Noname manuscript No.
(will be inserted by the editor)

A discontinuous Galerkin method for non-linear
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Abstract A coupled Electro-Thermo-Mechanical Discontinuous Galerkin (DG)
method is developed considering the non-linear interactions of electrical, thermal,
and mechanical fields. In order to develop a stable discontinuous Galerkin formu-
lation the governing equations are expressed in terms of energetically conjugated
fields gradients and fluxes. Moreover, the DG method is formulated in finite de-
formations and finite fields variations. The multi-physics DG formulation is shown
to satisfy the consistency condition, and the uniqueness and optimal convergence
rate properties are derived under the assumption of small deformation. First the
numerical properties are verified on a simple numerical example, and then the
framework is applied to simulate the response of smart composite materials in
which the shape memory effect of the matrix is triggered by the Joule effect.

Keywords Discontinuous Galerkin Method - Electro-thermo-mechanics -
non-linear elliptic problems - smart composites

1 Introduction

The emergence of complex multi-physics materials, such as multi-functional and
shape-memory materials, see the reviews [37,36,18,51] as a non-exhaustive list,
has motivated the development of reliable, accurate, and efficient multi-physics
numerical models. As an example, Shape Memory Polymer (SMP) [9,44] can fix a
temporary deformed configuration and recover their initial shape upon application
of a stimulus such as temperature [34], light [35], electric field [17], magnetic field
[56], water [29], or solvent [41]. Temperature triggered SMP take advantage of a
property change at the glass transition temperature Ts: Below T, the movement
of the polymer segments is frozen and the polymers are considered to be in a glassy
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state. Once they are heated above T the chains become weak and the polymers
are considered to be in a rubbery state, such that the materials can be deformed
with minimal force. However, SMP have the drawback of low strength and stiffness
when they are used for structural applications. This drawback can be overcome
by dispersing continuous or discontinuous reinforcements throughout a polymer
matrix, leading to Shape Memory Polymer Composites (SMPC) [45,14]. Besides
improving the mechanical properties, the fillers can improve the shape memory
recovery stress and, in addition, act as triggering mechanisms. For example, carbon
fibers exhibit conductivity which can be exploited as a shape memory triggering
mechanism since the increase of temperature required to trigger the Shape Memory
effect of the matrix is obtained through Joule effect by applying an electric current.
Henceforth SMPC are seeing a growing interest in the area of deployable structures,
sensors, actuators etc

However, several difficulties arise when modeling the response of this kind
of materials. On the one hand, multi-physics numerical models involving strong
coupling are required. On the other hand, as SMP are capable of large deforma-
tions (high recovery strain) and as the field variations are important, the numerical
methods ought to be formulated in a finite deformation and fields variation setting.
As a result the governing equations involve strong non-linear coupling. Muliana
et al. [47] have studied the time dependent response of active piezoelectric fiber
and polymer composite materials in a multi-scale approach. Rothe et al. [55] have
considered Electro-Thermo-Elasticity in a small strain setting, where they have
focused on the numerical treatment of the monolithic approach, with the develop-
ment of a one dimensional analytical solution in the purpose of code verification.
In particular Zhupanska et al. [74] have discussed the governing equations describ-
ing electromagnetic, thermal, and mechanical field interactions. Nevertheless these
contributions are still limited to small deformation settings.

In this work, a multi-field coupling resolution strategy is used for the reso-
lution of electrical, energy, and momentum conservation equations by means of
the Discontinuous Galerkin (DG) Finite Element Method (FEM) to solve Electro-
Thermo-Mechanical (ETM) coupling. The main idea of the DG formalism is to
approximate the solution by piece-wise continuous polynomial functions, and to
constrain weakly the compatibility between elements. The inter-elements weak en-
forcement of the continuity allows using discontinuous polynomial spaces of high
degree and facilitates handling elements of different types and dynamic mesh mod-
ifications. Indeed, the possibility of using irregular and non conforming meshes in
an algorithm makes it suitable for time dependent transient problems. It also al-
lows having hanging nodes and different polynomial degrees at the interface, with
a view to hp-adaptivity. These DG opportunities and their merits have been illus-
trated and discussed by Kaufmann et al. [32]. In addition, since the DG method
allows discontinuities of the physical unknowns within the interior of the problem
domain, it is a natural approach to capture the jumps across the material inter-
face in coupled problems. Above all, DG methods are also characterized by their
flexibility in terms of mesh design while keeping their high order accuracy [28] and
their high scalability in parallel simulations [50,8] while optimal convergence rates
are still achieved.

However, if not correctly formulated, discontinuous methods can exhibit in-
stabilities, and the numerical results fail to approximate the exact solution. It is,
therefore, important to develop a DG FEM which leads to reliable results for a wide
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variety of problems. By using an adequate inter element flux definition combined
to stabilization techniques, the shortcomings of non-stabilized DG methods can be
overcome [49,52,54]. Since the seminal work of Reed et al. [53], DG methods have
been developed to solve hyperbolic, parabolic, and elliptic problems [13]. Most of
DG methods for elliptic and parabolic problems rely on the Interior Penalty (IP)
method. The main principle of IP, as introduced in [15,69], is to constrain weakly
the compatibility through the use of compatibility and/or stabilization terms, in-
stead of building it into the finite element, which enables the use of discontinuous
polynomial spaces of high degree. The interest in the symmetric interior penalty
(SIPG) methods, in which the compatibility terms symmetrizes the formulation
and which will be considered in this work, has been renewed by Wheeler [69] due
to demands for optimality in the convergence rates with the mesh size hs, i.e. the
rates of the convergence is k in the H'-norm and k + 1 in the L?-norm, where
k is the polynomial approximation degree. However there exist different possible
choices of traces and numerical fluxes as discussed by Arnold et al. [5], who have
provided an analysis of a large class of discontinuous methods for second order
elliptic problems with different numerical fluxes, and demonstrated that correctly
formulated IP, NIPG (Non-Symmetric Interior Penalty), LDG (Local discontin-
uous Galerkin), and other DG methods are consistent and stables methods. In
particular Arnold et al. [5] have proposed a framework for dealing with linear
elliptic problems by means of DG methods and demonstrated that DG methods
which are completely consistent and stable achieve optimal error estimates, and
that the inconsistent DG methods like the pure penalty methods can still achieve
optimal error estimates provided they are super-penalized. Besides, Georgoulis
[19] has derived anisotropic hp-error bounds for linear second order elliptic dif-
fusion convection reaction using Discontinuous Galerkin finite element methods
(SIPG and NIPG), on shape-regular and anisotropic elements, and for isotropic
and anisotropic polynomial degrees for the element bases. He has also observed
optimal order of convergence in the L?-norm for the SIPG formulation when a
uniform mesh size refinement for different values of k is employed. Moreover, he
has shown that the solution of the adjoint problem suffers from sub-optimal rates
of convergence when a NIPG formulation is used. Yadav et al. [71] have extended
the DG methods from a linear self-adjoint elliptic problem to a second order non-
linear elliptic problem. The non-linear system resulting from DG methods is then
analyzed based on a fixed point argument. They have also shown that the er-
ror estimate in the L?-norm for piece-wise polynomials of degree k > 1 is k + 1.
They have also provided numerical results to illustrate the theoretical results. Gudi
et al. [23] have proposed an analysis for the most popular DG schemes such as
SIPG, NIPG, and LDG methods for one dimension linear and non-linear elliptic
problems, and the error estimate has been studied for each of these methods by
reformulating the problems in a fixed point form. In addition, according to Gudi
et al. [22], optimal errors in the H'-norm and in L2-norm are proved for SIPG
for polynomial degrees larger or equal to 2, and a loss in the optimality in the
L2-norm is observed for NIPG and LDG. In that work a deterioration in the order
of convergence in the mesh size hs is noted when linear polynomials are used.
DG FEM have been widely developed to solve mechanical problems such as
non-linear solid mechanics [49,62,61], (nearly) incompressible elasticity [25,39],
strain-gradient elasticity [16], strain gradient plasticity [43] strain gradient damage
models [67], plate equations [24,16,6,66], shell equations [48], as a non-exhaustive
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list. Truster et al. [63,64] have derived a Variational Multiscale Discontinuous
Galerkin (VMDG) method to account for geometric and material non-linearities
in which computable expressions emerge during the course of the derivation for
the stability tensor and numerical flux weighting tensors. Recently, DG has been
used to solve coupled problems. For instance Wheeler and Sun [60] have proposed
a primal DG method with interior penalty (IP) terms to solve coupled reactive
transport in porous media. Liu et al. [40] have developed an incomplete IP method
for convection-dominated thermo-poro-mechanics. Furthermore, Zheng et al. [73]
have proposed a DG method to solve thermo-elastic coupling due to temperature
and pressure dependent thermal contact resistance. In that work the DG method is
used to simulate the temperature jump, and the mechanical sub-problem is solved
by the DG finite element method with a penalty function. In [27], a coupled non-
linear Electro-Thermal DG method, has been derived by the authors in terms of
energetically conjugated fields gradients and fluxes. This conjugated pair has been
obtained by a particular choice of the test functions (8 fr = (), 6fv = 5(%))
and of the trial functions (fr = %, fv = %)7 where T is the temperature and V'
is the electrical potential [42,72,38], which has allowed developing a stable non-
linear DG formulation with optimal convergence rate.

The main aim of this work is to derive a consistent and stable DG FEM for
ETM coupling analyzes, which, to the authors knowledge, has not been introduced
yet. To this end, the constitutive equations governing the ETM coupling are for-
mulated in Section 2 as a function of the displacement u, the electric potential
V and the temperature T, under the form f(u, %V, %) In Section 3, the DG
method is first formulated in finite deformations and finite fields variations, re-
sulting into a set of non-linear coupled equations, and then implemented within
a three-dimensional finite element code. In particular, the parallel feature of the
finite element method relies on the ghost elements method developed for DG for-
mulation [8,70]. Afterwards, the uniqueness and optimal numerical properties are
derived for Electro-Thermo-Elasticity stated in a small deformation setting in Sec-
tion 4. In particular, the convergence rates of the error in both the energy and
L2-norms are shown to be optimal with respect to the mesh size hs in terms of
the polynomial degree approximation k (respectively in order k and k + 1). This
section concludes with a numerical test supporting the developed theory, includ-
ing the scalability property of the implementation. Finally the methodology is
applied to study the Electro-Thermo-Mechanical behavior of SMPC in Section 5,
in which a simple transversely isotropic hyperelastic formulation is used to model
carbon fibers and an elasto-viscoplastic large deformation formulation is consid-
ered to model the SMP. In particular, the shape memory effect of SMPC unit cells
electrically activated is studied in the large deformation regime.

2 Strong formulation of the Electro-Thermo-Mechanical problem

In this section an overview of the basic equations that govern Electro-Thermo-
Mechanical coupled phenomena is presented. The body in its reference configura-
tion 2y € Rd, where d is the spatial dimension, whose Dirichlet boundary dp {29
and Neumann boundary dn{2y are the outer boundaries 92y of the domain, is
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Ey
(a) Reference and current configurations (b) Body discretization

Fig. 1 Definition of (a) the reference and current configurations of the body, (b) the body
discretization.

subjected to a deformation mapping = ¢ (X) defining the current configuration
2 € R%, see Fig. 1(a). The deformation gradient tensor is defined as
F=2% _ 49V, with J = det(F) (1)
T oX 0 - ’
its Jacobian, and where Vo = aix is the gradient with respect to the reference
configuration. The displacement field reads v = x — X. Finally, the material
properties may in general depend on the position X.

2.1 Balance equations

The first balance equation is the equation of motion which is the balance of linear
momentum in the absence of (inertial and external) body forces with respect to

the reference frame
Vo -PT=0VX € (), (2)

where P is the first Piola-Kirchhoff tensor, which is expressed in terms of the

Cauchy stress as
P=c-FTJ. (3)

The second balance equation is the electrical contribution which is the con-
servation of the electric current density flow. Defining the flow of electric current
density with respect to the reference surface

Jo=je - F1J, (4)

where j. is the flow of electric current density with respect to the current surface,
the second balance equation reads

Vo-J.=0VX € 2. (5)

The third balance equation is the conservation of the energy flux. The energy
flux with respect to the reference surface reads

Jy=Q+VJe=jy, F'J=(q+Vje) -F 'J, (6)
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where @ and g are respectively the heat flux per unit surface in the reference and
current configurations, V is the electrical potential, and where j, is the energy
flux with respect to the current surface. Then the conservation of energy flux is
stated as

Vo-Jy=—poy+ FVX € (o, (7)

where y is the internal energy per unit mass and F represents all the body energy
sources per unit reference volume.

2.2 Constitutive models

The first Piola-Kirchhoff stress tensor is evaluated under the generic form
P=P(F,F,V,T;&(r <t)), (8)

where T is the temperature, and £(7 < t) is the set of internal variables evaluated
at time 7 lower than the current time t. In the applications, we will consider
thermo-mechanical transverse isotropic and SMP thermo-mechanical constitutive
behaviors, see A.

In this work, we consider the thermo-electric coupling written in the current
configuration under the matrix form

s je _ l Oll -VVv (9)
1=\ ) T Witanik+avi+ o2t )\ -vr )

where k denotes the symmetric tensor of thermal conductivity coefficients, I de-
notes the symmetric tensor of electric conductivity coefficients, and « is the See-
beck coefficient. The coefficients can be temperature and electric potential depen-
dent. Moreover V = 8% is the gradient with respect to the current configuration.
Using Eqgs. (4) and (6), this last set of equations is rewritten

J— Je\ L ol —VoV (10)
“\Jy) \VL+aTLK+oVL+a?TL ) \ -VoT )’

where
KF,T,V)=F " k(T,V)-F"J and 1)
LF, T, V)=F'.U(T,V)-F'J,

are the coefficient tensors expressed in the reference configuration.

However, in the relation (9), the vectors J and (VoV™ VoT™)™ are not ener-
getically conjugated, see the discussions in [42,72,38,27]. Therefore we define the
fields M = (fv fT)T with fy = —% and fr = %, and the gradients of the fields
vector in the reference frame are defined by VoM, a 2d x 1 vector in terms of

(Yofv %I %I VoV
= (G )= (75 ) (%) 02

As a result the set of Egs. (10) is rewritten as

J= ZO(Fa fV7 fT) VOM, (13)
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with the coefficient matrix expressed in the reference configuration

_( Ia(F, fr) La(F, fr, fr)
ZO(F’ fV7 fT) B (LQ(F7 fTa fT) Jy1(Fa fV: fT)) ’ (14)

where

1 Iy 1

Li(F, fr)= fTL; Lo(F, fr, fr) Z—EL—O—af%L; and
Jy, (F, f R Y 21 &
viFs fv, fr) = f%K 2af%L+a f%L+f%L. (15)

From Eq. (13), it can be seen that the symmetric coefficients matrix Zo is positive
definite since L1 and Jy; — LY -L1_1 - Ly = f%K are positive definite for T' > 0.
T

2.3 Boundary conditions

The body boundary 92, see Fig. 1(a), is divided into a Neumann part dx{2o on
which the surface traction P- N, the electric current density J.-IN, and the energy
density Jy - N per unit reference surface, are respectively constrained to T, Jo,
and Jy, and into a Dirichlet part dxf2o, on which the displacement field u, the
fv-field, and the fp-field are respectively constrained to @, fv, and fr. In these
relations, IV is the outward unit normal in the reference configuration.

Note that to simplify the notations of the equations we have assumed that the
Neumann and Dirichlet parts coincide for the three fields, but in all generalities
the developed methodology remains applicable if they are different.

2.4 Strong form summary

The set of governing equations (2, 5, and 7) is thus stated as finding u, M €
[H2(20)]? x H2(20) x H?' (20) such that

16
Vi@ =L VYXe, (16)

{V0~PT:0 VX € 0,
where Vy is also used to represent a vector operator in the reference configuration,
L=(0 —poy+ F)T represents the contributions of the internal energy rate and
the body energy sources, and where the notation 2" (£20) is used to consider only
positive values in the Hilbert space HZ.

This set of governing equations is completed by the Neumann boundary con-
ditions
P.N=T VX € Onf,
(17)

T
N O -
In = J=J VX €0nl,
N <0N> N {20
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where J = (Jo Jy)T and Jn is the flux per unit reference surface, and by the
Dirichlet boundary conditions

u=u VX € Opf, (18)
M=M VX € Opf2o R
where M = (fv fr)*.
Finally, the constitutive Egs. (13, 8) read
P=B(F, P, M; £(7 < 1)), 19
J=Zo(F ,M)VoM.

3 Weak Discontinuous Galerkin formulation

In this section we first derive the weak DG formulation of the problem stated
under the strong form (16-19). Then we introduce a finite-element discretization
of the test and trial functions, before briefly summarizing the resolution process.

3.1 Weak DG form derivation

Let f2on be a shape regular family of discretization of {2y, such that 20, = Ue {25,
see Fig. 1(b), with hs = maxneen,, diam(£25) for £2§ € 2o, with 0925 = On25 U
Op 25 U 01025, and where 01020 = Ue01825 \ 9201, is the intersecting boundary of
the finite elements. Finally (Op1{20)° is a face either on d1f2on or on dp2on, with
> (Op1£20)° = 01201 U Op Q0.

Since, at the interface between two elements, Fig. 1(b), each interior edge
(01820)* is shared by two elements ~ and T, where (9120)° C 91825 and (01£20)° C
81_(28+, we can define two useful operators, the jump operator [-] = [-+ — -_] that
computes the discontinuity between the elements and the average operator (-) =
% (~+ + -7) which is the mean between two element values. Those two operators
can be extended on the Dirichlet boundary dp {2 as (-) =, [-] = (—).

The discontinuous Galerkin method results from the integration by parts on
the elements of the governing equations multiplied by discontinuous test functions.
Let us multiply the governing equations (16) by discontinuous test functions du
and 0M, and integrate on {2y, yielding

0= Z/ (P(F, M) Vo) 6ud  Vou € I, [Hl(ng)}d ; (20)

3 / I'sMd2o = Y / (VEJ(F,M,VOM))TaMdQO
o o

VoM € IT.H' (2§) x IT.H' (£25) . (21)
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By performing an integration by parts on each element, and by using the divergence
theorem, these equations become

/ ou - TdSo = P(F, M) : Vodudy +
ON P00 o1

/ [6u - P(F,M)] -N~dSo
O1Q20n
d
_ / bu- P(F,M)- Ndso Vou e [H'(25)]" (22)
9p Q0n

- / IFsMd, + / SMTJIdSy = / (VooM)T J(F , M, VoM)d2 +
Qon ONon on

/ HéMEJ(F,M,VOM)]] dSo — / SMEJ(F M, VoM)dSo
O120n o)

D 20n

VoM € TT.HY(028) x II.H(£25) (23)

N0

0 N-
N~ is defined as the reference outward unit normal of the minus element £2§ ,
whereas N is the reference outward unit normal of its neighboring element, with
Nt = —N~, and where we have used the Neumann boundary conditions (17).
However, when considering the jump operators, consistency is satisfied as long
as the jump on the test function is accounted for, while the stress terms can be
substituted by a numerical flux such as the average value. The set of Eqgs. (22-23)
thus becomes

where the vector My = ( )M has been introduced for simplicity, where

/ su-TdSo = | P(F, M) : Vosudo +
AN 0n Qon
d
/ [u] - (P(F,M)) - N™dSo Vou & IT. [H'(25)] * (24)
9120n,U0p Lon
- / 17 sMd s + / SMT3dS = / (VosM)T J(F , M, VoM)ds2 +
on ON 201 Qon

/ [[5M£]] (J(F,M,VoM))dSo VéM e IT.H' (02§) x IT.H" (£2) (25)
0120, U0 201

where we have considered the definitions of the operators on the Dirichlet bound-
ary.

In order to define the compatibility and stability terms, we define, on the one
hand, the four-order tensor H = % (F=1,M =Mj) and, on the other hand,
the second order tensor ay, such that ay, : H = —2—1; (F=1,M=Mjy), with

M, € IT.H'(02§) x HeHﬁ(QS) the initial values of M. As a result both H and
ain : H are constant during the simulation as it has been shown that this leads
to accurate results in elasto-plasticity [50]. However, evolving terms could also
be considered as discussed in [63,64]. Moreover, we define the d x d X 2 matrix
YM) = %. Assuming the stress tensor depends only on fr and not on fv, we

have Y(M)éM = ayy, : 'Hfi?(sz, with Yo = Y (Mp).
T
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The compatibility of the displacement fields on the element interfaces and on
the Dirichlet boundary is thus added to the weak form (24-25), leading to

/ 5u-TdSo—/ ﬁ~(HZV05u)~NdSo—
AN Qo1 9p o1
/ Su - (VMM — Y(Mo)Mo) - NdSo =
Op 20n
f)(F7 M) : Vodud2 +/ [6u] - <P(F,M)> - N~ dSo +
018201 U0p 201

/ [[u]] . (H : V06u> - N~“dSg +
O1£20nU0p 201

Qon

/ [6u] - YM)M — Y(Mo)My) - N°dSy  Véu € I, {Hl((zg)} d(;26)
9p 20n
- / I sMd 2 + / oM™TIdSy — / (Zo(F,M)V0M) dSo =

Qgh BN .Qgh aD-QOh

/ (VosM)T J(F , M, VoM)ds2 + /
Qon

My

[[ ]] (J(F , M, VoM)) dSo
01 20nUIp 20n

M

+ / [[M,Eﬂ (Zo(F, M)V M) dSo + / ﬂ (Zo(F,M)Vo5M) dSo
81 201 )

D 200

VOM e IT.H' (2§) x II.H' (£2§)27)

Some remarks arise from this formulation

— In the compatibility terms, the operator H has been considered as constant but
not the operator Zg. As a result, the optimality of the convergence rate will only
be demonstrated when linearizing the mechanical equations, and when stating
the equations in a small deformation setting. This is due to the complexity of
the mechanical behavior (19a) which is history-dependent, preventing to write
a non-linear equation under a form similar to the considered electro-thermal
coupling (19b).

— The last term of Eq. (26) appears from the fact that the term in [du]-(P(F,M))-
NN~ dSo acting on the Dirichlet boundary condition prevents a symmetric op-
erator to be obtained and as such would prevent the optimal convergence rate
in the L2-norm to be achieved, as it will be shown in Section 4.

What remains to be done is to stabilize the method through quadratic terms
weighted by a stabilization parameter B and the mesh size hg, leading to state the
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problem as finding u, M € [II.H(2§)] x HH'(£2§) x IT.H'" (2§) such that

/ 5u~TdSo—/ ﬁ~('H:V0(5u)'NdSo+
ON L20n

9p 20n
/ ﬁ@N:(HB>:5u®NdSO—
9p Non hs
/ ou - ()i(M)M — y(Mo)Mo) - NdSg = 13(1‘—‘7 M) : Vooud 2 +
Ap Ron Q0n

/ [6u] - (P(F,M))- N~ dSo +
O1£20nU0Dp R20n

B
/ [[u]]®N:<7Z—>:[[5u]]®NdSo+
01§20 U0p 201 s

/ [[u]] . <’H : V06u> - IN"dSg +

01 200U 01

/ [6u] - (VMM — Y(Mo)My) - N°dSo Vou € I1. [Hl((zg)} . (28)
Ip on

- / 17 5Md 2 + / sM™JdS, / My (Zo(F,M)VosM) dSo +
Qon On 0n 9p R0n

/ oMy <h§z0(1«“,1\71)) MndSo = / (VodM)T J(F , M, VoM)d 2 +
Op Ron S 2

Oh

B
/ [5M§H <}—ZU (F, M)> [Mn] dSo-+
J 01201 ls
. 5 .
/ [omR] <}—ZU(F,M)> [Mn] dSo +
Op 201 ls
/ [ME] 3(# .M, VoM)) dso +
0120,,U0p 201

/ [[ME]] (Zo(F,M)V6M) dSo + / [[M,Eﬂ (Zo(F, M)Vo5M) dS,
JO1 Q201 J Op on

VoM € IT.H' (02§) x IT.H" (2§),(29)

N O
0N

The manifold of the trial functions G = (u* MT) is defined as

where the notation My = ( ) M = NM has been introduced.

X(+) o G € [L2(00h)]d X LQ(QOh) X L2(+)(90h) such that (30)
) G € [H°(526)]" x Ho(026) x B (02§) Y025 € Qon |

For the future use, we define X(*) as Xgi_) and X the manifold such that fr > 0,
while X is the manifold for which fp = 0, with X* C X. It should be noted that
the trial functions in the previous equations of the weak formulation belong to
[H'(£25)] ¢ x H(02§) x H' (£25); however for the numerical analysis, we will need
to be in [HQ(QS)]d x H2(02§) x H2" (25), as it will be discussed in Section 4.



12 Lina Homsi, Ludovic Noels

Therefore the weak form (28-29) is reformulated as finding G € X* such that

VoG € X, 31
C(F,M; M) = D(F; M) — [, M Ld2 (31)

{A(F, M; su) = B(5u)
where A(F, M; ou) (B(du)) is directly deduced from the right-hand (left-hand)
side of Eq. (28), and where C(F, M; éM) (D(F'; 6M)) is directly deduced from the
right-hand (left-hand) side of Eq. (29).

3.2 The finite element discretization of the coupled problem

In the computational model we consider the approximation Gf = (ug fva fTh)
of the trial function defined in a finite dimensional space of real valued piece-wise
polynomial functions. The following manifold is thus introduced

0 _ J G e [L2(20n)] " x L (20n) x 12" (Qon) such that (32)
G | s € [PF(926)]% x P*(025) x P*" (028) v025 € Qon |

where Pk(ﬁg ) is the space of polynomial functions of order up to k and P*" means
that the polynomial approximation remains positive.

The discretization of the system is carried out using the discontinuous Galerkin
Finite element method by introducing the same shape functions for the trial func-
tions v and M, and for the test functions du and M, which are thus interpolated
as

Uy = N,‘f lla 5 Mh = Nil,l Ma 5 (33)
dup = Ny, u®, My = Ny dM“ | (34)
where (§)u® and (§)M® denote the nodal values of respectively (§)uy and (6)My

N,
0 Ng.
The finite element approximation of the weak form (31) is thus stated as finding

Gy € X*' such that

at node a, and where Ny = ( ) is a matrix of the shape functions.

{A(Fh, My; dun) = B(dun) VoGy, € X"k (35)

C(Fp, My; 0Mp,) = D(Fy; 0My) — [, 0MJT;, d2g

3.3 The system resolution in parallel
The set of Egs. (35) can be rewritten under the form
Fi (G") =Fi (G) +F (G) (36)

where G is a (d 4 2) x 1 vector gathering the unknowns at node b with G® =

(ubT MbT)T7 F&,¢ corresponds to the contributions of B(duy) and D(Fy,; 6My) at
node a, F{;, corresponds to the volume contributions of A(F'y, My; duy), C(Fy,
My; 0My), and I;,, and where F{ corresponds to the interface contributions of
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A(Fy, My; duy) and C(Fy,, My; 0My). The expressions of these forces are detailed
in B.1.

The non-linear Egs. (36) are linearized by means of an implicit formulation and
solved using the Newton-Raphson scheme using as initial guess the last solution.
To this end, the forces are written in a residual form. The predictor at iteration
0, reads G¢ = G, and the residual at iteration ¢ reads

o (G) _FC, (G) _F} (G) —R® (G) . (37)

At iteration i, the first-order Taylor development yields the system to be solved,
i.e.

8ngt aant aFiZ
oG® 0Gb OGP

lo_ge AGY = —R® (G) . (38)

The explicit expression of the tangent matrix of the coupled Electro-Thermo-
Mechanical system K&b = % — % - % is given in B.2. Finally, the resolution

of the system (38) yields the correction AG® = (Gb - Gbi).

CONRN
\

Qg
(a) (b)

Fig. 2 Parallel implementation using ghost elements with (a) the different partitions 2§, with
their ghost elements ng corresponding to the elements of the partition Qgh having a common
interface, and (b) the exchange of the nodal field G? from the element in partition Qéh to the
ghost element 287 in partition 28,

The DG method has been implemented in Gmsh [20] in parallel using the ghost
elements method suggested in [8,70]. In this approach, the discretization 2o, is
divided in partitions 2, using the METIS library [31], see Fig. 2(a). On top of its
own bulk elements (2§, the partition (2¢;, also owns the ghost elements 28 which
correspond to the bulk elements of the partition Qgh sharing a common partitions
interface, see Fig. 2(a). The resolution steps are thus
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— Step #1: Each partition 2§, evaluates the bulk nodal forces F&, (36) and stiff-
ness matrix %%fgt (38) by performing a quadrature rule on its own elements (2.
There is no need to evaluate the bulk force and stiffness matrix contributions
of the ghost elements 2§7.

— Step #2: Each partition §25, evaluates the interface nodal forces Ff (36) and

stiffness matrix % (38) by performing a quadrature rule on an interface
shared either by two elements (25 belonging to this partition‘()éh or by an
element §2§ belonging to this partition and a ghost element 257.

— Step #3: The system (38) is then solved using the MUMPS [3] library.

— Step #4: To evaluate correctly the interface forces at partitions boundaries at
Step #2 of the next iteration, the ghost elements 257 need to be in the updated
deformation state, which requires their nodal values G* to be communicated
from the original element (2§ lying in partition Qgh, see Fig. 2(b). This commu-
nication is achieved before each new iteration through the network via Message
Passing Interface (MPI), whichs is the only communications required by the
method.

4 Numerical Properties

The demonstration of the numerical properties for Electro-Thermo-Mechanics cou-
pling is derived following closely the approach developed by Gudi et al. [23] for non-
linear problems under the assumption d = 2, and under the assumptions of temper-
ature independent thermo-mechanical material properties, (however Jy, , L1, L2
remain temperature and electric potential dependent but C (the matrix form using
Voigt notations of the material constant tensor H), and ay), are temperature and
electric potential in-dependent), and in the absence of the heat source, such that
the term F in Eq. (16) is equal to zero. Finally, we also require a framework in
small deformation and linear thermo-elasticity in order to demonstrate the sta-
bility and convergence rates. Indeed, as explained before the thermo-mechancal
response in the non-linear range is history-dependent, preventing to write a non-
linear equation under a form similar to the onr of the electro-thermal coupling
(19b).

4.1 Strong form in the small deformation setting

Under the discussed assumptions, we can state the weak form (31) under a matrix

form with the vector of the unknown fields G. In addition, we can introduce the
cCo o0

coefficient matrix v of size (5d — 3) x (5d — 3) such that v.= | 01y l2 |. In
0 l2 jY1

a small deformation setting, we have Iy ~ L1, l> ~ L2, and jy, ~ Jy,, and thus

Z ~ Zo, the coefficient matrix in the current configuration. Therefore v can also be

written as v = < ) . Moreover, assuming that the stress tensor does not depend

07
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00 _Cfa2thc
on the electrical potential, we define the matrices o(fr) = 00 6f and
00 0

00 = o(fr,) of size (5d — 3) x (d + 2). In these matrices, anc is a vector of size
(3d — 3) x 1 with, for d = 3, athe = (ath agp atn 00 O)T, and Caype a vector of
size (3d — 3) x 1 and given for d = 3 by (Caine) = (3Kath 3Kaww 3Kag, 00 O)T
for isotropic materials, with K the bulk modulus and oy the thermal dilatation.

000
Finally we define h a matrix of size (d+2) x (d+2) with, ford=3,h=| 00 0

00 pcy

We can now introduce the matrix w of size (5d—3) x 1 as w(G, VG) = v(G)VG.

In this relation VG is the (5d — 3) x 1 vector of the gradient of the unknown fields,
which is defined as VG = (V)G and is written for d = 3, using Voigt rules for the
mechanical contribution, as

2exy
2ex7,
2¢eyz
(VG)=| oy | =
Ifv
of
&
Ik
A

0z

Uz | - (39)

cocoooc oo of¥ve o
cocoocoococoYoPvolvo
cocooco cofWvoPvo o

o ooyl o co oo
YoF oo c o oo oo oo

Similarly, X1 = (O’xx Oyy Ozz Txy Txz Tyz Jex Jey Jeu Jyy Jv, jyz) represents the en-
ergy conjugated stress.
Using these definitions, the constitutive relations (19) are rewritten as

¥ =v(G)VG +0(G)G — 00Go, (40)

where G is the vector of the initial values G§ = (ux, Uy, Uz fv, fT,). The set of

governing Eqs. (16) is now stated as finding G € [HQ(QO)]d x H2(£20) x H2+(Qo)
such that

—V' [w(G,VG) +0(G)G — 00Go] =h G Ve € 2. (41)
This set of equations is completed with the Dirichlet BC (18) rewritten as
G=G Vaedp, (42)
and with the Neumann BC (17) rewritten as

i’ (w+0G —00Go) =W Vxe i, (43)
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where, for d = 3,

S

N

o

3

»

o
=Nl NN NN

_ | 0 nyny O
T=10 0 0 nx ’ (44)
00 0mny
00 0 ny
00 0 0 ny
000 0ny
000 0ny

represents the unit outward normal in the current configuration, G = (iLT v fT)
gathers the constrained fields, and where W = (£ jy je) gathers the constrained
fluxes.

It can be noticed that the gradient of (0(G)G) consists of zero components and
of the gradient of (—(cﬁighc)fT). As the variation 6(— (c?§h°)fT) = (c?;}") dfr, the
matrix o(G) can be rear;anged in a new form 6(G) of size (d+2) x (52 —3), such
that

v (0(G)G) = —6(G)VG, (45)
with, for d = 3,
000000000—¥%ﬂ 0 0
000000000 O —2%@ 0
~ T
6oG)=1000000000 O 0 fﬂgﬂ : (46)
000000000 O 0 0
000000000 O 0 0

The operator ~ can be seen as the transpose operator that accounts for the defini-
tion of the V operator in the matrix form. Therefore Eq. (41) becomes

V' w(G,VG)) +6(G)VG =hG  Vzen. (47)

4.2 Weak DG form in the small deformation setting

Assuming a quasi-static process from now on, the associated DG form for the
Electro-Thermo-Elasticity problem (47) is defined as finding G € X such that

a(G,6G) = b(3G), VoG € X, (48)
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with

a(G,6G) = / (V6G)"w(G,VG)d2 + [ 6GT6(G)VGAR +
2n 2y

/ [563] (w(G. va)) s +
O182,Udp 24,

/} o [[GE]] (v(G)VG) dS + / [[GE]] (v(G)VIG) dS+

J Op 2y,

/M HGE]] <V(SS)B> [6Gn] (1S+/;Dnl. [[Ggﬂ <V(i)8> [6Ga] dS —

/ (5G1) [0(G)G — 0uGo] dS +
0182,Udp 2y,

/ 5G™87 (6(G)G — 00Go)dS (49)

On 2

and
b(6G) = / G wdS — / GIv(G)VIG dS +
On 2n Op 21,
/ saTV@Bg g / 3G (0(G)G — 00G0)dS,  (50)
Op 2n hs Op n

where Gn =0~ G is a (5d — 3) x 1 vector, which is defined by building A~ using
the unit outward normal of the “-” element, n™, following Eq. (44).

Using the identity [ab] = [a] (b) + (a) [b] on 912, the relation (45), and
performing an integration by parts lead to

/ 6GT6(G)VGAN = — / 5GTVT (0(G)G — 00Go)ds2 =
2y

2y
Z (vac;) (G)G — 00Go)d2 — Z 6Ga (0 —00Go)dS =
a92e
/ (VéG)T(o(G)G ~ 00Go)d2 / 5GT (0(G)G — 00Go)dS (51)
2y OnN 2y

- / 6G4 (0(G)G — 00Go)dS + /
Op 2y

[[5(;,? ]] (0(G)G — 00Go) dS+
o1 2y,

/ (5GE) [o(G)G ~ 00Go] dS.
o1 2y
Therefore, Eq. (48) can be rewritten as

2/ (G,0G) = b/ (6G), V6G € X, (52)
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with
(G, 0G) = / (VOG)"w(G, VG)df2 + / (V6G) T (0(G)G — 00Go)d 2 +
o o, |
/39 o [562] w(G,vG))as + /0 ) [6a] (v(G)voG) as+
'/(91‘)-(21. HGEH (v(G)VIG)dS + -/(';]_Qh [[GEH <v(i)8> [6Ga] dS-+
/E') i lea] <V(i)6 > [6Ga] dS +
/arz O 02 [[6(}‘?]] (0(G)G — 00Go) dS
- / <‘5GE> [0(G)G —00Go] dS, (53)
Op 2,
and
b'(6G) = / 5GTwdS — GEV(G)VéG ds
. g (54)

+ / 6Go v(G)B Gn dS + / 6Gy (0(G)G — 00Go)dS .
Op 21, hs Op 24

Henceforth, using Eq. (40), it is shown that Eq. (52), which is derived from Eq.

(48), corresponds to the weak form (31).

Unlike the usual case in DG, where the interface term involves o in the average
operator (), Eq. (49) shows that o is rather involved in the jump operator [].
This comes from the integration by parts in Eq. (51), in which o is G dependent.
However, this allows the volume and consistency terms in Eq. (52) to be directly
expressed in terms of the stress X' = w + (0G — 00Go), which is convenient when
dealing with a non-linear formulation as in Egs. (31).

4.3 Consistency

To prove the consistency of the method, the exact solution G°® € [HQ(Q)}d X

H2(£2) x H?' (£2) of the problem stated by Eq. (47) is considered. This implies
[G°] = 0, (w) = W, [0(G°)G® —00Go] = 0 on d 2y, and [G°] = -G = —G°,
[0(G®)G® — 00Go] = —0(G)G + 00Go, (W) = v(G)VG® = v(G°)VG®, and v(G) =
v(G) = v(G®) on Op§2,. Therefore, Eq. (48) becomes:

Jon, 0GTHAS = [, Gav(G)VEGdS + [, , 3Ga (0(G)G —00Go) dS +

Jou 0, 0Ga YEGa dS = [, (VOG) w(G®, VG*)d2 +
[, 0GT6(G)VGAR + [, [[5(;,?]] (w(G®°, VG®))dS —
Joo o, 9GaW(GE, VG)AS — [, , G v(G)VOGAS + [, , 6Gq Ev(G)GadS +
Jou 0, 9Ga (0(G)G® —00Go) dS + [, , IGTAT (0(G*)G® — 00Go) dS V4G € X..
(55)
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Integrating the first term of the right hand side by parts leads to

3 / (V6G)Tw(G", VG)d2 = - [ 6GTYTw(GY, VGT)dn+
e ¢ e e

Z/ 5Grw(GS, VG®)dS,
o Jogne
and Eq.(55) becomes
Jouon, 6GTWAS — [, Ga (V(G)VIG)dS + [,_,, 6GT(0(G)G — 00Go)dS +
Jioe 2, 5GE (hésv((;)) GndS = — [,, 6GTVTw(G®, VG*)dR2 +
Joc, 0GaW(GE,VG)dS + [, 0GT6(G)VG AR — [, , Gi v(G)VIGdS +
Jon 0, 6Ga 2v(G)GRAS + [, o 0Gga (0(G*)G® — 00Go)dS +
Jox, 9GTB" (0(G*)G® — 00Go)dS  V6G € X. (56)

The arbitrary nature of the test functions and the use of Eq. (45) lead to recover
the set of conservation laws, Eqs. (41), and the boundary conditions, Eqgs. (42-43).

4.4 Second order non-self-adjoint elliptic problem

In this part, we will assume that Op {2, = 0¢2,. This assumption is not restrictive
but simplifies the demonstrations.

Starting from the definition of the matrix v(G), which is a symmetric and
positive definite matrix since its components C and Z are positive definite matrices,
let us define the minimum and maximum eigenvalues of the matrix v(G) as A(G)

and A(G); then for all ¢ € R~

0 < AG)[E]* < &vI(G)g < AG)IE). (57)

Also by assuming that | G ||w: < «, then there is a positive constant C, such
that

0 < Ca < XG). (58)
Let us define

Y = {VG c ((LQ(QOh))W—S)) | (59)

VGmee(Hl(Qg))(‘r’d’a) vngeQOh} :

In the following analysis, we use the integral form of the Taylor’s expansions of
w(G,VG) = v(G)VG, for (V,VQ) € X* x Y in terms of (G,VG) € X* x Y:
w(V,VQ) —w(G,VG) = —wg(G,VG)(G - V) —wya(G)(VG - VQ)+
Rw(G —V,VG - VQ) (60)
=-wg(G,VG)(G - V) —wyvc(G)(VG - VQ),

where wg (G, VG) = vg(G)VG is the partial derivative of w with respect to G
(with va(G) the partial derivative of v with respect to G), wya(G) = v(G) is the
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partial derivative of w with respect to VG expressed in the matrix form (and using
Voigt notations), and where Wg, Wya, and Rw are the remainder terms, with in
particular

Rw(G — V,VG - VQ) =(G — V) "wgg(V, VQ)(G — V)+

61
2(G - V) "wava(V)(VG - VQ). (o1

The other remainder terms wWg, Wya, Waa, and wgvg are given in C.1. Using the
definition of w, if fr > ¢ > 0, then Wg, Wag € L™ (12 x R+ x Ra‘ X R(5d73>)
and Wyg, Wava € L™ (2 x R+ Ra_)

For future use, let us introduce d(G, VG) = 6(G)VG a (d+ 2) x 1 vector, and
its partial derivatives dyg(G) = 6(G) a (d 4+ 2) x (5d — 3) matrix, dg(G, VG) =
60c(G)VG a (d+2) x (d+ 2) matrix, dge (G, VG) = 0ec(G)VG a (d+2) x (d+
2) x (d + 2) matrix, and dvga(G) = 06 (G) a (d+2) x (5d — 3) x (d + 2) matrix.
Similarly to Egs. (60-61), one has

d(V,VQ) —d(G,VG) = —da(G,VG)(G - V) —dve(G)(VG - VQ)+

R4(G - V,VG - VQ) (62)
=—-dg(G,VG)(G - V) —dve(G)(VG - VQ),
where
R4(G -V, VG - VQ) =(G - V)"dgc(V,VQ)(G - V)+

- (63)
2(G-V) dgve(V)(VG -VQ).

The other remainder terms dg, dvea, deg, and dgyve are given in C.1. Using the
definition of d, if fr > ¢® > 0, then dg, dag € L™ (2 x REHD x RE x ROGI=3)
and dvg, dgvg, € L™ (92 % R(4+2) % ]R(T)

Finally, we also define the (5d — 3) x 1 vector p(G) = o(G)G and its first and
second derivatives pg(G) of size (5d — 3) x (d + 2) and pga(G) of size (5d — 3) x
(d+2) x (d + 2) respectively. The Taylor’s expansion of this last vector reads

P(V) —p(G) = —pc(G)(G — V) +Rp(G ~ V) = —pg(G)(G - V), (64)

where
Rp(G — V) = (G- V) pgg(V)(G - V), (65)

with the other remainder terms pg and pgqg given in C.1. Using the definition
of p, if fr > ¢® > 0, then pg, Pgg, € L™ (2 x R R{). However, one has

P& = % = GT% + 0% (G), which once computed explicitly as to
derive Eq. (45) leads to pe = —0(G), and Eq. (65) becomes
Rp(G - V) = —(G-V)og(V)(G-V). (66)

Since for f > ¢? > 0, w, 0, and d are twice continuously differentiable function
with all the derivatives through the second order locally bounded in a ball around
G € [R]? x R x R{ as it will be shown in Section 4.5, we denote by Cy,

Cy :maX{H w,d ”Wio((zxﬂ%(d“)><R§><R<5d*3)) )
|| WG7 WGG7 aGa aGG ||L°°(_Q><R(d+1)><]RU+><]R(5d—3)) (67)

| Wya, Wava, 0c; dva, dvaa ||L00(Q><R(d+1)><R3—)} ‘
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Let us define the solution G° € [HQ(.Q)}d x H2(2) x H2' (2) of the strong
form stated by Egs. (41-43). Since [Gp] = 0 on 01£2° and [Gg] = —Gp = —Gq on
Op(2°, and since Eq. (48) satisfies the consistency condition, we have

a(G°,5G) = / (V6G)Tw(G®, VG©)d2 + / 5GT6(GO)VGT A2+
(928 n
/ [6Ga] wiee, vy as - [ sGiw(@r,var)s-
RN 9p 2
. . (69)
/ GSTv(GY)VIGAS + / ce VGIB s as
Op 2y, Op 2y, S
/ 6Gy (0(G®)G® — 00Go)dS = b(6G) VoG € X,
Op 21,
with
b(6G) = —/ Ga (V(G)VG) dS+/ 6G4 (0(G)G — 00Go)dS+
Op 24 Op 2y (69)

/ 5GT (hév((})) GadS.
Op 2y, S

Therefore, using G = dG, € X* in Eq. (68), subtracting the DG discretiza-
tion (48) from Eq. (68), then adding and subtracting successively the two terms

Joa, 657 = 6L ] (woa(G*)VoG) dS, and [, [G5" — G ] (Ewve(G*))[0Gs,1dS

to this last relation, and using [0(G®)G® —00Go] = 0, [Gz] = 0 on 912, and
[Ga] = —Gi = —Gn, [0(G°)G® — 00Go] = —0(G)G 4 00Go on 9p 2y, one gets

0 :/ (V6G)T (W(G®, VG®) — w(Gy, VGy)) df2

2y

+ / SGT (6(G)VGE — 6(Gn)VGr) df2
2y

+ / [[5G;fn]] (w(G®, VG®) — w(Gp, VGy)) dS
0182,Udp 2y,

+ / [6s" — G| (W (G*)VsGy) dS
O12,Udp 2y,

_ / [6* 0" (G") - Glo™ (Gn)] (6Gn, ) dS
012, Udp 2y,

- / [[G;f - Gﬁnﬂ (Woa(G®) — woa(Gh)) VOGy) dS

J o2y

+f [oi” - GL] { Ewea(@)) 16, 1ds
01 2,Udp 21, S

_/(;Q HGgT —ngﬂ <€ (Wya(G®) —Wvg(Gh))> [6Gy.]dS VoG, € X
o (70)

Therefore, by applying the Taylor’s expansion (60-66) to the first, second, third,
and fifth terms of Eq. (70), see C.2 for details, the latter expression is rewritten
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as finding Gy, € X*" such that:

A(G® G° — Gy, 6G1) + B(G®;G° — G, 0GL) = N (G, Gy; 6GL) VoG, € XP.
(71)

In this last expression, we have defined for given 9 € X*,w € X and dw € X the
following forms:

AWy w, 6w) = | VowTwey () Vwd + /

2y O0182,U0p 2y,

[[&u,ﬂ] (Wyy () Vw) dS+

/ [[“"T]] (Wyy (¥)Viw) dS+
O1£2,Udp 2

/alghuaDQh [[“"T]] < hﬁs WV¢(1/J)> [6wa] dS,
(72)

Bw,dw) = | Véw" (wy(h, Vo) ds2 + /Q 50 d oy () Viwd 2

+ / [608 ] (w0, o)) ds + / 5" dy (9, Vi wd 2+
0121, Udp 21 24

/89 SEYe; [[w,?d@w(qp)ﬂ {0w) dS,
- (73)

which gather the terms such that for fixed %, the form A(%;.,.) and the form
B(w;.,.) are bi-linear. The non-linear terms have been gathered in N'(G®, Gy; 6Gy,)
as

N(G®,Gy; 6Gy) = / (V6Gh) " (Rw (G — G, VG® — VGy))d 12

0

+ / [9G1, ] (Rw(G® = G, VG® — VGy)) dS
O1§2,Udp 2y,

+ / [[GS‘,T - anﬂ (Woa(G®) — wo(Gh)) VOGy) dS
o1 8§21,

+f o el <;§ (woa(G) - wVG<Gh>>> [5Gy, Jas (79

+ [ [(@° ~ G168 (GG ~ G)] (3G, ) ds
O182,U0p 2y,

+ | 6GLR4(G® — Gy, VG® — VGy,)d?

2y
= +Lo+I3+T4s+ 15+ 16 .

Compared with the fixed form from Gudi et al. [23] for non-linear elliptic prob-
lems, the formulations A and B are similar, except the last term of B(¥;.,.) in
which dyy (1) appears in the [-] operator instead of the (-) operator. Nevertheless,
this term becomes identical with the one in Gudi et al. [23] for fixed 9. However
the A is different in the fifth and sixth terms, i.e. Zs and Zg, so they will require
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a different treatment. Therefore in the following, we report the methodology de-
veloped by Gudi et al. [23] without demonstration, except when these two terms
T5 and Zg explicitly appear, in which case the related demonstration is reported
in Appendix.

4.5 Solution uniqueness

Let us first define the mesh dependent norms, which will be considered in the
following analysis, for G € X

G I1Z =D IVGIEa(ae) + Y ha 1 [Gal IE2 009 (75)

I GII? = E ”G”?{l(ﬂe) + E hs || [Gal leﬁ(am), 76
(76)
and

NG =D G (o) + D hs |G llfnoey + D hs 1[Gal 200 - (77)

Let us first assume n = [;,G — G° € X, with I;G € X*" the interpolant of G¢
in X*". The last relation (71) thus becomes
.A(Ge; 1,G — Gy, 5Gh) + B(Ge; 1,G — Gy, 5Gh) = A(Ge;n, 5Gh) + B(Ge; n, 5Gh)
+ N(G®,Gy; 6Gy) VoG, € X",
(78)

Now in order to prove the existence of a solution Gy, of the problem stated by Eq.
(70), which corresponds to the DG finite element discretization (48), we state the
problem in the fixed point formulation and we define a map Sy, : XET 5 XFT as
follows: for a given'y € Xw7 find Sh(y) =Gy € Xk+, such that

A(G®%;1,G — Gy, 0Gn) + B(G%; 1hG — Gy, 6Gp) = A(G®;9,6Gn) + B(G®;n, 6Gn)
+ N(G®,y;6GL) VoG, € X
(79)

The existence of a unique solution Gy, of the discrete problem (48) is equivalent
to the existence of a fixed point of the map Sy, see [23].

For the subsequent analysis, we denote by ck , a positive generic constant
which is independent of the mesh size, but which does depend on the polynomial
approximation degree k. We also use several Lemmata reported in C.3.

Lemma 1 (Lower bound) For B larger than a constant, which depends on the
polynomial approximation, there exist two constants C¥ and C§, such that

A(G%;6G1, 6Gy) + B(G;6GH,6Gy) > CF || 6Gy, [|I2 —C5 || G |72
VG, € X*,

A(G%56G, 6Gh) + B(G*6Gy, 6Gy) > CF ||| 6G, I —C3 || 6G |72 (0
ViG), € Xk

(80)

(81)
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Using the bounds (58) and (67), the Cauchy-Schwartz’ inequality, the trace in-
equality on the finite element space, see Lemma 7, the trace inequality, see Lemma
6, and the inverse inequality, see Lemma 8, the &-inequality - > 0 : |ab] <
%aQ + %bQ, as in Wheeler et al. [69] and Prudhomme et al. [52] analyzes, yields to

prove this Lemma. The two constants C’f, C§ are independent of the mesh size,
but require the stability parameter B to be larger than a constant, which depends
on the polynomial degree, B > C*, to be positive .

Lemma 2 (Upper bound) There exist C > 0 and C* > 0 such that

| A(G"m, 0G) + B(G*m, 6G) | < C [ m|[1 [ 6G [l vVm,0Ge X,  (82)

| A(G*;m,8Gy) + B(G*m,6Gy) | < C* ||| m|||1 ||| Gy ||| Ym € X, 6G) € X,
(83)

| A(GS; mi, 6Gy) + B(G;mi, 6Gr) | < CF ||| my ||| |l 6Gs [l Vma, 6G, € X*.
(84)

Applying the Holder’s inequality and the bound (67) on each term of A(G®; m,
0G)+B(G®% m, §G), then making use of the Cauchy-Schwartz’ inequality, lead to
the relation (82). Finally, Egs. (83) and (84) are easily obtained from the relation
between the energy norms on the finite element space, Lemma 9.

Using Lemma 1 and Lemma 2, the stability of the method is demonstrated
through the following Lemmata.

Lemma 3 (Auxiliary problem) We consider the following auziliary problem,
with ¢ € (L2(2)) "%

~V (wya(G) VY +wa(G*, VG W) + dva(G°)VY + da(G°, VG = ¢ on 2,

Y =0 ondf2.

(85)

Assuming regular ellipticity of the operators and that wg and dg satisfy the weak

manimum principle [21, Theorem 8.3], there is a unique solution ¥ € [H2(Q)]d X
H%(02) x H?(R2) to the problem stated by Eq. (85) satisfying the elliptic property

% < Clé 2, - (86)

Moreover, for a given ¢ € [LQ(Q;L)]d X LQ(Q;L) X LQ(Q;L) there exists a unique
én € X such that

A(G;6Gh,¢1) + B(G* G, 1) = Y / ©'6Gd2 VG, € X*, (87)
e £

and there is a constant C* such that :

g lll< S e 2oy, - (88)
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The proof of the first part is given in [21], by combining [21, Theorem 8.3] to
[21, Lemma 9.17].

The second part was demonstrated by Gudi et al. [23]: The use of Lemma 1
and Eq. (87) with 6Gy, = én allows bounding ||| ¢n ||| in terms of || ¢ |1 2(p,) and
| én llL2(2,); The term || ¢y [|lL2(c,) is then evaluated by using ¢ = ¢y € X* in Eq.
(85), multiplying the result by ¢y, and integrating it by parts on (2}, resulting into ||
én ||iz(9h)= A(G®;9, én)+B(G®; 9, ¢n); Inserting the interpolant 1,1 in these last
terms, i.e. || ¢n [|72(0,)= AG Y —1nt), ¢n)+B(G*; % —1nt), ¢n)+A(G®; 1, ¢n) +
B(G®; In%, ¢1), bounding the last two terms by considering Gy, = I3 in Eq. (87),
and bounding the first two terms by making successive use of Lemma 2 and of the
energy bound of the interpolant error, Lemma 10, and using the regular ellipticity
Eq. (86) lead to the bound || ¢n |12(0,)< CF e lL2(02,), and thus to the proof
of the solution uniqueness.

Theorem 1 (Solution uniqueness to the problem (79)) The solution Gy to
the problem stated by Eq. (79) is unique for a given y € X+ with Sh(y) = Gy.

In order to prove that the solution Gy is unique for a given y € XH, let us assume
that there are two distinct solutions Gy,, Gy,, such that

A(G%1LG — Gy,, 0Gn) + B(G%; InG — Gy,, 6Gr)

89
= A(G®%;1,,G — Gy,,dGy) + B(G%; 1,G — Gy,,0Gy) V 6Gy, € X", (89)

For fixed G, since A and B are bi-linear, this last relation thus becomes
A(G®; Gy, — Gy,,8Gy) + B(G®; Gy, — Gy,,0G,) =0 V Gy, € X (90)

Considering ¢ = 6Gy, = Gy, — Gy, € X" in Lemma 3 consists in stating that there
is a unique @y, € X” solution of the problem Eq. (87), with

A(Ge§GY1 - GY27¢h) +B(G65GY1 _GY27¢h) :H GY1 - GY2 ”%ﬁ(ﬂh)a (91)

and with || @y, |||< CF || Gy, — Gy, l2(2,)- The choice Gy = @y in Eq. (90)
leads to || Gy, — Gy, |lL2(o,)= 0, demonstrating that the solution Sy(y) = Gy is
unique.

We will now show that S;, maps a ball O,(I,G) C X*" into itself and is
continuous in the ball. To this end, we define the ball O, with radius ¢ and
centered at the interpolant I;;G of G® as

04 (1,G) = {y € X" suchthat || LG~y i< o},

. 92)
| LG — G° |Is 1 (
h—g 9y 0 < 6 < 1.

with o =

The idea proposed by Gudi et al. [23] is to work on a linearized problem in

a ball O,(IG) C X" around the interpolant I,G € X*" of G°. Therefore, the

non-linear terms w and d and their derivatives are locally bounded in the ball

0,(InG) C X" since they are continuous. Applying the energy bound of the
interpolant error, Lemma 10, in combination with Eq. (92) yields

| 1hG — G° [|l1 < C*hET" || G |l () and o < CFRETI || G [ls(ayy > (93)
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d
with ¢ = min {s, k 4+ 1}. By assuming G°® € {H (.Q)} X Hg(Q) X Hng(.Q), and

5
2
by considering Cq =|| G° || and 1 = s = 3, this last relation becomes

H2 ()

|| IhG — G ||| < C*he || G° || and 0 < C*Cghd™ " if k>2. (94)

H3 (2y)

Lemma 4 Let y € O, (I,G) and 6Gy, € X*, then for d = 2 the bound of the
non-linear term N (G°, y;0Gy) defined in Eq. (74) reads

| N(G*,4:6Gn) | < CFCy || G° |l () hs" 70 ||| 6G Il (95)
with p = min{s, k + 1}.

This bound of the non-linear term N(G®,y;dGy,) defined Eq. (79) is derived by
bounding every term separately using successively Taylor’s series (60 - 66), the
generalized Holder’s inequality, the generalized Cauchy-Schwartz’ inequality, the
definition of Cy in Eq. (67), the definition of the ball, Egs. (92-94), the trace in-
equalities, Lemma 6, the inverse inequalities for d = 2, Lemma 8, and the interpo-
lation inequalities for d = 2, Lemma 5. The proof follows from the argumentation
reported in [23] and the bound of the non-linear term A (G®,y; dGy,) is nominated
by the term with the largest bound, see C.4 for details. Moreover, using the re-
lation between energy norms on the finite element space, Lemma 9, this relation
can be rewritten as

| N(G®,y;0Gn) | < C*Cy || G° [l hs" >0 ||| 6Gn |I], (96)

with g = min {s, k + 1}.

Using the previous Lemmata, Gudi et al. [23] have demonstrated the following
two Theorems, which are reported here below without demonstration, since they
strictly follow the methodology in [23], see also [27,26] for details.

Theorem 2 (S, maps O, (I,G) into itself) Let 0 < hs < 1 and o be defined
by Eq. (93). Then S, maps the ball Ox(I;,G) into itself, with

Il WG — Gy |||< C* ahs if k> 2. (97)

For a mesh size hs small enough and a given ball size o, I,G — Gy — 0, hence
Sy, maps Oo (I G) into itself.

Theorem 3 (The continuity of the map Sy, in the ball O, (I,G)) Foryi, y2 €
Os(InG), let Gy, = Sh(y1), Gy, = Sn(y2) be solutions of Eq. (79). Then for
0<hs<1

Il Gy, = Gy, Il < C°Cy || G° iy WA Il on — w2 | - (98)
Using the Theorems 2, 3 of the map Sy, we can deduced that for all 0 < hs < 1,

the map Sy, has a fixed point Gy, of the ball O, (I;,G), which is the solution of the
non-linear system of Eqs. (48).
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4.6 A priori error estimates
As Sy, has a fixed point Gy, we can use Gy, instead of Gy in Eq. (97), leading to
I T,G — Gy ||| < C¥ oS = C* ||| .G — G |1 . (99)

Now, for k£ > 2, using the relation between energy norms on the finite element
space, Lemma 9, and the energy bound of the interpolant error, Lemma 10, Eq.
(99) leads to an optimal error convergence in terms of hs since

I1G° = Gy [l <|| G° = 1uG [[|1 + |[| 1nG — G ||I1
<N G° ~ LG |1 +C* || LG — G° ||Ix (100)
<SA+CY) G LG 1< CF RET | G e ()

where p = min {s, k + 1}, and C*" = C*(1 + C*").

4.7 Error estimate in the L2-norm

The optimal order of convergence in the L2-norm is obtained by applying the
duality argument based on the dual problem

~V (wya(G°) Ve +dve(G)W) + wg (G, VG) V9 +dg(G°, VG ) = e on £2,
¥ =0 on 012,
(101)

which satisfies the elliptic regularity condition as wyg is positive definite and
assuming that dgg and dg satisfy the weak minimum principle [21, Theorem 8.3].

Therefore ¢ € [H2™ (2,)]¢ x H2™(2y) x H?™($2y) for p > 2m and
19 llae (2 < O ll e llypsem (102)

if e € [HP~2™(2,)]7 x HP~2™(2,) x HP~2(12,).
Lete =G° -Gy C [LQ(Qh)] 4y LQ(.Qh) X LZ(.Qh) be the error, multiplying Eq.
(101) by e, and integrating over {2y, yields

lelsn= [ fwec(@) Vel vedo+ [ [aba(@s]" vedor
2n

0

/Q [wé(G°, VG| ed2 + /Q da (G, VG )y ed2— (103)

>, wre@velTends -3 [ felabo(ah)] was,
with

1% a2 )< Clliella,) - (104)
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Since [¢] = [V¥] = 0 on 012, and ¥ = 0 on Op {2y, and since wyg is symmetric,
we have by comparison with Eqs. (72-73) that

e I22(c)= AG;e,9) + BG";e,9). (105)
From Eq. (71), one has
A(G% G — Gu, Iny) + B(G%;,G° — G, Iny) = N (G, Gp; 1Iny), (106)
since G° is the exact solution and I € X*, and Eq. (105) is rewritten
I ellf2 ()= AGe,9 — Inyp) + BG%;e,9 — Inyp) + N (G, Gr; Ingp).  (107)

First, using Lemma 2, Eq. (82), the energy bound of the interpolant error,
Lemma 10, and Eq. (100), leads to

| AG;e,9 — Tuth) + B(G";e,9p —Tugp) | < C* [l e||[1 ||| —Tutp |1
<c* el ks [| % a2,
< pl |G|

HS(Qh)” P ||H2(Qh)7
(108)

with p = min {s, k + 1}.
Second, proceeding as to derive Lemma 4 and using the a priori error estimate
(99-100), we have, see details in [26]
| N(G®, G Tu) | < C* CyhZ* ™2 || G lf1s (| Tu |]] - (109)

Finally, since [$] = 0 in 2, using the energy bound of the interpolant error,
Lemma 10, we have

I Inp (1] <[[| Tntp = (Il + [[1 9 [I[x

. . (110)
< C%hs [ Iz + 1 a2 < C (ks + 1) |9 |luz(oy) -

Eventually, combining Eqs. (108-110), Eq. (107) becomes
e s < C*RE (14 BT 1 G° llecon) I G llsanl ¥ ey, (111)
with p = min{s, k + 1}, or using Eq. (104), the final result for k& > 2
el < CFREI1G° fluea) - (112)

This result demonstrates the optimal convergence rate of the method with the
mesh-size for cases in which k > 2, (so that u > 3).
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V=10.05 [V]
7= 20 [°C]

kol

<~ r=0.03 [m]

«—— r1,=0.04 [m] ——

Fig. 3 The schematics and boundary conditions of the quarter of a pipe test

Table 1 Material parameters for the quarter of a pipe test

Parameter Value

Poisson ratio [—] 0.33

Young’s modulus E [Pa) 50 x 107
Thermal expansion ayy, [1/K] diag(2x10~5)
Thermal conductivity & [W/(K-m)] diag(1.612)
Seebeck coefficient a [V/K] 1.941 x 10~%
Electrical conductivity I [S/m] diag(8.422 x 10%)

Electric potential [V] . Temperature [°C]
0 0.025 0.05 20 82.8 145.7
O e—— O ee————
(a) (b)

Fig. 4 The distribution of (a) the electric potential and (b) the temperature for the quarter
of a pipe test

4.8 Numerical verification

We consider a quarter of a pipe with the boundary conditions illustrated in Fig.
3. The geometry is extruded to study a 3D-mesh, with plane-strain out-of-plane
conditions. The initial value for the temperature is 7o = 20 [°C] and Vo = 0
[V] for the electric potential. The values are also constrained on the inner radius
r;. At the outer radius r,, the applied electric potential is 0.05 [V], Fig. 3. The
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10° 10°
_ 10° : _ 10°
T T
= =
5 10°—— k=2 : D107 k=2
5 D
10° ] 10°
1 ’
107 — 107 —
107 10" 10° 107 10" 10°
h/AT [-] h/AT [-]

(a) (b)

Fig. 5 Error with respect to the mesh size hs/Ar, with Ar = r, —r;: (a) in the energy-norm,
and (b) in the L2-norm, for the quarter of a pipe test

material parameters are reported in Table 1. The problem is studied for different
mesh refinements of quadratic bricks, and a stabilization parameter B = 100 is
considered.

The results for a mesh of 16 x 16 x 1 elements are reported in Fig. 4. The
resulting electric potential distribution, Fig. 4(a), induces a temperature gradient
from 20 [°C] at the inner face to 145.7 [°C] at the outer face, as shown in Fig. 4(b).
Consequently, an expansion of the pipe of 6.35 x10~¢ [m] at the outer radius is
observed.

The convergence of the DGFEM is investigated by considering different uniform
mesh refinements in Fig. 5. In Fig. 5(a), respectively Fig. 5(b), the errors measured
in the energy-norm, respectively in the L2-norm, are reported in terms of the
mesh size hs; the observed convergence rates are quadratic, respectively cubic, for
quadratic polynomial approximations, which agree with the optimal theoretical
convergence rates derived in Section 4.6, respectively Section 4.7.

10' 10°
o Solver
T 5 — DG part T
L 10 1 L °
£ £ 1 °
= = R
1] 1
g 10 1 g o o
S10° N i 81
1 ° o Solver
} ) — DG part
10 ¢ 0 ‘ 1 ‘ 3 10 ' 0 ‘ p 3
10 10 10° 10 10 10' 10° 10
Cores [#] Cores [#]

(a) (b)

Fig. 6 Scalability test in terms of one processor normalized CPU time for (a) a constant total
number of elements divided between the different cores, (b) a constant number of elements per
core.
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In order to assess the scalability of the parallel implementation presented in
Section 3.3, the same numerical application is conducted on a cluster with 43
compute nodes (2752 compute cores). Each compute node contains four 16-core
AMD Bulldozer 6272 processors at 2.1 GHz interconnected with a QDR Infiniband
network. Two parallel simulation strategies are successively considered:

— Constant total number of elements: A mesh of 32 x 32 x 2 = 2048 quadratic
bricks is divided among the different cores of the simulations;

— Constant number of elements per core: The mesh is progressively refined in
order to keep 32 quadratic bricks on each core. For the total cores numbers
corresponding to 4°#, the global mesh has 2072 x 22 x 2 quadratic bricks,
while for the total cores numbers corresponding to 2 x 44, the global mesh
has 212 x 2¢%2 x 4 quadratic bricks.

Since the resolution is conducted using a Newton-Raphson process, two computa-
tional time evolutions are studied:
— DG part: This gathers the computational time required by one core to evaluate
the bulk nodal forces F{,; (36) and stiffness matrix %Fé'g" (38), i.e. Step #1 of
the algorithm reported in Section 3.3, the interface nodal forces F{ (36) and

stiffness matrix ZLG.{; (38) of the interface elements, i.e. Step #2 of the algorithm
reported in Section 3.3, and the communication of the nodal values G® to the
ghost elements, i.e. Step #4 of the algorithm reported in Section 3.3.

— Solver: This corresponds to the computational time required by one core during
the resolution of the system (38), i.e. Step #3 of the algorithm reported in
Section 3.3.

Figure 6 reports the computational time —of one core— evolutions normalized
with respect to the computational time required for a sequential simulation. When
considering a constant total number of elements for the whole structure, see Fig.
6(a), the speed up obtained is close to the theoretical value up to 128 processors for
both the DG and solver parts. For 256 processors, the number of elements per core
—8— becomes too small to ensure the scalability in the DG part, which includes the
nodal values communication. When considering a constant number of elements
per core, see Fig. 6(b), the normalized time related to the DG part exhibits a
slope almost equal to zero, which shows a good scalability since the force and
matrix stiffness evaluations on the cores are not slowed down by the communication
burden. Moreover, the solver part increases linearly with the number of cores
while the size of the global system increases at a quadratic rate, showing a good
scalability. Note that for the latter case two families of points can be seen on Fig.
6(b), which corresponds to the meshes with 2 and 4 layers of elements.

5 Application to Shape Memory Polymer Composites

In this section we model the response of micro-structured Shape Memory Polymers
composites (SMPC) subjected to Electro-Thermo-Mechanical histories under a fi-
nite deformation setting. To this end we consider the two constitutive behaviors
summarized in A: carbon fibers (CF) modeled using a transversely isotropic hyper-
elastic model with the material properties reported in Table 2, and thermally trig-
gered Shape Memory Polymer (SMP), modeled by an elasto-visco-plastic model,



32 Lina Homsi, Ludovic Noels

with the material properties reported in Table 3. The CF mechanical properties are
given in [70], while the approximated electrical and thermal parameters are taken
from [30,33,11,68]. The thermo-mechanical parameters of the SMP have been cal-
ibrated by Srivastava et al. [59] to fit the experimental data of tert-butyl acrylate
(90% by weight) with crosslinking agent poly (ethylene glycol) dimethacrylate
(10% by weight). The parameters related to the conductivity are assumed to cor-
respond to nano-composites and consist of values of the order of magnitude that
can be found in [65].

Fig. 7 Thermo-Mechanical cycle of a Shape Memory Polymer

The considered thermally triggered SMP takes advantage of a property change
at the glass transition temperature Ty, such that the material can be deformed with
minimal force at temperatures above their T, (hysteretic rubber state), where the
polymers are considered as viscous materials. Once cooled below the Ty (glassy
state) the SMP becomes rigid again and the polymers are considered as elastic
materials. As a result they can maintain the shape that were given to them in their
viscous states as long as the temperature remains lower than their glass transition.
The typical Thermo-Mechanical cycle for SMP consists of the following steps as
shown in Fig. 7:

1. Deforming the polymer at temperature above the glass transition 7.

2. Fixing the polymer at constant deformation by cooling it to a temperature
below T}

3. Releasing the constraint upon the completion of cooling, to obtain the tempo-
rary pre-deformed shape. The polymer holds this temporary shape as long as
the temperature remains lower than the glass transition temperature.

4. Heating back the deformed structure above T, in order to recover the original
shape

The following tests focus in applying the proposed ETM DG formulation to
simulate the conductive SMPC behavior at large-deformation regime, when trig-
gered by Joule effect.
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Table 2 Carbon fiber properties, see A.1

Parameter Value
Density p [Kg/m?] 1750
Longitudinal Young’s modulus Ep, [GPa] 230
Transverse Young’s modulus Ev [GPa] 40
Transverse Poisson ratio vpp [—] 0.2
Longitudinal-transverse Poisson ratio vi,v [—] 0.256
Transverse shear modulus Gpr [GPa] 16.7
Longitudinal shear modulus Gy [GPa 24
Thermal expansion oy, [1/K] 2x10~6
Thermal conductivity k [W/(K - m)] diag(40)
Seebeck coefficient o [V /K] 3x 1076
Electrical conductivity I [S/m] diag(10) x 10%
712

Heat capacity ¢y [J/(kg - K)]
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Fig. 8 SMPC unit-cell compression test: (a) Schematics of the unit cell, and (b) boundary
conditions in terms of the average deformation gradient and of the applied electric potential
difference; (¢) Time evolution of the uniform temperature in the SMP, (d) time evolution of
the unit cell uniaxial average stress. The vertical ’---’-lines correspond to the changes of applied
electric potential, and the vertical ’--’-lines to the changes of applied displacement gradient.

5.1 Electro-Thermo-Mechanical coupling on unit-cell compression test

The geometry of a SMPC unit cell is illustrated in Fig. 8(a) and the applied

boundary conditions are the following:
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Table 3 Shape memory polymers parameters, see A.2, with S the integration point in the
finite increment scheme of the hardening laws, see [26] for details.

Parameter Value Parameter Value
€r 52x10~%  p [kg/m?] 1020
&) [1/s] 173 x 103w 0.6
co [J/(Kg - K)] 1710 c1[J/Kg] 4.
T; [K] 310 n [K] 2.1
agl [1/K] 13 x 107° ar [1/K] 25 x 10—°
Gl [Pa] 156 x 10° G; [Pa] 13.4 x 10°
Lg, [Pa/K] 7.4 x 108 L, [Pa/K] 0.168 x 10°
Qg1 [J] 14x 10719 Q; [J] 0.2 x 10~ 21
Lq, J/K] 0. Lo, /K] 0
Hg [Pa] 1.56 x 10° H, [Pa] 0.76 x 10°
Lu, [Pa/K] 0.44 x 108 Ly, [Pa/K] 0.006 x 10°
Vgl 0.35 Uy 0.49
Lug [1/K] 0. L, [1/K] 0
A 2.6 mD 0.17
Ra 230 g 5.8
b [Pa] 5850 x 105 V7 [m?] 2.16 x 10~27
z 0.083 7 1.3
s 0.005 a 0.5
d [1/K] 0.015 Cal 0.14
Saq [Pa] 0 Sby [P 0
ap 0.058 2 0
B 0.5 ha 230
12 6.3 N [1/K] 0.045
1y [Pal 1.38x 105 m(® 0.19
ST [Pa] 58 x 106 5P [paj 3 x 102
.(2 —
Ly =Ly [Pa/K] 0 P [1/s] 5.2 x 10~4
g
i 5 13 [Pa) 0.75 x 106
hg 1077 a [V/K] 3x 107
k [W/(K-m)] diag(0.2) 1 [S/m)] diag(0.1)

The displacement is constrained along the three perpendicular faces as follows:
the nodes along the XY-plane are fixed in the Z-direction, the nodes along the
YZ-plane are fixed in the X-direction, and the nodes along the XZ-plane are
fixed in the Y-direction.

The other three faces are restrained in order to get a uniform deformation, the
top face is restrained along the Z-direction, the infront face is restrained along
the Y-direction and the right face is restrained along the X-direction.

The temperature is restrained on the Shape Memory Polymer volume to get a
uniform distribution of the temperature.

The initial value of the electric potential is 0 [V] and the initial value of the
temperature is 21 [°C].

The test is implemented with displacement control in order to simulate a uni-
axial compression along the X-direction, following the time evolution reported
in Fig. 8(b).

Simultanously to the displacement control, an electric potential difference is
applied between the front and back face following the time evolution reported
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in Fig. 8(b), and the initial temperature is constrained at the center of one face
of the CF.

A finite element mesh of 2 layers of 40 quadratic bricks is considered and the
value of the stabilization parameter is B= 40. Because of the BC, the unit cell is
subjected to indirect heating by applying the electric potential with the following
Electro-Thermo-Mechanical history:

— Apply an electric field of 0.28 [V] in order to heat the cell above the glass
transition temperature of 37 [°C].

— Compress the sample above glass transition.

— Reduce the electric field to 0 [V], in order to cool the cell down to room
temperature, while the cell is still under a constrained strain.

— Increase the electric field back to 0.28 [V], which causes an increase in the
temperature of the sample to a temperature above the glass transition, and
maintain the deformation constant until the cell reaches a value above the
glass transition temperature of 37 [°C].

— Once the glass transition temperature is reached in the SMP material, keep
increasing the applied potential difference and unload the SMPC unit cell in
order to recover the original shape.

The resulting temperature evolution history of the SMP volume versus time
is plotted in Fig. 8(c). The particular behavior of SMPC is illustrated through
the homogenized stress shown in Fig. 8(d). Deformed shapes of the SMPC unit
cell and the corresponding stress distribution along the compression direction are
illustrated in Fig. 9. It appears that the force starts to increase (in absolute value)
during the heating by Joule effect due to thermal dilation, and a sudden drop can
be observed once the temperature reaches the glass transition temperature Tg.
Then the force increases slightly under the deformation constraint above the glass
transition temperature T. Since the deformation is applied above the glass tran-
sition temperature, Fig. 9(a), the stress remains limited in the cell, see Fig. 9(b).
Once the temperature starts to decrease, there is an increase of the force as the
deformation constraint is still applied. When the temperature is minimal, see Fig.
9(c), the force has almost vanished, which represents a fixation of the deformation,
see also the limited stress distribution in Fig. 9(d). Once the temperature starts
to increases and reaches back the glass transition temperature T, see Fig. 9(e),
the force starts to sharply decrease and to change sign as the SMPC enters the
recovery phase, meaning it tends to recover the original shape, see the important
stress distribution in Fig. 9(f). The displacement control is then released and the
force tends to vanish as the SMPC cell recovers its original shape above the glass
transition temperature Ty at around 1200 [s], see Fig. 9(h).

5.2 Electro-Thermo-Mechanical coupling on extruded unit-cell bending test

The aim of the following test is to study the free recovery of a SMPC unit cell
subjected to indirect heating by applying an electric potential difference. To this
end we study the bending behavior of an extruded unit cell, as illustrated in Fig.
10. the applied boundary conditions are the following:

— The back side of the cell is clamped.
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Fig. 9 Snapshots of the temperature (left column) and stress (right column) distributions of
the of the SMPC unit-cell under compression test during the Electro-Thermo-Mechanical cycle.
#1 (t = 750 s): after compression above the glass transition temperature. #2 (¢ = 900 s):
after having released the voltage difference. #3 (¢ = 1135 s): after having applied again a
voltage difference to reheat above the glass transition temperature with partial compression.
#4 (t = 1500 s): after having removed the compression above the glass transition temperature.
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Fig. 11 Time evolution histories of the (a) boundary conditions and (b) temperature at the
mid-length of the beam in terms of the applied electric potential difference for the extruded
unit cell under bending. The vertical ’----lines correspond to the changes of applied electric

potential, and the vertical ’--’-lines to the changes of applied force.

— The displacements of the side faces are constrained along the X-direction.

— The temperature is constrained at 25 [°C] on the two extremity faces.
— An electric potential difference is applied between the two extremity faces

following the time evolution reported Fig. 11(a).

— A uniform tangential pressure is applied on the front face following the time

evolution reported in Fig. 11(a).

— The initial value of the temperature is 25 [°C] and the initial value of the

electric potential is 0 [V].

A finite element mesh of 90 quadratic bricks is considered, and the value of the

stabilization parameter is B = 100. The applied boundary condition for the force
and electric potential versus time are illustrated in Fig. 11(a), with the following

Electro-Thermo-Mechanical history:
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— Apply an electric field of 0.35 [V] to generate heat and increase the temperature.

— Apply a tangential load per unit surface p on the free in-front face.

— Reduce the electric field to 0 [V], in order to cool the cell down under a con-
strained strain.

— Remove the force at 25 [°C].

— Increase the electric field back to 0.35 [V] to increase the temperature of the
composite cell in order to recover freely the original shape.

‘‘‘‘‘ Electric potential | ~~. > 41
. OF  Hmimimimimim e S#1
0 __Temperatire N 20 30 40 50 60
. 1 1!
0 0.05 X[mrg] 0.15 T [°C]
(a) Configuration #1 (b) Activation history

Fig. 12 (a) The distributions of the temperature and electric potential along the extruded
unit cell length at configuration #1, and (b) the history of the extruded unit cell under bending
triggered by Joule effect

The resulting temperature history is evaluated at the mid-length of the beam
and is shown in Fig. 11(b); the electric potential and temperature distributions
along the extruded unit-cell length at time t=>500 [s] are illustrated in Fig. 12(a).
When an electric potential of 0.35 [V] is applied, the temperature increases inside
the beam and reaches 60.5 [°C], which is above the glass transition temperature,
at the extruded unit-cell mid-length. The distribution of the electric potential is
close to linear but the distribution of the temperature is almost quadratic with a
maximum value of 60.5 [°C]. Therefore, only a part of the extruded unit-cell has
a shape memory effect that can be triggered during the test.

The displacement history of the extruded unit-cell extremity is illustrated in
Fig. 12(b), and the successive configurations are reported in Fig. 13. It can be
noticed that the cell recovers part of the deformation as the force is removed
since, on the one hand, the carbon fibers remain elastic, and, on the other hand,
only one part of the beam reaches a value higher than the glass transition. Upon
reapplying the electric potential difference, part of the remaining deformation is
recovered.

6 Conclusions and perspectives
In this work a DG method has been developed to study non-linear Electro-Thermo-

Mechanical coupled problems. Starting from the first principles of solid mechanics,
electrical and thermal field theories formulated in terms of energetically conjugated
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Fig. 13 Snapshots of the extruded unit cell under bending during the Electro-Thermo-
Mechanical cycle. #1: after applying an electric potential of 0.35 [V] to heat the unit cell
above the glass transition temperature. #2: after applying the load to bend the beam. #3:
after removing the load at 0 [V] of electric potential. #4: after reapplying an electric potential
of 0.35 [V] to recover the initial configuration.

pairs of fluxes and fields gradients, the SIPG method has been derived as a consis-
tent weak form to solve the various interacting physics in the coupled simulations.

In particular, the stability of the method and its optimal convergence rate
with the mesh-size have been demonstrated in the context of linearized mechanical
equations, but with non-linear electro-thermal coupling. A numerical simulation
was carried out to verify these properties.

Moreover, advantage has been taken of the DG feature to develop an effi-
cient parallel implementation of the method based on the concept of ghost ele-
ments. This implementation only requires as communication —besides the system
resolution— the exchange of the nodal values of these ghost elements correspond-
ing to neighboring elements on other processors, ensuring a good scalability of the
method.
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Finally the DG method has been used to study the behavior of shape memory
polymer composite unit-cells. A multi-physic micro-model of unidirectional carbon
fibers embedded in a shape memory polymer matrix was formulated by considering
the interaction of electrical, thermal, and mechanical fields, and it was shown that
when mechanical and electrical loads are applied, the heat induced due to the
Joule effect triggers the shape memory behavior.

In the future it is intended to formulate the multi-physic micro-model, in par-
ticular the constraints on the boundary conditions, to embed it in a computational
multi-scale framework with a view to the simulation of smart structures.
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A Constitutive behaviors

The objective of this section is to summarize large deformation constitutive theories in order to
model the response of Shape Memory Polymers composites (SMPC) subjected to a variety of
Electro-Thermo-Mechanical histories. The composite material system is obtained by defining
two separate models, one for carbon fiber and another one for shape memory polymers. For
carbon fibers, a transversely isotropic hyperelastic model is considered while an elasto-visco-
plastic model is considered for the shape memory polymers.
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A.1 Material model of carbon fiber

Carbon fiber is a transversely isotropic material and subsequently the number of mechanical
constants is reduced to 5 because of the in-plane isotropy:

T L TT TL
E-=FE1=FEy# E3=FE", v =~ =via=v #V13 =123 =V

(113)
G'T' = G13 = Gas = G3 = G".
The missing in-plane shear modulus GTT is obtained from vTT and ET, with
ET
G =Gro= —— (114)

T 21+ oTTy

In the previous relations, the subscript 3 or the superscript L refers to the fiber direction and
1, 2, or T is a direction transverse to the fiber direction. Along the longitudinal direction the

Poisson ratios are not symmetric but instead satisfy % = %
i :

In order to model the carbon fiber, we have considered tJhe equation proposed by Bonet
et al. [10], with some modifications proposed by Wu et al. [70], since the original formulation
considered that vTt = v TT to describe the isotropic hyperelastic solids in the large strain
regime. In addition, we have added the thermal contribution, characterized by the thermal
expansion term oy, . In this formulation, the strain energy density 1) consists of an isotropic
component %' and of an orthotropic transversely isotropic component 1" such that ) =
'8 + 9. The Neo-Hookean equation is used to model the isotropic part, such that

. 1 1
i = 5GTT(trC —-3)—=GTTInJ + 5,\(mJ — 30, (T — Tp))?, (115)

where this energy density function has been defined by C. Miehe in [46], and where afnh =

A42/3GTT . . . . . . .
o S in order to recover the usual dilation coefficient definition of isotropic materials.

The orthotropic transversely isotropic component is obtained from a generalization of the
model proposed by Bonet et al. [10] and enhanced by Wu et al. [70]:

P = [a" + 28" (Ing — 30, (T — To)) + " (Ia — 1)] (Is — 1) — %atr(lg, -1), (116)
where I4 and Is denote the two new pseudo invariants of C expressed as [57,58],
IL=A-C-A and I5=A.C%. A, (117)
with the unit vector A defining the main direction of orthotropy (fiber direction) in the unde-
formed configuration.

The parameters of the model Eq. (116), A, GTT, at*, 8" and v are obtained from the
measured properties Egs. (113, 114) as

2
A= ET@TT + )7 aTT — ET ot = GTT _ GUT
m(1l +vTT) 2(1 4+ vTT)
. ET [nyTL(1 4 oTT — ) TL) _ ) TT] o ET(1—TT) B A +2GTT N att g
4m(1 + vTT) ’ 8m 8 2 ’
m=1-vTT — 25 TL? n:E—L
) ET -
(118)

The second Piola-Kirchhoff stress tensor can be obtained by differentiating the free energy
in terms of the right Cauchy-Green strain tensor S = Qg% leading to

S =8 4 8t with (119)

S = AnJC~! + GTT(I — C™1) — 3)af, (T — To)C ™1, (120)
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where I is the identity tensor, and with

ST =287 (14 — 1)C™! + 2 [a" + 28" (InJ — 304, (T — To)) + 27" (s — 1)] A® A

(121)
—a"(C-A®RA+ARC - A).

Then the first Piola-Kirchhoff stress tensor is evaluated from the second Piola-Kirchhoff stress
tensor as

P=F-8S. (122)
The stiffness is computed following [10,70].

A.2 Elasto-visco-plastic formulation for SMP

In this section, we summarize the work of Srivastava et al. [59] to model the shape memory
polymer behavior above and below glass transition.

A.2.1 Kinematics

To model the inelastic response of the amorphous polymeric materials, it is assumed that the
deformation gradient F' may be multiplicatively decomposed into elastic and plastic parts

F = Fo(®) . FP(9) with detFe(®) = J°(®) = J > 0 and detFP(®) =1, (123)
where F¢(%) is the elastic distortion and FP(®) is the inelastic distortion with FP(®) (X, 0) =
I. In these equations we have considered the possibility to account for several mechanisms
a =1,2,3. Moreover, the elastic decomposition of the deformation gradient can be written as

Fe(@) = gele) . gele) | (124)

with the elastic right and left Cauchy-Green strain tensors respectively equal to

ce(@ —ye(@)? — pe(a)T | pe(a) anq Be(@) — pe(@) . pe(e)T (125)

A.2.2 FElasto-visco-plasticity

The material may be idealized to be isotropic. Accordingly, all constitutive functions are pre-
sumed to be isotropic in character. Let us assume that the free energy has the separable form

Yr=_ ¥ Pge(ar, T), (126)

where @ _c(n) represents a list of the principle invariants of Ce(@) and T is the temperature.
The Cauchy stress is decomposed in terms of the mechanisms o = Z(a> (%) with

ol = % F 8@ FT — % pe@) ge(@) pe(@)T, (127)

where 8¢(®) is the symmetric elastic second Piola-Kirchhoff stress

2 8¢(a) (dsce(a) ) T) )

e(a) _
o 9C=()

(128)

Moreover, the first Piola-Kirchhoff stress tensor can be computed following

P — J gl p-T _ pe(a) ge(a) pp(e)=T _ p pp(a)—1 ge(a) pp(a)-T | (129)
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The driving stress of the plastic flow is the symmetric Mandel stress, which is defined as
Me(@) — J R Tg(a@) ge(e) — gre(a) ge(a)gre(e) — ge(e) ge(e) (130)

where M©(®) ig the elastic Mandel stress, R°(®) is the rotation matrix, and where it has been
assumed that C°(®) and §°(®) permute. The corresponding equivalent shear stress is given by

_ 1 o
) = %IMS( ], (131)

where M 8(0‘) is the deviatoric part of the Mandel stress

1
M = M) 4 BT, with p = —gtrMe(®) (132)

and \MS(O‘) |= \/MS(O‘) : Mg(o‘) is the norm of the deviatoric part of the Mandel stress.

In order to account for the major strain-hardening and softening characteristics of poly-
meric materials observed during visco-plastic deformation, Srivastava et al. [59] have intro-
duced macroscopic internal variables £ (@) to represent important aspects of the microstructural
resistance to plastic flow. The plastic flow follows

P _ Dr(e) pp(a) (133)

where each FP(9) is to be regarded as an internal variable part of £(®), and which is defined
as a solution of the differential equation

M°<a)
DP() — ¢pla)( 2,?—41 ), (134)

where DP is the plastic stretching tensor, and éP(®) = \/i\Dp(aH is the equivalent plastic shear
strain rate.

Therefore for given 7(®) and A(®) = (C°(®) BP(®) ¢(®) T) alist of constitutive variables,
the equivalent plastic shear strain rate ¢P(®) is obtained by solving a scalar strength relation

such as
7(@) = (@) (gle) ¢pa)y, (135)

where the strength function () (A(®) éP(®)) is an isotropic function of its arguments.

A.2.8 Partial differential governing equations

In order to complete Eq. (7), y, the internal energy per unit mass, is defined as y = ¢, T', where
the volumetric heat capacity per unit mass is a function of the glass transition temperature,
and is defined as follows

_Jeoo—a(T-Ty) T <Tg
o = {co T > T, (136)
Moreover, F, the body source of heat, is expressed as
52 e(a) .
O el (137)

F— 7(a) gp(a)
: Qr+za:T o gt ¢ ’

where Q) is the scalar heat supply measured per unit reference volume and the last term of the
right hand side is the thermo-elastic damping term which is neglected. Instead it is assumed
that only a fraction v of the rate of the plastic dissipation contributes to the temperature
change

F=0Q+ vz;.(a)ép(ot)7 (138)

where 0 < v < 1.
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The glass transition in amorphous polymers depends on the equivalent shear strain rate
¢ = v/2|Do| to which the material is subjected, where Dy = D — étrD I denotes the total
deviatoric stretching tensor, with

1 . .
D= (FF! N (139)
Eventually, the glass transition Ty is calculated from the following expression

T if é <ep,
Tr—i—nlog(i) if € > e,

T

Ty = (140)

where T} is the reference glass transition temperature at low strain rate, ¢ is the shear strain
rate, and €, is the reference strain rate.

A.2.4 The first micromechanism (o =1)

The first micromechanism (o = 1) represents an elastic resistance due to intermolecular en-
ergetic bond-stretching and a dissipation due to the thermally-activated plastic flow following
chain segment rotation and relative slippage of the polymer chains between neighboring cross-
linkage points.

The following simple generalization of the classical strain energy function of infinitesimal
isotropic elasticity is considered, and uses a logarithmic measure

1
Ec) = ilnCe(l) , (141)
of the finite elastic strain [4]. The form of the elastic free energy is thus defined as
1 2 -
e = GIEEW 2 4 5K (trEe(l)) ~3K (trEe(1)> an(T — To) + f(T), (142)

where the deviatoric part of the logarithmic strain is denoted by Ef, f(T) is an entropy con-
tribution to the free energy related to the temperature dependent specific heat of the material,
and where the temperature dependent parameters G(T'), K(T'), otn(T) are respectively the
shear modulus, bulk modulus, and the coefficient of thermal expansion.

The Mandel stress is thus obtained from

(1>8,¢}e(1)(Ee(l),T) B 8we<1)(Ee<1>, T)

e(l) _ e
M =2C 8Ce(1) - oEe(1) ’

(143)

if () and M) permute. It should be noted that in this work E¢(1) is computed by using
a Taylor series approximation of Eq. (141), and not through the eigenvalue decomposition.

Substituting Eq. (142) in Eq. (143), as |E8<1)|: E(e)(l) : E(e)(l) one can get directly M¢(1) ag
Me® = 2GESY + K (trEe<1>) I —3Kaw (T — To)l . (144)

The thermal expansion is taken to have a bilinear temperature dependence, with the slope
agp = ar above the glass transition temperature and the slope oy, = agy below it.

Moreover, the evaluation equation for FP(1) follows Eqs. (133-134) with the thermally-
activated relation for the equivalent plastic strain rate following

0 if e <o,

. 1 Q). ey
i exp (= ) exp (— 2o Dsinh (G

P = (145)

r/mt e e s g,

where ¢P(1) is the plastic strain rate, the parameter eb(l) is a pre-exponential factor with

units of 1/time, Ky is Boltzmann’s constant, V' is an activation volume, m) is the sensitive
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parameter for the strain rate, Q(T') is the temperature dependent activation energy, and 7e(D)
denotes a net shear stress for the thermally activated flow

e =71 — (S, + Sy, + app), (146)

1
with ap > 0 a parameter introduced to account for the pressure sensitivity. The term exp (—=)

in Eq. (145) represents a concentration of flow defects, with

_ €g1 if T<Tg,
5_{5g1+d(T—Tg) it T>T,. (147)

For the first micromechanism, besides the plastic strain gradient, the list £ = (¢, Sa, Sp,)
of internal variables consists of three positive scalars, where the variable ¢ > 0 and S, > 0 are
introduced to model the yield peak which is observed in the stress-strain response of glassy
polymers and S > 0 is introduced to model the isotropic hardening at high strain. The
evolution equations of S, and ¢ are governed by

Sa = ha [b(¢* — @) — Sa] (1) with initial value Sa = Sao, (148)
p=g(p* — go)ép(l) with initial value ¢ = g, (149)
with ¢* as
T ep(1)

2 ((1 — +hg) () T <Tyand @™ >0,

(MW, T) = Te = (150)
’ ep(D)
2 hyg s if 7> Ty and ?(M) > 0,

€r

which represents the temperature and strain rate dependency of ¢, where z, r, hg, and s are
taken to be constants. In particular we have introduced hg to get a small value for ¢* when
T > Tg, instead of 0 in order to improve the convergence of the numerical model. Then the
evolution of Sy, is governed by

Sy, = Spo + Hp(A — 1%, X = /trC/3, (151)

where ) is an effective stretch which increases or decreases as the overall stretch increases or
decreases, and where Hy,(T) is a temperature dependent hardening parameter.
The temperature evolutions of Hy,, Q(T), G(T'), and of the Poisson ratio v(T") follow a law

1 1 1

(1) = 5t 0) = 5 (o — ) tanh( (T = 7)) — L(T = Ty), (152)
where -5 and -y are the values in glassy and rubbery regions, and where L. represents the
slope of the temperature variation of -, and takes the value of L. = L., if T < Ty and
L. =L.. if T > Tg. The temperature dependence of the bulk modulus K(T') is then obtained
by using the standard relation for isotropic materials K(T') = G(T)%.
A.2.5 The second micromechanism (o = 2)
The second micromechanism (o = 2) represents the molecular chains between mechanical

crosslinks. At temperatures below T the polymer exhibits a significant amount of mechanical
crosslinking which disintegrates when the temperature is increased above Tg.
Only deviatoric contributions are considered in the free energy function

trée(2> -3

0@ = §@ @@ 7y = L @0
> @

), (153)
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where €2 = pe@TEe(2) _ J7§C’e<2) denotes the distrotional (or volume preserving) right
Cauchy strain tensor, the parameter II(DZ) is taken to be temperature constant, and where p(2)
is the rubbery shear modulus, which follows

u? = pgexp(~N(T ~ Ty)), (154)

with pg the value of ,u(Q) at the glass transition temperature, and N a parameter that represents
the slope of temperature variation on a logarithmic scale.
The corresponding Mandel stress is evaluated from Eq. (130) and Eq. (153) as

o9 @0 — trC°? — 3

— —17e(2)
806(2) =K ) C() ’ (155)

Me(2) _ Ce(2) 2
where 08(2) & _ %trée@)I is the deviatoric part of C°(2) the right Cauchy Green tensor.

Clearly, as C*? and ¢ permute, M¢(2) and ce® permute as well.
For the second mechanism, the equivalent plastic strain rate follows

7(2) _1

T 1

)i (156)

@@ = e () m

(2)
0

tivity parameter, and S (2) is a temperature dependent parameter which follows (152).

where €5/ is a reference plastic shear strain rate, m®) is the positive valued strain rate sensi-

A.2.6 The third micromechanism (o= 3)

The third micromechanism (o = 3) introduces the molecular chains between chemical crosslinks
and represents the resistance due to changes in the free energy upon stretching of the molecular
chains between the crosslinks. B o )

The free energy is a function of the deviatoric tensor C = FTFP=J ~3C, and is given by
a deviatoric form

ey = 1 trC — 3
¥ =€) =~ u@ 1P (1 - —rI(B,) ), (157)

where the material constants ;¢(3) > 0 and I 1&;”’ ) > 0 are assumed to be temperature-independent.

The free energy (157) yields the corresponding second Piola stress S®) as
a3 aC _2 trC -3 _
8B =2 . = = 5,081 -
aCc " ac wE = =)

- é(tré)é_l], (158)

A.2.7 Finite increment form of the Shape Memory Polymer constitutive law

The constitutive laws are formulated in a finite strain setting and solved following the predictor-
corrector scheme during the time interval [tn; tn+1], where we use the subscript n for the
previous time ¢, and n + 1 for the current time t,1. The formulation can be summarized as
follows:

— Prediction step: The plastic deformation gradient is initialized to the value at the previous

step F?P(f)) = FE(O‘), and the elastic deformation follows

Fe2) = Py PR (159)

— Correction step: In this step we solve the system of equations that has been presented
for each mechanism. To extract the plastic increment using the evaluation equation of the
plastic deformation gradient during the time step between the configurations n and n+ 1,
we consider

FPY) = exp(ADP@)FR) | (160)
with
Me(a) Me(e)
p(a) _ p(a) _ p(a) ° — p(a)
AD (€pyi — €n )7277_((1) Ae 9@ | - (161)

More details about the predictor-corrector algorithm and the stiffness computation can be
found in [26].
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B The finite element formulation

Using the interpolations (33-34), the gradients are readily obtained by:

Voun = u’ ® V()Ng , VoM, = VONK/I M?® N (162)
Vodup = du® ® VQN‘? , VoM, = V()Nfd Y (163)

here VoNg and VoNg, — (N _ O he gradi f the shape functi
where VoNg and Vo M= 0 VONf'fF are the gradients of the shape functions at

node a.

B.1 Nodal forces

The expressions of the nodal forces (36) are obtained by substituting the interpolations (33-34)
and (162-163) in the weak formulation (31).
First the mechanical contribution reads

Fe <t = / NeTdSy — / a@ N :H) - VoNIdSo
et Z (On20)° Z <anzo>s( ) "
+Z/ (ﬁ@N:HB)ANdeSO
= J(op0)® hs
- / (VMM — Y(Mo)M,) - NNZdSo , (164)
9p 201
f = 3 [ P(FL M) - VoNgaf, and (165)
e 0
Foi =Fofi +Foi +Fiis, (166)

with the three mechanical contributions to the interface forces related to the degrees of freedom
of the nodes a+ on each side of the interface elements reading!

Fifi =30 [ (NG (PR My) - N s, (167)
s (100
1

Fiis = *Z/ [un] ® N~ : HE - Vo NgEdSo, (168)
25 Jarao)

at - HB — at

Fis =) ([un] ® N7) : - N7 (£NZF)dSo. (169)

s J(01020)° hs

Secondly, the electro-thermal contributions read

_ T _
Fo = / N& 3dSo — / VoNe Zo (Fy, M)MydSo
Mext Z x0T Z omaeye * O M 2ol
_ _ B ._
+ / N{NiZo(Fiu, M) -~ MindSo (170)
s 7 (0p£20)*®

S
Py, = Z/m VoNg; J(Fy, Mh,VMh)onJrZ/m Ng, T;d(2, and (171)
e 0] e 0

+ _ + + +
F;il - Fﬁ"n + F;‘l/flz + F;‘l/llz’ (172)

1 The contributions on dp 2y, can be directly deduced by removing the factor (1/2) accord-
ingly to the definition of the average flux on the Dirichlet boundary and by using Zo(F',, M)
instead of Zo(F',My). However, there is one more additional term in Fﬁﬁ in the Dirichlet
boundary, which is Y~ f(BDQO)S(—N{}) (YMM — Y(Mp)My) - N~ dSp.
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with the three electric contributions to the interface forces!

__\T
at __ a+ —
Py, = Z /(MO)S&NM ) (Ny) ((Fy, My, VM) dSy, (173)
+ 1 +T +
Fitp, = 2 Z (0120)° (VONKA Zy (Fn, Mh)) My ] dSo, (174)
at  _ at <—\7T B
FMI3 = ;/(alno)s(iNM ) (NM) <ZO(Fh, Mh)h75> [[M},N]] dSp . (175)

B.2 Tangent operators

OF &

In order to derive the tangent matrix ]K&b = &~ et - gLGi;, the system (38) is rewritten
Kuu Kum Au — RU(HVM) (176)
Kyu Kmm /) \AM )~ \Rm(u,M) /°

The stiffness matrix has been decomposed into four sub-matrices as shown in Eq. (176) with
respect to the discretization of the five independent field variables (d for displacement u, and 2
for M (for fy, and fr)), and can be obtained in a straighforward way from the internal forces,
see details in [26].

C Derivation of the numerical properties

C.1 Taylor’s remainders

The remainder terms of Egs. (60-61) are obtained by defining Vt = G + ¢t(V — G), VQ! =
VG + t(VQ — VQG). They can thus be evaluated by

1 1
w6(G,V6) = [ wa(V',¥Q')dl, wva(G) = [ wea(Vi)dt, (177)
0 0
and by
1 1
waa(V, VQ) = /0 (1 - tywaa (V' VQY)dt, wayg (V) = /0 (1- tweve(V9dt, (178)

with the partial derivatives wgg (G, VG) = vgg (G)VG, and wgva (G) = vg (G) of w(G, VG),
since wygvg(G) = 0.
The remainder terms of Egs. (62-63) read

1 1
ds(G,VG) = / de(V, VQY)dt, dve(@) = / dyg(V')d, (179)
0 0
and
_ 1 _ 1
daa(V,VQ) = /0 (1 - dga(V', VQY)dt, dgyg (V) = /0 (1-Hdava(VHdt.  (180)

Finally, the remainder terms of Egs. (64-65) read

1 1
B (G) = /O pe(VHdt, P (V) = /0 (1 - pag (V)dt. (181)
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C.2 Application of the Taylor’s expansion

The first term of Eq. (70) is rewritten, using the Taylor’s expansion defined in Eq. (60), as

/ (V8GL)T (w(G®, VG®) — w(Gy, VGy))d2 = (V8G) T (wa (G®, VG®)(G® — Gy,))d

h 02y
+ [ (V6GH) T (wya(G®)(VG® — VGy))d2 — / (VG T (Rw (G® — Gy, VG — VG, ))dR.
2y 2y
(182)

Similarly, the second term of Eq. (70) is rewritten, using the Taylor’s expansion defined in Eq.
(62), as

JGE (6(G°)VG® —6(GL)VGy)d2 = 5GE (d(G®, VG®) —d(Gy, VGy)) d2
2y 2y
= 6GEdG (G°, VG®)(G® — Gyp))ds? +/ 5ngvg (G)(VG® — VGy))d2 (183)
2y 2y
- SGIR4(G® — Gy, VG® — VGy,)d2
2y

Likewise, the third term is rewritten, using the Taylor’s expansion defined in Eq. (60), as

/ 5GT | (w(G, VG®) — w(Gn, VGy,)) dS =
01§2,U0p §2y,

[#ai. ]
/an op 0 [[6G “]] (wg (G, VG®)(G® — Gp)) dS+
2, UOp 1,[[ ]] (184)
[sah.]

SGE

hn

(Wyg(G®)(VG® — VGy)) dS—

/al 24,U8p 21,

/ 5GP | (Rw(G® — G, VG® — VGy,)) dS.
81 £2,U8p 21,

The fifth term of Eq. (70) is developed by using the definition of pT(G) = GToT(G) and using
the Taylor’s expansion defined in Eq. (64), leading to

-/ [6" o™ (G%) ~ GTo™(G1)] (3G, ) ds =
812, U8p 21,

-/ " - GIPEE")] (G, ds + [ [Re (@ - )] 6Cu, ) as.
0182,,U0p 2y, 0182,U0p 2y,

(185)
However, as p§ = —0T (G), using Eq. (66), this last term is also rewritten as
-/ [6" o™ (G%) ~ GTo™(G1)] (3G, ) dS =
0102, U0 2y
/ [6" —Gl)e" )] (6Gn,) ds (186)
012, U0p 2y

- / [[(Ge —Gp) oG (Gy) (G — Gh)]] (6Gy, ) dS
A1 02, U8 24,
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Finally, using the definition of the ~ operator GToT(G’)dGn = GLI6T(G')6G2, and Eq. (186)
is rewritten as

-/ [6" o™ (G%) ~ GTo™(G1)] (3G, ) dS =
81 2,Udp 21,
/ [@s" - et )67 @] (oGu) as (s7)
O12,U0p 2y,

- / [(6° = G)T6g(G1)(G® — Gu)] (5Gu,,) as.
912, Udp 21,

C.3 General properties of the finite element method and Hilbert spaces

The following properties will be used in the numerical properties derivation.
Lemma 5 (Interpolation inequality) For all G € (H*(2¢))" there exists a sequence GP €

(Pk(!)e))nand a positive constant C’% depending on s and k but independent of G and hs,
such that

1. forany 0 <n <s
I G = G" llam ()< Coh™™ || G llgs 20y (188)

2. foranyogngs—l-i—%

—n—1+2 .
|G- aG" lwn (o)< Chhs "N G llgs(aey, ifd=2, (189)
3. foranys>n+%
u—n—31
| G = G" ||y a0ey< Ol 2N G llasaes (190)

where p = min{s, k + 1}.

The proof of the first and third properties can be found in [7], and the proof of the second
property in the particular case of d =2 can be found in [1,2], see also the discussion by [23].
Remarks

1) The approzimation property in (2) is still valid for v = oo, see [1].

ii) For G € X5, let us define the interpolant I,G € X* by I,G|ge = G"(G| <), which means
I},G satisfies the interpolant inequality property provided in Lemma 5 on $2,, see [28].

Lemma 6 (Trace inequality) For all G € (H*+t1(02°))", there exists a positive constant
Cr, such that

1 rT— S
16 g0 < O (5 16 Fuggany + 1 G anll TG iz ) (191)

where s = 0,1 and r = 2,4, or in other words

1
| G 22000 < Or (; I G122 ey + 1| G ll 1200l VG Hmm)) ,

1* (192)
H G ||i4(age)§ Cr (; ” G II%A(Q@) + “ G ”iG(Qe)” VG HL2(QE)) .

The first equation, s = 0 and r = 2, is proved in [52], and the second one, r = 4 and s = 0,
is proved in [22].

2 In this case GToT(G')6Gn = GL6T(G")6G = —%fTathn;éux — if, froagnny duy —
T T

3K —
TfTOCthnz Oy
fr
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Lemma 7 (Trace inequality on the finite element space) For all Gy, € (Pk(()e))n there
exists a constant C’,“C > 0 depending on k, such that

_1
2

| VIGh 12000y < CRhs 2 | VIGh I 12(0e  1=10,1, (193)
hllV G2
where C,’“C = SUPG, (P, (2¢)" % is a constant which depends on the degree of the
h k HVGh”Lz(QE)
polynomial approximation only with hs = ||8%:!| , see [25] for more details.

Lemma 8 (Inverse inequality) For Gj, € (IP’k(Qe))n and r > 2, there exists C§ > 0, such
that

ol

d_
I Ghllir(2ey< C5hT 2 || G ll 120y (194)
o A=l d—1
| Grllzroee< Czhs ™ % |l Gill 2900 (195)
| VG ll 120y < Coh || G lli2(qe) - (196)

The proof of these properties can be found in [12, Theorem 3.2.6]. Note that Eqs. (194-195)
involve the space dimension d.

Lemma 9 (Relation between energy norms on the finite element space) From [69],
for Gy, € Xk there exists a positive constant C®, depending on k, such that

I Gullli< CE NI G Il - (197)

The demonstration directly follows by bounding the extra terms > hs | G ”?P(BQE) of the
norm defined by Eq. (77), in comparison to the norm defined by Eq. (76), using successively
the trace inequality, Eq. (192), and the inverse inequality, Eq. (196), for the first term, and

the trace inequality on the finite element space, Eq. (193), for the second term.

Lemma 10 (Energy bound of interpolant error) Let G¢ € Xs,s > 2, and let I,G € X*,
be its interpolant. Therefore, there is a constant C* > 0 independent of hs, such that

Il G° = LG Il < CRET || G s (2 (198)

with p = min{s, k + 1}. The proof follows from Lemma 5, Eq. (188), and Eq. (190), applied
on the mesh dependent norm (77).

C.4 The bound of the non-linear term N (G®,y; dGy)

C.4.1 Intermediate bounds

To bound the terms of N'(G®,y; dGy},), we have recourse to the following intermediate bounds,
which are derived for the particular case of d = 2.

Lemma 11 (Intermediate bounds) Let & = I,G — vy, 6G, € X*, n = G° — I,G € X and
¢ =&+ n. The terms in & can be bounded by recourse to the trace inequality, see Lemma 6,
and to the inverse inequality, see Lemma 8, while bounding the terms in n makes use of the
trace inequality, see Lemma 6 and of the interpolation inequality, see Lemma 5 for d = 2.
Using the definition of the ball (92-93) thus leads to the different contributions, see [23,26]
for details,

2
(Z ¢ ||izme>> < Cro < CR R |1 6P (e » (199)

1
1 _1 _3_
(Z ¢ ||‘z4(m)> <C*hg 2o <CRRET 2T GO ey - (200)
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2
(Z ' v¢ %a(m)> < CFo <CPRETYTE ) GO s (ay) » (201)
‘ 1
4 * kp 4 I e
Z || ¢ ||L4(,9ge) < C%hg Yo < C%hs || G HHS(Q,,,) ) (202)
1
4 ! k1 N R
DI 1 ap0e | < CFhEo < CFhs I G b= (s2) » (203)
1
4 * k=5 Ky H— 5 —€ e
Z || V¢ HL4(3_Qe> < C%hs *o < CThg H G© ”HS(.QH) (204)
€

with uw = min{s, k + 1}. Moreover, using the inverse inequality, see Lemma 8, one has

1
G o <Ckhg?|éG ey
{ h Hwi(n y Stz I16G Nl (2) (205)

_1
| éGh |Wi(9e) S Cllc-hg 2 ‘ 5Gh |H1(Qe) .

C.4.2 Bounds of the different contributions

The bound of N (G®,y; 6Gy,) follows from the argumentation reported in [23] and is nominated
by the term with the largest bound.
The first term of N(G®,y;8Gy,), defined in Eq. (74), can be expanded using Eq. (61) as

I = /_Q (V5G)ERW(C7VC)dQ = Z/QC (V(;Gh)T(CTwGG(y7 Vy)0)d
h e (206)
+2> /Qe(V6G)E (CTWGVG (Y)V() A2 = Ty + 2T1s.

The two term of the right hand side of Eq. (206) are bounded by using the generalized Holder’s
inequality, the generalized Cauchy-Schwartz’ inequality, the definition of Cy in Eq. (67), and
the bounds (199, 200, 201, and 205) as

| T [ < Cy D 1€ lacoe) | € llizcae) | VG lILa (e

4 i 2 : 4 ! (207)
S Cy Z ” < ||L4(Q<=.) Z ” C ||L2(_Qe) Z ” V(SG}, ||L4(_Qe)

< CFCyhE ™20 | 6y |1 ()| G° llus(ay) »

| Zi2 | < Cy D 1€ Hlnaoell V€ lln2(oe)ll VOGH llLa(qe)
e

1 1 1
" ! > : 4 T(208)
< Cy Z H C HL4(QQ) Z H VC ”L2(Qe) Z ” V(S(;h ||L4(Qe)
€ e e
< CRCyhE 2720 | 3G [ui (o, Il G s (2, -
Combining the above results leads to
| Ty |< CFCyhE 750 | G 1 () | G llus () - (209)
The second term of N (G®,y; 8Gy,), defined in Eq. (74), becomes by using Eq. (61),
= [5Gt ] (¢"Waa(y, V)¢ ) as
0182, U0p 2y (210)

+2 / [56T, ] (¢™Wave 3)VC) dS = Tor + 2722
A1 2, Udp 2y,
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The two terms of the right hand side of Eq. (210) are bounded by using the generalized Holder’s
inequality, the generalized Cauchy-Schwartz’ inequality, the definition of Cy in Eq. (67), and
the bounds (202, 204), yielding

1
1 3
| Z21 | < Cyhs <Z I ||i4<ane>) <Z net ) Joct] ”iz(am))

2

2
< CFCy || G® s () M2 %0 <Z het | [9Gn, ] Iliz(am) ,

e

4

1
1 i
| Tor | < Oyh <Z||<||ﬁ4<me>> <Z||V<|li4(ane)> (zhgl I [5et] niz(m)
e e e

1
3
< ROy 1| G° e () M50 <Z B! | 9G] ||32(,me>> .
(212)
We now substitute Eqgs. (211, 212) in Eq. (210) to obtain the final bound of the second term
of N(G,y; 6Gy) as

1

2

| T |< C*Cy || G® sse () H> %0 (Zhgl | [5G, ] |izme)> S @)
e

Furthermore, for the third term of N'(G®,y; dGy,) as decomposed in Eq. (74), using Taylor’s
expansion as in Eqs. (60-61), the generalized Holder’s inequality, the generalized Cauchy-
Schwartz’ inequality, the definition of Cy in Eq. (67), and the bounds (202, 203), leads to

|13|§¥|/

oy 82¢

1 1
< Cyh 2 <Z I K] ||i4(3m)> (Z I¥s ||i4(me)>

HCI]] (CTWVGG(Y)VtsGh) ds |

Nl

<Z hs ” V(SG'h i2(39e)>

2
fSC&CWIIG°Hsg%)hﬁ‘z‘ﬂf(Ejfk6Ghlﬁuagg>
e
(214)

Likewise, the fourth term of N'(G®,y;Gy,) defined in Eq. (74) is bounded using a Taylor’s
expansion as in Eqgs. (60-61), the generalized Holder’s inequality, the generalized Cauchy-
Schwartz’ inequality, the definition of Cy in Eq. (67), and the bounds (202, 203) leading to

X1 [ 6] (¢t wsaem) B, Tas |

< Cyhy ? (Z I 1] ||i4<age>> (Z IIs ||i4<age>>

N
Nj=

<Z hot | [5G, ] ||iz<me>>
1

< CFCy || G® ey M50 (Z B || [5G, ] i?(me)>

‘ (215)

Then the bound of the fifth term of N'(G®,y; 6Gy},) defined in Eq. (74) is derived using Eq.
(231) developed in C.4.3, following

|15|szcy2\/

S A eUdp N°

1
+§cyZ\/

[(Ge - Gh)T]] I(G° — G)0Gy, dS |
(216)

. [(G = G T 16 — Gul [5G, 1S |=| To1 | + | Tsz |,
.
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where I is a matrix of unit norm and has the same size of 68. Using the generalized Hoélder’s
inequality, the generalized Cauchy-Schwartz’ inequality, and the bounds (202, 203) one has

e

| Ts1 | <20y 3 |/a [cT]1¢oen,)as |

Nl=

1
4

1
_1 4
szcyh52(2|| <1 i4(me)> (Zci4(8m)> (Zhsnach ||52<69e>)

=

< 20yC || G° s () W2 %0 <Z hs || 6Gy, ||iz(me)> ,
e
(217)

Tl <50 301 [ [ BG, 1as |

a802¢

R (Z I K] ||ﬁ4<am>> (Z I 1] ||§4(me)> (Z B | [5G] ||32<me>)

<
e
3
1 _ _
< SOLCM G e, M5 (Z BV | 5G] izme)>
(218)
Combining Eqgs. (217 and 218) leads to the final bound
%
| Z5 | < 20yC* || G |lus (q,) 250 <Zh5 [ 6Gn i?(@ge))
¢ (219)

1

2

1 _ _
+ GO 1| G sy 150 (Z hot | 16Gs] |32(me)>
e

Finally to bound the last term of N (G®,y;8Gy,) defined in Eq. (74), we rewrite it using
Eq. (63) as

Zs = /Q SGERq(¢, V)2 = Z /QC 5GT (Tdga (v, Vy)C)de
: : (220)
+2) /Q 6GE(¢Tdgva(y)VE)dR2 = Tt + 2Zeo.

The two contributions are bounded using the generalized Holder’s inequality, the generalized
Cauchy-Schwartz’ inequality, the definition of Cy in Eq. (67), the bounds (200, 201), and the
inverse inequality of Lemma 8, following

2

1 1
4 4

‘ Ze1 | < Cy (Z ” ¢ ||i4(0€)> (Z “ ¢ ”iél(ge)) <Z II 0Gn i?(Qe)) (221)
< CFCyhE 2750 || 6G lIr2(0,)ll G llus(2y) -

N

1 1
1 2
|I62 | < Cy <Z ” ( ”i4(ne)> <Z ” VC i?(ne)) (Z H 6Gh ”i4((ge)> (222)

< CRCyhET27%0 || 6G lIr2(oy) |l G° s (ay) -
Substituting Egs. (221, 222) in Eq. (220) leads to

| Zo | < CFCyht ™50 || 6Gn L2 ()l G llms () - (223)
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Combining Eqs. (209, 213, 214, 215, 216, and 223), yields

| N(G®,350Gn) < CECy | G° lle(ay) b2 [ 6Gn Nl ) +

3 (224)
<Zhs | 6Gn, ||?{1(am)> +(Zhsl Il [6Gn,] |32(am)> ]

1
2

Finally, using the definition of the energy norm (77), this results yields the bound (95) of
N(G®,y;0Gn).

C.4.3 Declaration related to the fifth term of N (G, y; §G},)

Using the identities [ab]] = [a] (b) + (a) [b] and (a) (b) = (ab) — i [a] [p] on 0142y, the term
[(Ge - Gh)Tég(Gh)(Ge —Gy)] (6Gh,) can be rewritten with an abuse of notations on the
product operator as

[[(Ge — G1) o8 (G)(G® — Gh)]] (6Gh,) = <(Ge - Gh)Tag(Gh)achn> [GE — Gy]
> e —enTei@n] 160 - Gl 1G] + (67 - G ToE (@] (@ - Gu) (G, -
(225)

Now, we need to solve explicitly the term [(G® — Gy)To& (Gy)]), where 6 (Gy) corresponds
to —pgg (Gn) defined in Eq. (181) with pgg (V') = —og(V?!), yielding

1
6 (G) = /0 (1 - toa(Vi)dt, (226)

with V¥ = G® + t(G, — G®). As og only involves terms in %7 we compute @& the nonzero
T

component.

1
a:3Kath/O (-0 2

T R (227)

For simplicity, let us define X\ as

1 2 1
A_[;Uit%@+WGT—ﬁN3&__&ﬁ?. (228)

It can be noticed that to evaluate [(G® — Gy)To& (Gr)], we need A(f§ — f1) which reads

1 1 1 1

A& —fp) = —5 (% —fp) = —(— — —), 999
(= ) = (s (6= 1) = (= ) (229)
and the jump of the last result is
1,1 1 1 4 1y_ _ 1 _
M — )] = fgr(ﬁ ot + fgf) T fgffep [fr = Fr] on o142, (230)
T 3 (fr — £5) = ——5 [fr — 5] ondp 2.
fp £ fp £
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Hence considering this equation in the matrix form, then substituting it in Eq. (225), and
using the definition of Cy in Eq. (67), lead to

| Z/a s o @ =G Teg @@ - Gu)] (6Gay ) as |

<G Y[ (GGG ~ Gl 5G|

e o2

+%cy2|/

S a1 02e

+o Y1 [ e -6 1e - e, o |

- Jone

+CyZ|/

S ap 2¢

[[(Ge _ Gh)T]] 1[G® — Gy] [6Gp, ] dS | (231)

[@° —en] 16"~ Gi)sGy,as |,

where I is a matrix of unit norm and has the same size of 6%_:.



