation of appropriate constitutive models capable of
efficiently and robustly reproduce the SMA behavior. The SMA response is a genuinely coupled thermomechanical
effect. As such, the accurate and efficient treatment of nonisothermal situations bears a crucial importance.

The present paper investigates the variational structure of the three-dimensional thermo-mechanical constitutive
model, firstly presented in [2], and then reformulated in [3] and [4]. Our interest in this model is motivated by
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its capability of qualitatively reproducing the macroscopic behavior of SMAs within a simple (in terms of number
of material parameters) variational frame: in the isothermal situation the evolution of the medium is driven by the
interplay of energy storage and dissipation mechanism within the frame of Generalized Standard Materials [5-7].
A second crucial advantage of this model in comparison with others is its amenability to a complete mathematical
and numerical discussion. The nonlinear constitutive material relations and the corresponding quasistatic evolution
systems can be rigorously proved to admit solutions, which are limits of stable space—time discretizations, see the
recent survey [8]. Moreover, the experimental validation of the model by comparison with test data on NiTi wires and
springs is also available in [9,10].

The aim of the this paper is to investigate further the structure of the model [2,3] by presenting a new variational
formulation of the full nonisothermal model. This consists in a generalized gradient flow of the total entropyy — S(y)
as a function of the state vector y, including temperature as well as mechanical and internal variables. In particular,
we shall be considering the following differential system

GL(t,y;y) —3dS(y) 0, (1.1)

where C(¢,y; -) corresponds to the entropy-production potential. Here, the dot represents differentiation with respect
to time whereas 0 stands for some suitable notion of gradient, to be detailed below. The symbol > refers to the fact
that, in absence of smoothness, the left hand side terms in (1.1) can be sets. As K depends not only on the rate y but
also on the state y, we refer to (1.1) as a generalized gradient flow.

The variational formulation (1.1) for nonisothermal evolution is unprecedented in the frame of the model in [2,3].
The interest in such perspective relies on the possibility of exploiting this variational structure both for the theoretical
and the numerical discussion of the model. Different choices for K will be presented, all satisfying the following
fundamental structural property

for all (¢, y) the mapy — K(t,y;y)
is convex, nonnegative, and /C(z, y; 0) = 0. (1.2)

This structural property immediately entails the dissipativity of the evolution. By assuming sufficient smoothness, one
can multiply both sides of (1.1) by y and obtain

d ) . )
aS(v) =08y -y =K, y;y) -y =K, y;5) =0

where we have used the convexity of y — (¢, y;y) as well as the fact that C(¢,y;0) = 0 = minK(¢,y; -). In
particular, the entropy increases along all sufficiently smooth evolutions.

The phrasing of the full thermomechanical problem as (1.1) is inspired to the theory of General Equations for Non-
Equilibrium Reversible-Irreversible Coupling (GENERIC). Introduced by Grmela & Ottinger [11,12] and recently
reinterpreted by Mielke in a series of contributions [13,14], GENERIC provides a far-reaching variational paradigm
for reformulating in a thermodynamically consistent way a variety of physical systems. In particular, GENERIC is
tailored to the unified treatment of reversible and irreversible (or even hysteretic) dynamics. GENERIC has recently
attracted increasing attention and has been applied to a number of situations ranging from complex fluids, to dissipative
quantum mechanics [14], to thermomechanics [13], and to the Vlasov—Fokker—Planck equation [15].

The novelty of this paper is twofold. At the modeling level, we present a new variational formulation of the
thermomechanically coupled system. As already commented, this formulation directly entails the dissipativity of the
flow. In addition, we are able to include external actions in the picture. Let us mention that, up to now, the GENERIC
framework is restricted to the description of isolated systems [16]. At first, we systematically eliminate the mechanical
part from the problem by solving the quasistatic equilibrium system. This procedure allows us to consider body and
traction forces, see Section 3.1. Then, by specifically reducing to the space-homogeneous case, we allow equilibration
with a given external temperature, see Section 3.4.

A second novelty of the paper consists in presenting an unconditionally stable and convergent time-discrete scheme
for the fully coupled thermomechanical system. Up to now the only available results in the nonisothermal case were
restricted to the case of a given temperature [17,18], to viscous materials [19], or to one space dimension [20,21].
By making use of the new variational formulation (1.1) we are here able to tackle the three-dimensional case without
assuming viscosity, although for space-homogeneous temperatures. By discretizing the system at the level of driving
functionals, we directly obtain a numerical scheme reproducing the basic properties and, in particular, the dissipativity
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the model. As a by-product of the convergence proof, we also establish the existence of a strong solution to the system
in the continuous-time setting.

The prediction of the coupled thermomechanical response in polycrystalline SMA materials has attracted a
remarkable attention in the last decades and the corresponding literature is extensive. By restricting to the case of
macroscopic thermomechanically coupled systems, which are the most relevant for our purposes, we shall however
minimally mention the models in [22-31]. A comprehensive review is to be found in [27,32]. In comparison with other
available phenomenological models capable of reproducing thermomechanical couplings, see for instance the recent
[33-36], our modeling choice has the distinctive advantage of allowing a rigorous mathematical discussion: numerical
evidence is here supported by a complete theory. In addition, the variational formulation (1.1) paves the possibility of
extending the reach of the present analysis to the various extensions of the model [2,3] which have been progressively
proposed in order to deal with asymmetric behavior [37], magnetic effects [38—41], residual plasticity [42,43], and
finite strains [44,44,45]. A complete space—time scheme based on (1.1) along the lines of [46] is the subject of a
forthcoming paper.

We shall refer to Peigney & Seguin [47,48] for an alternative analysis towards a variational formulation of
nonisothermal evolution problems in Generalized Standard Materials. In particular, in [47,48] the authors focus
on the time incremental step and augment the time-discrete relations by means of additional terms in order to let
the corresponding nonlinear system be symmetric, hence the gradient of some potential energy. These additional
terms turn out to be consistent in case of continuous temperature evolution. The incremental step is then solved
by minimization. Our approach is completely different as we propose a variational frame making sense at both the
continuous and the discrete level simultaneously.

The paper is organized as follows: in Section 2 we present a detailed account of the model and prove its dissipative
character. The generalized-gradient-flow reformulation of the thermomechanical problem is presented in Section 3.
In particular, we specifically treat the general nonisothermal case as well as the case of space-homogeneous fields. A
semi-implicit, variationally informed time-discrete scheme for the thermo-mechanical space-homogeneous problem
is studied in Section 4. In particular, its unconditional stability and convergence are established. The corresponding
numerical implementation is reported in Section 5 together with a number of computational results assessing the
performance of the model. Eventually, conclusions are summarized in Section 6.

2. Model

The aim of this section is to recall the basic features and the notation of the thermomechanical model. This has been
introduced in the isothermal case in [2] and then combined with finite elements in [3,4,49] and analyzed in [50]. The
case of a given, nonconstant temperature has been discussed in [17,18] whereas the full thermomechanical coupling
is investigated in [20,21] in one space dimension. The reader is referred to the recent survey [8] for details on the
extension of the model to finite strains [44,45,51], residual plasticization [42,43,52,53], asymmetric behaviors [37],
magnetic effects [19,38-40,54], as well as for space discretization [46,55] and control [41,56,57].

2.1. Tensors

In the following, bold Latin letters stand for both vectors and 2-tensors, and double-capital letters are for 4-tensors,
all of which in R3. Given the 2-tensors &, B € R3*3 and the 4-tensor A € R3*3%3%3 we classically define @ : g € R
and A € R¥*3 as (summation convention) & : B = a;jBij and (AB);; = A;jexPek, respectively. The space
of symmetric 2-tensors is denoted by Rfyxrg and endowed with the natural scalar product & : B := tr(ef3), where
tr(et) := a;;, and the corresponding norm |e|? := & : &. Moreover, ngxnf is orthogonally decomposed into ngxnf =
R3*3 @ R1,, where R15 is the subspace spanned by the identity 2-tensor 1, and Rg:f is the subspace of deviatoric

dev
(trace-free) symmetric tensors. In particular, for all & € ngxnf, we have the decomposition & = dev e + (tree)1>/3.

2.2. State variables

Letu : 2 — R3 be the displacement from the reference configuration 2 C R? of the body. Moving within the
small-deformation regime, we additively decompose the linearized strain € = e(u) = (Vu + Vu')/2 as

e = sel _I_etr.
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Here, e = C7 o C ngﬁg corresponds to the elastic part of the strain, C is the isotropic elasticity tensor, and o is the
stress. The tensor e'f € Rg:‘? is the inelastic strain originating from the martensitic transformation and reorientation.
In particular, e" is assumed to be trace-free, as experiments suggest that martensitic transformations are approximately
isochoric. The quantity |e"| serves as a measure of the martensitic content of the specimen and fulfills |e"| < €, where
€1, is the maximal strain which is obtainable by martensitic reorientation. On the other hand, €'/ |e"| is an indicator of
the local orientation of martensites. We shall indicate the absolute temperature of the medium by 6.

2.3. Free energy

The equilibrium of the medium is described by the free-energy density
1 H
Ve, e, 0) = co(l —logh) + 5(6 —e") :C(e —e™) + ?|e“|2 + £(0)]e"| + I(e").

The parameter ¢ > 0 stands for heat capacity density and scales the purely caloric part of the free energy. The quadratic
terms in ¢ correspond to the free-energy of linearized elastoplasticity with linear kinematic hardening. In particular,
H is a hardening parameter and we are making the simplifying assumption that austenite and martensite present the
same elastic response. The last two terms in i are instead specific of the SMA model. The value f(6) corresponds
to the martensite-to-austenite equilibrium stress at temperature 8. A specific form for the function f is introduced in
Section 2.5. Let us remark that the only term responsible for the thermomechanical coupling is f(6)|e"]. In particular,
we are neglecting here thermal expansion as this appears often to be small in applications. Finally, [ : Rg:v 3 [0, o0]
is the indicator function of the set {|e"| < €.} thatis I (e") = 0 if |e"| < € and I (e'") = oo otherwise. In particular,
the constraint |e"| < ¢y is enforced at all finite energies.

As the transformation strain e is deviatoric, it is convenient to express the free energy in terms of the
decomposition € = (v/3)1, + e where v = tre is the volumetric strain and e = dev ¢ is the deviatoric strain,
respectively. In particular, we have

K H
Y =Y, e e, 0) =co(l —logh) + Euz +Gle —e"|* + ?|e“|2 + £O)]e"| + I(e™)
where K, G > 0 are here the bulk and the shear modulus, respectively.

2.4. Constitutive relations

We classically obtain the constitutive relations from the variations of the free energy with respect to its variables.
In particular, we have that the pressure p, the deviatoric stress s (so that, in particular, we can compute the Cauchy
stress as: 0 = ply + s), the entropy density s, and the thermodynamic variable X associated to the internal variable
tr
e'' read

p =0V =K, 2.1
§ = 3V =2G(e — "), (2.2)
s =—0y = —f'(0)]e"] +clogh —c, (2.3)
X =0y =5 — He" — f(0)d|e"| — dI(e"). (2.4)

Here and in the following we use the symbol 9 either to indicate classical partial differentiation (in the smooth case)
or subdifferentiation in the sense of convex analysis (in the nonsmooth but convex case). In particular, we explicitly

record that
tr

e
ife'™ £ 0,
dle"r| = let| o
{le"l < 1) ife" =0,
0 if |e"] < €,
etr )

al(e") = EW’ £>0 ifle"|=e¢g,

@ if |e"] > €.

Moreover, we will also use the convention dS = —d(—S) for a concave S.
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The internal energy density u can be classically computed as

u=ue, e, 0) =y +0s

— 5 2 _try2 _ / tr E tr|2 tr
=ch + v +Gle—e |+ (f(O) —0f(9))le"| + 2|e | 4+ 1(e™). (2.5)

2.5. Choice of f

As mentioned above, the value f(0) indicates the martensite—austenite transformation stress at temperature 6. In
particular, f = 0 for low temperatures and f’ = B > 0 for large temperatures. The transition between these two
regimes takes place in a neighborhood of the martensite-to-austenite transition temperature at zero stress 6. For the
sake of definiteness, in the following we specifically choose the function

0 for < 60y —p
B

)= @(e — (O — p))* for |0 — Oyl < p
BO — O) for 0 > 6y + p

being however intended that other choices would be possible.

Note that f is bounded, together with its first two derivatives. In particular, the upper bound of the second derivative
is strictly needed for the thermodynamic consistency of the model. This forces the parameter p > 0 to be not too small,
see below. Indeed, for o — 0 one has that £(8) — B(6 — 6;)™ uniformly, which is not differentiable. Following the
discussion in [21], we shall tacitly assume in all of the following the consistency condition

c—0f"(©®)e"] > 0. (2.6)

This condition amounts to ensure that dgs = — f”(8)|e"| + ¢/6 > 0 so that the effective heat capacity of the medium
is positive.

Let us anticipate that, along the analysis, the introduction of a smooth truncation of f will be needed and additional
constraints on the material parameters will be introduced, namely (4.6), (4.10), and (4.20). These constrains are aimed
at ensuring the dissipativity of the system and are to be compared with analogous conditions from [20,21]. Let us
explicitly stress that these requirements are compatible with the experimentally observed material parameters, see
Table 8.

2.6. Dissipation and flow rule

In order to describe the evolution of the medium we shall prescribe a (pseudo-)potential of dissipation D :

R4 x Ri:f — [0, 0o) of Von-Mises type, namely

. R .
D(;é") = —[e"|
0
where R > 0 is an activation radius, measured in MPaK. The flow rule consists in the classical normality principle

-tr X
Do D(6: ) > - 2.7)

Note that relation (2.7) can be equivalently expressed in the complementary form

F©:X) <0, £>0, F(0,X)é =0, é‘r:éw
N - [0x F(0; X)|

where the yield function F is defined as

R
F(6:X) = |X| - .

In particular, F is related to D via the duality formula

D(0;é"™) =sup{X : &" | F(6; X) < 0}.
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By combining (2.4) with (2.7) we obtain the constitutive material relation equation

e D(0; €M) + du (e, €, 0) 3 0. (2.8)

2.7. Momentum balance and energy conservation

Assume that the reference configuration of the body £2 C R? is nonempty, open, connected, and has a Lipschitz
continuous boundary I". We decompose the latter as I' = I'? "\ I'N N3 I" where I'P and I'" are disjoint and relatively
openin I, I is the boundary of both I'? and I"'V, and I"? has positive surface measure. Given some final reference
time 7 > 0, we shall be considering the quasistatic momentum balance

Veo+f=0 in2x(0,7T) (2.9)
to be combined with the boundary conditions
on=g on N x (0, 7), u=h onI? x(,7). (2.10)

Here, n denotes the outward unit normal to 7'V andf : 2 x (0, T) — R3>andg : I'V x (0, T) — R3 are a body force
and a surface traction, respectively, while & : I'° x (0, T) — R3 is a prescribed displacement.
The conservation of energy reads

u+V-gq=0:é in2x(0,7T) (2.11)
where g represents the heat flux. We shall complement the latter with the homogeneous Neumann boundary conditions
g-n=0 onl x(0,7).
Let us however anticipate that different boundary conditions of Robin type will be allowed in the space-homogeneous
situation of Section 3.4.

2.8. Full system

The thermomechanical evolution of the medium is described by the system of quasistatic equilibrium (2.9), energy
conservation (2.11), and the constitutive material relation (2.8). Along with the current choices for the free energy ¥
and the dissipation D, the form of the resulting differential system in terms of the variables (u, 6, ') reads

V. -C(em) —e") +f =0, (2.12)
(c —0f" (9) |e”|)é +V.-q=RIe"|+60f )", (2.13)
RO|€") + He" + f(0)de"| + dI(e™) > 2G(e(u) — "), (2.14)
where we recall that e(u) := deve(u). The thermomechanical coupling depends on the total martensitic content

le'"|. This reflects that the transformation from austenite to martensite is a second-order phase transition whereas the
reorientation of martensitic variants is not associated with latent heat production.

2.9. Dissipativity

Let us explicitly comment on the thermodynamic consistency of the model by evaluating the entropy-release-rate
density

r=s+V-Q

where Q = ¢q/6 is the entropy flux. Note preliminarily that energy conservation (2.11) can be equivalently rewritten
as

05 +V-qg=X:é" 2.15)
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Then, we use (2.15) and (2.7) in order to compute

215 1 .o <q) 1 I, . 1
= -X: Vil=)—-=-V.g=-X_: VA -
r 0 e + 0 0 q 7 e +gq )

1 1
L e D(O: ") e+ q -V <5> =D@®;eé") +q-V (§> >0

where the inequality follows from the fact that D > 0 whenever ¢ = «(1/V0) with & monotone and «(0) = 0. For
the sake of definiteness we shall let ¢ = ¥V (1/0) for some conductivity « > 0, this choice being particularly adapted
to the present nonisothermal situation, see below. It is however intended that our discussion can be reproduced in
greater generality. In particular, the classical Fourier law ¢ = —«x V6 (which actually corresponds to a linearization of
q = kV(1/6) around some reference temperature) can also be accommodated.

3. Gradient structures

We are now in the position of introducing the generalized-gradient-flow reformulation of the full thermomechanical
evolution system presented in the previous section. This corresponds to relation (1.1) along with the choice y = (e, 8)
and the definition of the total entropy

S0 = [ swidr= [~ @ef] + clogo - epix
2 9}

so that one has

_ ! tr
BS@)=< £'(©)dle"] )

(c —6f"(0)le"])/0

To obtain this variational formulation, we start by eliminating the mechanical variable # by solving the equilibrium,
for given transformation strain €' and time ¢, see Section 3.1. This preliminary step is unavoidable as mechanical
equilibrium follows from energy stationarity rather than from entropic effects. The gradient reformulation of resulting
thermomechanical problem (2.12) + (2.14) then follows from the choice of the entropy-dissipation potential (¢, y; -)
fulfilling the structural assumption (1.2). By dualizing K (¢, y; -) with respect to the rates, one can equivalently express
relation (1.1) as

y € K" (t,y; 9S(y)) (3.1)

where the dual-entropy-dissipation potential IC* (¢, y; -) is a function of the thermodynamic force § = dS(y).

We start by presenting a reformulation for the isothermal problem in Section 3.2. Then, we consider the general
nonisothermal situation in Section 3.3. Finally, in Section 3.4 we tackle the special case of space-homogeneous fields
as this is both often close to real applications and a clear benchmark for implementation.

3.1. Resolution of the quasistatic equilibrium

The first step in the direction of a variational reformulation of the system (2.12)—(2.14) consists in expressing
u in terms of e and external actions by solving the quasistatic mechanical equilibrium system. Indeed, for all
e e L2(0; Rg:f),f(t) € L2(2;R?), and g(r) € L>(I'"; R3) one can find a unique u € U = H'(£2; R?) solving
(2.9)—(2.10). We shall indicate such u as #(z, e). Given (f,g) € C([0, T], L?>(2; R?) x L>(I'"; R?)), the solution
operator # : [0, T] x L2(92; ngxrff) — U is hence well-defined, linear in €', and continuous in (¢, e%), although
nonlocal in space. The latter solution operator # will be systematically employed in the remainder of the paper.

Note that by assuming % to be independent of time (that is, f, g, and & to be independent of time) we deduce that
e((e™)) coincides with e up to a linear shift. In this case (which, strictly speaking, is the only one covered by the
original GENERIC theory, which presently does not allow external actions) the evolution of the material is driven

solely by temperature relaxation.
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3.2. Gradient structure of the isothermal problem

Let us firstly concentrate on the isothermal problem (2.12) 4 (2.14). This can be written in the general form (1.1)
by defining y = €' and

K*(t,y: &) = /QIR/o(E —b(z,y))dx

where Ig g is the indicator function of the convex set {a € Rg:f : la] < R/0} and we used the short-hand notation

b(t,y) € é (—2G(e(u(t, €M) — e") + He™ + (f(0) — 0f'(0))0]e"| + 91 (e"™))

for the purely state-dependent nonlinear operator b, which is continuous in time. The above-defined dual-entropy
production potential & > C*(z, y; &) is clearly convex. By computing its dual we get

R
IC(t,y;y')zf —Ié“ldx+/ b(t,y) : é"dx
o0 0

which obviously fulfills the convexity assumption (1.2).

The above choices for S and K entail a reformulation of the isothermal evolution in terms of (1.1). Note nonetheless
that the isothermal case can be also classically formulated as the gradient flow in the variables (u,e") of the
complementary energy

U(t:u,er) = / <%(e(u) —e") : Cle(u) —e™) + gletﬂz + F(0)]e"| + I(e“)) dx
02

—/f(t)-udx—/ g@t) -udl’
Q [‘lr

subject to the Von Mises dissipative potential
D, &) == R|é"|.

Indeed, the system (2.12) 4+ (2.14) (along with boundary conditions) corresponds to the relation
DL, e + oW (t;u,e") 50

which is indeed formally close to (1.1). By solving for u = u(¢, ") one can additionally reformulate the latter in the
sole variable e (and time) as

IR|E| + 8,0 U (1, (2, €"), €) > 0.

Note that the latter equation, although local in space and time, features the nonlocal-in-space operator .
3.3. Gradient structure in the general case

In the general nonisothermal case we can follow [16, Sec. 3.4] and recast the evolution problem in the form of (3.1)
by letting the dual entropy-production potential be defined by

Ve, |2
030 = [ I —at e+ [ 5102 (32)
foré = (§,,&) € L2(02; RSYXIS) x L?(£2) where we have denoted by

v =c—0f"®)le"|

a(t,y) € %(—ZG(e(fi(t, e") —e") + He" + (f(0) — 0f'(0))de"| + 31 (e"r)).
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In this case, we can compute

o dlrso (&) —a(t,y)%2) .
K (t,y;:8) D —3lRryo (&, —a(t,y)&) :a(t,y) — ()’(.Y—))ZA&

so that, by substituting

—f'(©)d]e"|
£§cdSy = 480l
0
one gets

dIxse (— 1 (©)d1e"| — ar, y>y—@)

—dlgyg <—f’(9)a|e“| a(t, y)”—(”) a(t,y) — ';)AG)

By using the above-introduced expressions for a and y one obtains that the argument of the subdifferential 0/g g is
nothing but —X/6 so that (3.1) reads

0K (1.y: 95 ()) D

(étr) aIR/G (X/e)

6 —dIrse (X/0) s alt,y) — @)A (5>

corresponding indeed to relations (2.13)—(2.14).
By computing the dual of KC*(¢,y; -) one obtains the entropy-production potential

: R 1 ] Sty 112
K, y;3) = o Zletldr + —ly )@ +a(t.y) : €Dl (3.3)

featuring the norm

||v||H_, ._/ |V(—A ) Pdx —f [Vw|?dx.
Here, w is the unique solution in

H. = {w e H'() : /dex :O}
of —Aw = v for

ve Hol = {v cH D) : (v1)= 0}

where (-, -) stands for the duality pairing between H~'(£2) and H'(£2). Note that K(z,y, -) fulfills the general
structural assumption (1.2).
‘We hence compute

R
916" + @)< A NG00 +alt,y) : € a,y)

KK, y;¥) D
V—‘”( A DG 6 +att.y) &)

Qb

By substituting dS(y) into (1.1) we obtain

o216+ @)< ANy ®E +at.y) :éaty\  (~F O /o
vo) - o AL 9(0)
Y0 A0 0@ +ate,y) 6 3
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and relations (2.13)—(2.14) follow from the actual choices of a and y . Note that the argument of the H ~!_norm above
is required to have zero mean. Given the equation for 6, this amounts to say that ¢ = ¥ V(1/0) has no flux through the
boundary I'. Namely, the body is assumed to be thermally insulated from the exterior.

3.4. Gradient structures for space-homogeneous fields

We shall be here concerned with some specific degenerate case in which the energy conservation equation (2.13)
can be actually reduced to an ordinary differential relation. In particular, we assume that the temperature is constant
in space. This can be regarded as a sensible approximation in many applicative instances, especially in connection
with relatively thin structures activated at low frequencies. The advantage of this approximation is that the energy
conservation equation (2.13) is pointwise in space and time. In particular, by dropping the differential term in (2.13)
one gets

(c—0f"©)1€"]) 6 = RIe"| +6f' (O) le"| (34

which can be seen as the entropy gradient flow driven by the entropy-production potential

/ 5|é“|dx ity @ +a(t,y) : ") =0
K,y;»)=1Jn 0 ’ ’
00 otherwise.
Note that this choice of IC formally corresponds to the limit as x — 0 in (3.3). In particular, it translates at the

variational level the situation where the term « A(1/6) in (2.13) is dropped by letting x — 0. The reduced energy-
conservation relation (2.13) reads in this case

Y@ +a(t,y) :é% =0

and is directly enforced as a constraint in the definition of /C.
One can extend the above discussion by including a relaxation dynamics for the temperature. Indeed, by replacing
kA(1/60) by —A/0 in (2.13) one gets

(c—0f"©)le"]) 6 — g = RIé"| + 0f" () le"| (3.5)

corresponding indeed to a viscous flow. Note that this approximation can be made rigorous by assuming all fields to
be space-homogeneous and integrating (2.13) in space with the aid of the Robin-type boundary condition

A

= ——

1 0

where A = Al21/1T°|, being |I'| and |§2| the measures of I" and {2, respectively. This case corresponds to the gradient
flow of the entropy driven by the dual-entropy-production potential (compare with (3.2))

a &
K*(t,y;§)=/ Ir/o(§ —a(t,y)éz)dx+/ === (3.6)
2] 22y
and, correspondingly, the entropy-production potential
. R . 1 . )
K, y:y) =/ —Ietrldx+/ —ly @ +a(t.y) : &) dx. (3.7
00 0 2A

Note that the above entropy potential features no differentiation terms with respect to space and fulfills the structural
assumption (1.2).

We are in the position of generalizing the choice of the boundary condition even further and let the system adapt
to some given external temperature. In particular, this amounts in asking for

YR
= (9%)_5)
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for some possibly time-dependent external temperature t — 6°(¢) > 0. By assuming space-homogeneity, one replaces
(2.13) with the ordinary differential equation

(c—60f"(©)1e"]) 6 + 2 ( — l) = R|e"| +0f (6) |e"|". (3.8)

oe(r) 6
Then, the system (2.14) 4 (3.8) corresponds to the choice

& 12+1(§2_ 1)
0 \y() 6°1))°

K*(t,y; &) = Irjo (61 — a&2) + -
! 2lym 0@
By duality we obtain the time-dependent entropy-production potential
yQy)

R 1 .
K, y,y) = —|e"| + — 0 +a(t,y) : e + O +al,y):eé
(t.y.5) = Zl7] 2/\I)/(v)( (t,y) el 92()( (t,y) : &)
which again fulfills the basic assumption (1.2). By computing (1.1) in this case one obtains in particular (3.8). One
has to mention that the corresponding system cannot be regarded to be closed, as the external temperature 6¢ provides
an entropic source.

4. Semi-implicit scheme for the space-homogeneous case

The gradient flow structure of the model may be used to derive and analyze some dissipative numerical scheme.
We shall detail this possibility by focusing here on the space-homogeneous case of relations (3.8) + (2.14), which
equivalently read

y(y)(é+a(ty)~é“)+x< ! _1):0 4.1
e Oexe () O ' )
R
Sa1e 1+ Y a0, 1+ @916 50 “.2)

where we recall that
Y@ =c—0f"@0)le"|

1 - tr tr tr / tr tr
alt.y) e m( 2G(eG@(1, €)) — ) + He + (£(6) — 0 ©)]"| + 01 (")),
This approximation of the original system, indeed justified for space-homogeneous fields, bears a particular interest
as it is space-localized and even rate-independent, for A = 0. We hence believe this to be a relevant test case. PDE
couplings will be investigated in a forthcoming paper.

We are interested in a semi-implicit time-discretization scheme. Let a time-partition {0 =1y <t < --- <ty =T}
be given and define the possibly variable time step 7; = # — t;—_;. We focus here on the strain- and external-
temperature-driven setting. In particular, we assume to be givent € [0, T] — e(t) = deve(u(t)) € Rg:f nd
t € [0,T] = 6¢(t) > 0 and a suitable initial conditions on e ]Rg:\f and 09 > 0, and we are interested in the
time-discrete scheme

6; — 6 el —e | 1 1
i) (T ey = ) h s = o) =0, 43)
l 1

0¢(t;) 0
R
_8|etr_e |+ y’)(.YI 1)
91 l

where the state dependence is explicit in y and implicit everywhere else. The variational structure of (4.1)—(4.2)
is indeed reflected in this choice, as all occurrences of y are likewise discretized. Additionally, for the purpose
of presenting a complete theoretical analysis of the scheme, we are forced to perform a regularization of the
thermomechanical coupling term f(6)|e"| by f.(6)e"|,. Here,

a4, yi) + f1(0)dlef ], 30, (4.4)

ry . g |tr|2 2 tr
le” |, := min 2 +2,|e |
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where n > 0 is a small used-defined parameter (the modification f* of f is described below). By reflecting the
variational structure of the problem, this regularization entails modifications on the terms y and a as follows

va ) = c —0f/©)le"l,

1
a,(t,y) € —(—2G(e(t) — ") + He" + (f.(0) — 0£.(0))3]e" ], + 31 (e"™)).
y®)

The purpose of the regularization is to ensure that
3le"|, = (nly + 31~ (") 4.5)

is Lipschitz continuous of constant 1/n, which turns out crucial for proving the convergence of the numerical scheme.
Note that [d]e"|,| < 1 for all e € Rgex‘f. On the other hand, let us mention that the modification is performed at
the functional level, namely without perturbing the variational structure of the problem. We shall also mention that
analogous regularizations have been already considered for this problem [17,18,50] and proved to be consistent with
their limit  — 0 and that the numerical scheme performs well in the case n = 0, despite the absence of a complete
analysis. We collect some comment in this direction in Section 5.

As for the modified function f, we simply prescribe a monotone smooth truncation so that f, = f for6 < 6,—2p,
fl=0for6 > 6, and || flllL = supy-o | f1(0)] < B, and || fllL~ < B/(2p) so that (4.6) holds. In particular,
0, > 0 is some prescribed maximal temperature. This modification with respect to the original f is essentially
immaterial with respect to applications, for it suffices to choose 6, larger than the experimentally observed and
computationally simulated temperatures. The temperature upper bound, combined with a compatibility assumption
on the parameter, see (4.20), ensures that the overall behavior of the system remains dissipative under cyclic testing.
In the context of the Souza—Auricchio model a similar although weaker assumption has been advanced in [21]. The
situation was there simpler as the constitutive relation of the material was taken to be scalar and an order method could
be used.

We shall prove that the system (4.3)—(4.4) admits a solution for all i. This will be done in Section 4.3 by means
of a fixed point argument based on the iterative solution of (4.3) and (4.4). In order to prepare for this, we discuss
separately the mechanical and the thermal subproblems in Sections 4.1 and 4.2, respectively. As mentioned in the
Introduction, some first requirement for this to hold is that the effective heat capacity of the system is positive. This
amounts to ask for

0 <y = inf (c—0£/(0) (4.6)

which indeed follows with our actual choice of parameters, see Table 8.
4.1. Mechanical subproblem

Relation (4.4) can be rewritten as

Rilel —el" ||+ (H +2G)e" + fi.(6:)dlel'], + a1 (e") > 2Ge;. 4.7
For all given e{" | € Rg;(f, 6; > 0, and e; := e(1;), relation (4.7) admits a unique solution e!" € Rg:j . Indeed, el is

the unique minimizer of the uniformly convex functional
r r tr 1 tr|2 r tr tr
e i Rle" — el || + 5 (H +2G)[e" + fu(@)le"], + 1 (e") —2Ge; : "

Take now two different pairs of data (e} , Gil) and (el.z, Gl.z) and let e?’l and e?’z be the corresponding solutions to (4.7).

By taking the difference of the respective equations, testing on e?’l — e?’z, and exploiting monotonicity we obtain that

(H+20)lef" — el 2 <2G(e] — e} : (€"' — ") + (fu(61) = fu(62)01e" 2], = (e —€f")
< (ZGIei1 — e+ Blo — 92|) el — etn2.

1 1
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Hence, we have checked the Lipschitz continuity

|et‘r,1 _ et_r,2| < ﬂ
! ! H+2G H+2G

Note that the well-posedness of (4.7) is indeed independent of the regularization n as well as of the truncation f, and
would hold also in absence of such modifications.

le} —e?| + 161 — 6. (4.8)

4.2. Thermal subproblem

Assume now to be given 6;_; > 0, 6¢ :=6°(;) > 0, and e}’ € Rg;\?. Eq. (4.3) can be equivalently rewritten as
TiA TiA tr tr ’ tr tr tr
WOi-0)0 — = == + ¥y 0i-1)bi-1 + Rle; —e;_| +0i [ (6i)dle; |, = (e; —e;_y). (4.9)
; ‘

1

As the map 6 € Ry — y,(yi—1)¢ — A/ is injective and onto R, for all 6 we can find a unique solution 6; > 0 to
the above equation where the term 6; f;(6;) on the right-hand side is replaced by ] fi ((5). This defines a map 0 > 0;
which can be proved to be a contraction under the condition

"

$o = sup | £(0) = O£ O) < 5.
6 €L

(4.10)

Indeed, assume to be given 8! and #2 and the corresponding solutions 91‘1 and 91.2. Take the difference between equation
(4.9) written for Oil and the same equation for 91.2 and test it on 91.1 - 912 in order to get that

Yo i—I6} — 072 < 18" £16") — 82 £L(B)] e — e ,116) — 67|
<2¢p sup (fL) —0f!©) 16" — 6|16 — 671

Also by using (4.6), we deduce the Lipschitz continuity bound

< 2eL¢0

16! — 62| 16! — 62| (4.11)

1 1

for the map 6 > 6. Under condition (4.10), this map is hence a contraction and relation (4.9) has a unique solution.
We can directly check that indeed the solution 6; is bounded from below, depending on data. To this aim, choose

Omin = min{6; 1, Qie’ Oe —2p} >0

and multiply (4.9) by —(6; — Omin)~ = min{6; — Omin, 0} < 0 getting

_ _ 1 1 _
Vo @i— D16 = Omin) ™ |* = Yni=1) Omin — 0i—1)(0i — Omin)™ — AT; (67 - 9_6) (0; — Omin)
i f
— Rlef" — " 1(0; — Omin)™ — 0; f1(0)]e ], : (e — e ) (6 — Omin) - 4.12)

The four terms on the above right-hand side are nonpositive. Indeed, the term vy (¥;—1) @min — 6i—1)(6i — Omin) ™~ 1S
nonpositive by (4.6) as Omin < 6;_1. Moreover, we have that

e

11 _ 7
—AT; % o° (i = Omin) ™ = —)»Tiw

1

— U

(6i = Omin)~ =0
as 0 < 6; < Omin < 6f whenever (6; — Omin)~ # 0. The nonpositivity of the term —R|e{" — e!" | [(6; — Omin) ~ is clear.
As f(0) vanishes for 6 < 6, — 2p we finally have that
6 = Omin)~ #0 = 60, fL(6)e[']; : (¢ — e ) = 0.
Owing to the nonpositivity of the right-hand side of (4.12) and to (4.6) we have proved that (6; — 6in)~ = 0 hence
0 > Omin > 0. (4.13)
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Let us now consider Gl.l and 912 to be the unique solutions of (4.9) with e{ = e;r’l and el = e;r’z, respectively. By
arguing as above we readily obtain that

V0|91‘1 _9[2| < R|etr] t‘r,2||9i1 _92|

l
+ (01 £10N01e™ |y < (@1 — e ) — 62 £07)01e "2, : (" — e ) (0] — D). (414)

In the following, we will consider the case of temperature bounded from above by 6* > (. By exploiting the Lipschitz
continuity of 9] - |;, and assuming Gil, 61.2 < 6* one deduces that

€16
m@—%stl‘ﬂ+kWW10|+‘fﬂ’ — €| + Bo,Je™! — €. (4.15)

4.3. Existence for the discrete problem

Let us now check that the discrete system (4.3)—(4.4) can be solved for all given 6;,_; > O, e}il € RZ;?, 07 > 0,
3x3

and e; € Ry 7 °. The strategy here is to consider an iterative procedure, solving indeed the mechanical and the thermal
problems sequentially.
For some trial

~t ot 3x3 .t
¢l e B:={e" Ry’ : |e"] <er},

we find the unique solution § = ! (etr) of (4.9) with etr = e" Note that the map S! is Lipschitz continuous by
(4.15). Then, we uniquely solve (4.7) with §; = 6 for el = 52(9). Recall from (4.8) that the solution operator S2is
Lipschitz continuous as well. In conclusion, we have defined a Lipschitz continuous map S = S% o S' from the ball B
to itself. Hence, S has a fixed point e'" by the classical Browder Theorem, and the pair (6, e™) = (S!(e"), e'") solves
4.7) + (4.9).

Before closing this section let us remark that the above existence proof is nonconstructive. In particular, we are not
in the position of proving that the iterative procedure actually converges, but rather that some subsequence of such
iterations converges. Our numerical evidence shows however that this issue is not jeopardizing the performance of the
algorithm. Namely, the numerical procedure always detects a fixed point.

4.4. Unconditional stability

In order to possibly check the unconditional stability of the scheme, as well as its convergence, let us introduce
some assumptions on the data. In what follows we shall ask for

0°e whl,T), 6°>6° >0, ec Who(0, T; R3%3),

min dev
6 >0, efeB, 3" R suchthat
R8|e etrll + (H + 2G)e + f(90)|e [, > 2Ge(0). (4.16)
Moreover, let us introduce the short-hand notation for incremental quotients
t t
80; = M sel" = ﬂ’
T Ti

and so on. In the following, the symbol C stands for any constant depending on data but not on the partition, and
possibly varying from line to line.
By induction on i, the lower bound (4.13) entails the following uniform lower bound

0; = min{fy, 65, O — 2} =: Omin > 0. “4.17)

For the sake of later purposes, let us assume to have chosen 6y, 6¢, and 6, in such a way that 6, > 250 K.



454 F. Auricchio et al. / Comput. Methods Appl. Mech. Engrg. 299 (2016) 440-469

We start by testing the temperature equation (4.9) by t;86; getting

2 ATi tr ’ tr] . og tr
Y07i|86;|” — A(log; —logf;i_1) < 9789i + 1;R|0e; |66; + 6, f,.(6;)dle; |, : de; 56;. (4.18)
1
Let us now take the difference between (4.7) written at level i and the same relation at level i = 1. By making use
of e" = from (4.16) this can be accomphshed foralli =1,...,m < N. We test this difference by 8e§r and exploit the
fact that §; € dR|el" — el || iff e — " | € 8Ig(§;) in order to deduce that

T (H + 2G)|<Se?|2 < 1;2Gde; : Sei' — ;81 (0;)dle}' ], : Se
Let us now multiply the latter by 6; > 0 and add it to (4.18) getting
y01i186; 1> — A(log 6; —log 6;—1) + 7:6; (H + 2G)|3e]'?

)L_ti. . ) ep. .0.( £ (0. L . tr) . g tr . S, . ST
0e 80; + r,R|<Sei |66; + 7:0; (f.(6;)56; 8f(9,))3|el- |,7 : (SEZ- + 1;,2G6; be; : (SEZ-

1

IA

= 50 25 50, + 7 R|8e|86; + 176, *( )

1

7;C|66;| + t,'Rl(Selt-rl [66;| + T;

22 2196;%9)er ], : Se 4 1i2Go;be; : Se

Lﬁ * 186> + 1:.C16;] |5€]

IA

where 6 is an intermediate value between 6; and 6;_;. By taking the sum of the latter inequality fori = 1,...,m < N
we deduce
LB\ - 2 tr)2
n- =, > 11861 — Alogbn + Y 16 (H + 2G)|se]|
i—1
m m m
<C+CY nls0)+ R Tildel 186+ C Y 716y |ey]. (4.19)

i—1 i—1 i—1
Under the compatibility conditions
€1B0x
2p

which are satisfied by our data set (see Table 8) by letting, for instance, 6, = 450 K and p = 30 K and recalling that
Omin > 250 K, one has that

>0 and R? < Ominyo(H + 2G), (4.20)

Yo —

N
D T (186:1% + |sef' 1) < C. 4.21)
i=1

4.5. Convergence

Let us consider a sequence of partitions {z;} so that the corresponding maximal time step T = max;(t; — t;—1)
converges to 0. We shall index these partitions by their diameter t. Letting {u; }fV: o be a vector, we denote by ur, uy,
u, three functions of the time interval [0, 7] which interpolate the values of the generic vector {u;} on the partition

with size 7. In particular, for all t € (t;_1,%],i =1,..., N,
uz(0) = uo, ur (1) = a;(Ou; + (1 — o () ui_1,
ﬁT(O) = u07 ﬁ‘[(t) = uia
u,(0) := up, u () =ui—)

where

a;i(t) =@ —ti1)/T7.
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Owing to these notations we can rewrite the discrete system (4.3)—(4.4) in the compact form

LA _

Ya(y )0y — =— +R|e‘f| + 0. fl(0-)0]er], : eF (4.22)
= 0, 9,

N, + (H +2G)e" + f.(0,)de|, + &, = 2Ge,, (4.23)

M, € ROIEY|, & edl(e) (4.24)

for almost all ¢ € (0, T'). In particular, by the boundedness of | - | and 9] - |,, one obtains from the bound (4.21) and
by comparison in (4.23) that the norms

160 g1, ||e g1, 171l Lee, ||§r||Loo are bounded, independently of 7.

Hence, we can extract not relabeled subsequences such that

6. — 6 strongly in C[0, T'] and weakly in H! 0, 7), 4.25)

0;, 8, — 6 strongly in L*(0, T), (4.26)
e — " strongly in C([0, T1; R}?) and weakly in H' (0, T; R}, 4.27)

e’ ef — " strongly in L*(0, T; Rg:\?), (4.28)
n; — 1 weakly starin L*(0, T; Rggf), (4.29)

& — £ weakly starin L%°(0, T} Rg;ﬁ), (4.30)

We shall now pass to the limit in relations (4.22)—(4.24). By using also the uniform positivity of 6, from (4 17) we
have that yn(y ) = yy(y) strongly in L°°(0, T') so that convergence (4.25) entails that yn(y )0 — Vn ()6 weakly

in L>(0, T). The convergence of the terms —1/6, — —A/6 and )»/6r — —\/6¢in L*°(0, T') follows by the strict
bound (4.17), convergence (4.26), and the fact that §i — 6¢in C[0, T']. Moreover, we readily check that

O, f1(0:)0[€"], : é¥ — 0fL(0)dle"|, : &" weakly in L2(0, T; R3*?)

dev

where we have in particular used the Lipschitz continuity of 9| - |;,. We can pass to the limit in each term in (4.23)
getting

-+ (H+2G)e" + f,(0)d]e"|, + & = 2Ge. 4.31)

In addition, by the classical strong-weak closure of subdifferentials we get that § € 91 (') almost everywhere in time.
In order to identify n we proceed by lower semicontinuity by computing

r H +2G
lim sup ( /0 [E :é‘Jdr) < nmsup(_+_(|e;r(r)|2 — leg1?) — 1(€(T)) + I (ef

=0 t—0 2

T
/ f(@)ale"], : e“dz+/0 ZGE,:ét,rdt)

+ 26 tr tr tr g tr - tr
< T (e ()P — felD) — e (T)>+1<e0>—fo FO)01e, : 6 di

T T
—/ ZGe:étrdtzf n:evdr.
0 0

In particular, by the classical result [58, Prop. 2.5, p. 27] we obtain that n € RJ|e"| almost everywhere and

T T T T
/ R|é§|dr=/ T, :ét;dt—>/ n:é”dr:/ R|e"| dt.
0 0 0 0

The above estimate can be also localized to subsets [s,f] C [0, 7] so that it indeed entails the convergence
R|é"| — R|é"| in L'(0, T). This concludes the convergence proof.
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5. Numerical results

The aim of this section is to illustrate the performance of the proposed semi-implicit scheme. We shall implement
the discretization procedure described in Section 4.3. Given a time partition {#;}, initial data (6, eg), and possibly
time-dependent external data i +— (Qf, e;), we solve the system (4.3)—(4.4) fori = 1, ..., N by iterating, at each time
step, the solution of the mechanical and thermal subproblems until convergence. As the computationally observed
temperatures do not exceed the threshold 6, —2p, no actual truncation of f is needed in the algorithm. We shall hence
keep the notation f in the remainder of the section.

From the algorithmical viewpoint, the solution of the iteration in the (scalar) thermal subproblem is straightforward.
On the other hand, the discussion of the mechanical subproblem, namely relation (4.7), is more delicate so that we
shall concentrate on the latter. Indeed, the interplay of the three nonlinear terms of relation (4.7) is at the same time
a distinctive feature of the model and a criticality, in term of the use of generalized Newton methods. The introduced
regularization | - |, of a norm in (4.7) is clearly beneficial from the algorithmical viewpoint. This approximation is
widely used in this context [17-19,49] and has been proved to converge to the nonregularized situation for n — 0 in
a number of relevant cases [50]. Still, this regularization is to a large extent not needed here, as we comment in the
following subsection.

5.1. Nonregularized case in (4.7)

We shall collect here some discussion on the possibility of considering directly the nonregularized case n = 0
in relation (4.7). Although not accessible to a complete theoretical analysis, the nonregularized case corresponds to
the original formulation of the material relation. As such, we believe it to be of interest from both the modeling and
numerical viewpoint.

Given data 6; > 0 and e?_l, e € ]Rg:\f, the idea is to perform some a priori tests in order to check if the solution
e’ of relation (4.7) is

neither {e" ;} nor {0},

which exactly correspond to the singular sets of the nonlinearities dle" — e{" ;| and d|e"| (that is d|e"|, for n = 0)

in (4.7), respectively (the treatment of the constraint 9/ (e{") follows ex post, see below). We shall proceed by
distinguishing mutual cases.

Case (1): e}r = e?_ { = 0. In this case relation (4.7) corresponds to

(R+ f(6,))B > 2Ge;
where B = {|e"| < 1} is the unit ball. This can be achieved iff

2Glei| < R+ f(6)). (5.1)
Case (2): el | # el = 0. Here, relation (4.7) reads

el
Rle§;1| + f(6,)B > 2Ge;
i—1

which can be fulfilled iff

e
2Ge; — R—="
le;_ 4|

< f(6). (5.2)

Case (3): e =e[" | # 0 and |ef'| < e,. We can rewrite relation (4.7) as

tr tr
€i—1 €|

T + f(el)T > 2Ge;
le;_ 1 le;_ 1

RB + (H + 2G)
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which holds iff

tr
2Ge; — (H +2G)e™ | — f(6)——- . = I <R (5.3)
Case (4): e' = €!" | and |e"| = €, In this situation relation (4.7) reads
tr tr et_r |
+ fl)— +1—=
le; tr | lef™ |

e
RB + (H +2G) > 2Ge;
e

I,,

where ¢ > 0 is the (norm of the) Lagrange multiplier corresponding to the constraint |e{"| < €. The inclusion holds
iff, by letting

tr tr

d—= =L w=2Ge; — (H +2G)e" f(9)|tr|

one has that
w € [0, 00)d + RB.

This is equivalent to ask for £ > 0 and |x| < R such that w = ¢d + x. Given w and d, this condition can be readily
checked to hold iff

w:d<Oand|w|<R) or w:d>0and|w— (w:d)d| <R). 5.4

By performing the checks (5.1)-(5.4) we can identify the singular situations e e ~,or e = 0 completely. In
case e # €' | and e}' # 0, we may proceed in solving relation

Rilel —el" ||+ (H +2G)el" + f(6;)0lef'| > 2Ge;, (5.5)

Which is nothing but (4.7) where the constraint o/ (etr) has been removed. Relation (5.5) also admits a unique solution
' which we have already checked to be different from e _, and 0. In particular, we can avoid regularizing the norms
in (5.5) as long as we remain in a neighborhood of the solutlon e, .
Eventually, if |é§r| < ¢ then egr = é?r is the unique solution of (4.7). On the contrary, one has to treat directly (4.7),
where now 1 = 0 is allowed. On the other hand, the constraining term 9/ (e?) could be regularized by penalization as

tr

1
Al (€) = - ((lef| — e Dh? e
where ¢ > 0 is a user-defined parameter. For all positive ¢ the regularized term is Lipschitz continuous and it can be
checked that the ¢-regularized solution to (4.7) converges as { — 0 to the solution of the nonregularized equation [50].

5.2. Implementation

The strain- and external-temperature-driven constitutive-model driver has been implemented in the Mathematica
(Wolfram) environment and has been tested under different conditions.
The algorithm solves the time-discrete scheme from Section 4, along with the provisions of Section 5.1. At each

time ¢;, the values e; € Rg:\f, 67 > 0 are given as well as the previous states 6; _1 > 0 and el | € ]Rg:f The algorithm

computes the actual values 6; > 0 and etr € Ri:f The procedure is iterative and it is summarized in Table 1 and in
the related sub-cycles.

In particular, the thermal subproblem is also solved iteratively. At each step one solves a scalar nonlinear equation.
This iteration is actually a contraction, so that geometric convergence can be guaranteed.

On the contrary, the mechanical subproblem is solved directly. Firstly, one analyzes the four cases presented in
Section 5.1. If all the corresponding checks fail, the solution of the mechanical subproblem is obtained by directly
solving the nonlinear system. The (failure of the) preliminary checks ensure that the equation is smooth at the solution.
In particular, a Newton—Raphson solution procedure, possibly in combination with a constraint, can be used.
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Table 1
Implementation algorithm for the strain- and external-temperature-driven driver (see Tables 2 and 3).

Main algorithm
Starting data: {e;, 05} € RY? x Ry and {e¥ ,,0; ;} € R¥? x R,

dev dev
tr _ tr
Define e}y = ei’;.

while k > 1, [0; =0 x1]/0:x > tol, and |efy,—e,_,|/|ef] > tol do

Solve the thermal subproblem from Subsection 4.2:
given {6¢,0,_1,€l" ,} € Ry x Ry x R3? and e, € R3S
find 6; ; > 0 solving (4.9)

(see Table 2).

Solve the mechanical subproblem from Subsection 4.1:
given {e;, 0} € R33 x R, and e, € R}

dev dev

find e, € R3X? solving (5.5)

dev

(see Table 3).

end

Table 2
Algorithm for the thermal subproblem.

Thermal subproblem
Starting data: {e;, 05} € RY? x Ry, e, el € RY?0,; >0
Define 91"0 = 91',1‘

while & Z 1 and |9Lk_9L,k—l|/01,k 2 tol do

Find 6; ; > 0 solving
Ti)\ Ti/\
Vo (Yi—1)0; — T T +Yn(Yi-1)0i1
+ Rlef —ei" | + 0ip1 fL(0in-1)0| ][ (ef" —€it ).

end

Table 3
Algorithm for the mechanical subproblem (see Tables 4-7).

Mechanical subproblem
Starting data: {e;,0;} € RY? xR, and e | € R3*3
Check Cases (1) to (4), see Tables 4-7.
if Checks (1) to (4) fail then
find & € R3*® solving
ROje —e™ || + (H+2G)e' + f(6;)0el| 3 2Ge;
by Newton-Raphson.
end
if |&}"] < e then
| define el = e}".
end
if || > ¢, then
define ef* by solving the system
Rolef —el" || + (H+2G)el + f(6;)0]el| > 2Ge; and |eff| = ¢,

by Newton-Raphson.
end




FE. Auricchio et al. / Comput. Methods Appl. Mech. Engrg. 299 (2016) 440-469 459

Table 4
Test for Case (1).

Check Case (1)
if 2Gle;| < R+ f(6;) then

e = e,
end
Table 5
Test for Case (2).

Check Case (2)

tr

if ‘2G3i+Rei—:l < f(6,) then

eyl ~
| =0
end
Table 6
Test for Case (3).

Check Case (3)

tr

if [2Ge; — (H +2G)e™, — f(6,) —=1| < R then

el

tr __ Str
| e =el,

end

Table 7
Test for Case (4).

Check Case (4)
Define d := e}"; /|e{",|, w := 2Ge; — (H+2G)el" |, — f(6;)el"  /]el" 4]

if w:d <0 and |w| < R then
| elr = elr
i—1

end
if w:d>0 and |w—(w:d)d| < R then
| e =el,

end

5.3. Material parameters

The parameters used in the simulations are taken from [59] and are listed in Table 8. It can be verified that the
adopted parameters satisfy conditions (4.6) and (4.20).

5.4. Proportional tests

In the following, numerical results corresponding to different proportional tests are displayed. The imposed
proportional strain is of the form

2
- 0 0
3 1
t—>e(t)=e(@)=c¢cy@)| O —% 01
0 0 -
NG

where the time-dependent function ¢ — ey (¢) € R is given.
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Table 8
Material and numerical parameters.
Symbol Value Unit Description
E 45000 MPa Young’s modulus
v 0.3 - Poisson’s coefficient
K 37500 MPa Bulk modulus
G 17308 MPa Shear modulus
R 110 MPa Critical stress
B 4.49 MPa/K Coefficient of function f
H 1000 MPa Hardening constant
O 343 K Martensite finish temperature
€r 0.049 - Saturation strain limit
6o 300 K Initial temperature
0¢ 390 K External temperature
c 3.22 MPa/K Specific heat
A 2x 103 (MPa K)/s Heat exchange coefficient
p 31 K Parameter in the definition of f
tol 1076 - Tolerance
0.08 T T T :
0.06 | i
0.04 1 1
0.02 1 1
w> 0 1
-0.02 1 1
-0.04 1
-0.06 1
-0.08 . : . :
0 50 100 150 200 250

time [s]

Fig. 1. First strain history: trend of the variable ey .

A first choice for ey is illustrated in Fig. 1. A single tension—compression cycle is performed. In order to clarify
the material mechanisms, the first simulation is performed in pure martensitic conditions, with 8¢ = 6% = 300 K, and
the second one is performed in purely superelastic conditions, with #¢ = §° = 380 K.

The response of the first test is reported in Fig. 2. Under the temperature transformation region, the only possible
transformations regard the martensite reorientation: such mechanism provides a heat release, as it is clearly visible in
the right plot of Fig. 2. Indeed, the temperature of the material increases during the martensite detwinning, despite the
heat absorption by the external environment. In the elastic regions, the temperature change is only due to the exchange
with the external environment.

The response of the second test is reported in Fig. 3. As before, we have heat release during the forward austenite-
to-martensite transformation. In this case, since the material is in the superelastic region, heat absorption occurs during
reverse martensite-to-austenite transformation. Again, in the elastic region the temperature only depends on the heat
exchange with the external environment.

The third proportional test is performed using the parameters in Table 8. The corresponding mechanical and thermal
response curves are displayed in Fig. 4. It can be clearly noted that the forward transformation produces a temperature
increase, which in turn pulls the strain—stress curve towards higher-stress-level zones. Until time 70, the material stays
under the transformation temperature. Therefore, the temperature can only increase, because of both the forward phase
transformation, and the heat exchange with the external environment (indeed, the external temperature is here fixed to
be 0¢ = 390 K). Below the transformation temperature, only martensitic reorientation takes place and releases heat.
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Fig. 2. First strain history, martensitic conditions case: strain 11 versus stress 11 plot (a) and temperature plot (b).
a soo ‘ ‘ ‘ , , b 410
600 | 405 1
400 | 400 ]
E 200 <
=3 £ 395 .
T o ©
2 8 390 ]
£ -200 | 5
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385 1
-400 |
—-600 380 i
-80Q : : : : : 375 : : : :
-0.06 -0.04 -0.02 0 0.02 0.04 0.06 0 50 100 150 200 250
strain 11 time [s]
Fig. 3. First strain history, superelastic conditions case: strain 11 versus stress 11 plot (a) and temperature plot (b).
a 8oo b 380
600 f 370 |
400 ¢ 360 - ]
w <
% 200 o 350 1
- 2
T o0 § 340 ]
[%] [9]
[%] Qo
L 200t E 330+ ]
@ i3]
—400 1 320 1 1
-600 |, 310 1 1
-800 i i i i i 300 i i i i
-0.06 -0.04 -0.02 0 0.02 0.04 0.06 0 50 100 150 200 250
strain 11 time [s]

Fig. 4. First strain history, with initial and external temperatures defined in Table 8: strain 11 versus stress 11 plot (a) and temperature plot (b).

At time 70, the material enters the transition zone, individuated by [0 — p; 6 + p], so that during the forward trans-
formation the heat release is even higher than the heat amount released at lower temperatures. At time 81, the reverse
transformation takes place, absorbing heat. From time 123, a new forward transformation generated by compression
occurs, so that we have heat release again. At time 125, the transformation temperature (i.e. the center of the trans-
formation range) is reached. After entering the superelastic region, it is clearly visible that the temperature increases
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Fig. 5. First strain history: comparison of the strain 11 versus stress 11 plots (a) and of the temperature trends (b) in the two cases heat exchange
(blue) versus adiabatic (red). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)
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Fig. 6. First strain history: comparison of the strain 11 versus stress 11 plots (a) and of the temperature trends (b) in the two cases T = 1 s (blue)
versus T = 5 s (red). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. First strain history: comparison of the strain 11 versus stress 11 plots (a) and of the temperature trends (b) for changing rate and heat
exchange coefficient. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Second strain history: trend of the variable ey (a), strain 11 versus stress 11 plot (b) and temperature trend plot (c). Each
traction—compression cycle is highlighted with a different color. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

with the increase of the transformation strain during forward phase transformations, and afterwards the temperature
decreases (despite the always present environmental heat exchange) during the transformation strain recovery. During
the elastic ranges, the temperature changes are only driven by the exchange with the external environment.

In Fig. 5 we compare the above-described response with the case of no heat exchange with the external environment
(A = 0). In the adiabatic case, the material does not reach the transformation temperature, so there is no temperature
decrease due to recovery. The absence of heat exchange is particularly visible during the elastic steps, when the
temperature curve in the adiabatic case is flat, while in the former case it relaxes towards the external temperature.
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Fig. 9. First hourglass strain history: trend of the strain 11 and strain 22 components (a), strain 11 versus strain 22 plot (b), stress 11 versus stress
22 plot (c) and temperature trend plot (d). (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)

A second comparison is made between the situation of Fig. 4 and a case where the strain—load ¢y is modified
in rate as ¢ +— ey (¢/5). In Fig. 6 the response of the two cases is compared. The influence of the change in rate is
clearly visible. Indeed, the exchange of heat with the environment makes the model rate-dependent. In order to clarify
this concept, a further simulation has been performed to compare different loading rates, in both heat exchange and
adiabatic cases. An initial temperature equal to 325 K has been chosen in this case. The results of such a comparison
are highlighted in Fig. 7, where it is easy to see that in the adiabatic case the variation of the loading rate does not
affect the response, i.e., the adiabatic case is rate-independent: indeed, the curves related to the adiabatic situations
exactly overlap.

A second choice for t — ¢y (¢) is a multi-cycle test, displayed in Fig. 8(a). Each cycle is highlighted with a
different color, for better readability. The corresponding material response is reported in Fig. 8(b)—(c). Also here, it is
apparent that during the forward transformation the temperature increases with the increasing transformation strain,
while on the contrary, during the reverse transformation the temperature decreases with the decreasing transformation
strain, a behavior proved by several experimental evidences [60,61] and correctly reproduced by the present model.

5.5. Non-proportional tests
We present here also the material response for non-proportional biaxial tests. We perform two hourglass tests as
well as a square test. The first hourglass test and the square test present the following strain tensor form

e11(t) 0 0
t—e(t) = 0 exn() 0
0 0 0
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Fig. 10. Second hourglass strain history: trend of the strain 11 and strain 12 components (a), strain 11 versus strain 12 plot (b), stress 11 versus
stress 12 plot (c) and temperature trend plot (d). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

where the two components ¢ +— &£11(¢) and ¢t +—> &32(¢) are given. The strain tensor of the second hourglass test is
instead

er1(t) en@ O
t—>e(t) = | en() 0 0
0 0 0

with t > e11(f) and f — g12(¢) given.

In Figs. 9—11 the imposed strain and the response in terms of stress/strain and temperature plots are presented. The
results show that the model is capable of describing the coupled thermomechanical effects also in non-proportional
tests.

5.6. Thermal tests

A set of thermal tests are presented, where a constant strain, with the same tensor form of the proportional tests
and ey = 0.044, is imposed and the external temperature is cycled between 300 and 500 K. Such test setting aims at
reproducing material activation in a constraining environment. Different heating/cooling rates have been imposed in
order to compare the time-dependent results. The curves are displayed in Fig. 12: the model can properly reproduce a
shape-memory actuator response. It can be noted from the results reported in Fig. 12 that as the heating/cooling rate
gets lower (i.e. the time step t gets higher) the material temperature curve gets more and more similar to the external
temperature curve, because the heat exchanged with the environment during each time step increases. Accordingly, the
difference between maximum and minimum stress is higher, resulting in an enhanced actuation. It can be highlighted
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that for T = 1 s, i.e. for the highest heating/cooling rate of the three, the actuation cycle is not even completed, since
the material temperature does not have enough time to decrease under the transformation temperature.
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6. Conclusions

Inspired by the GENERIC variational framework, we have presented a reformulation of a thermomechanically
coupled model for SMA in terms of a generalized gradient flow of thermal and mechanical variables. This
reformulation has been then specialized to the case of space-homogeneous fields, where it is coordinated with heat
exchange with the external environment, here responsible for the rate-dependence in the model.

Based on this reformulation, a semi-implicit time-discrete scheme for the thermomechanically coupled system in
the space-homogeneous setting has been presented. The scheme is proved to be unconditionally stable and convergent.
In particular, the corresponding continuous counterpart admits a solution.

The performance of the time discretization has been assessed through a number uniaxial and biaxial numerical
tests. At the algorithmical level, the nonlinear character of the constitutive model is resolved by a dedicated testing
procedure, combined with the solution of a smooth differential system. The computational results prove that the model
properly and robustly reproduces the thermomechanical behavior of the material with respect to different loading and
environmental regimes.
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