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ABSTRACT. In this paper, we introduce and study analytically a vectorial Cahn-Hilliard reaction
model coupled with rate-dependent damage processes. The recently proposed Cahn-Hilliard re-
action model can e.g. be used to describe the behavior of electrodes of lithium-ion batteries as it
includes both the intercalation reactions at the surfaces and the separation into different phases.
The coupling with the damage process allows considering simultaneously the evolution of a damage
field, a second important physical effect occurring during the charging or discharging of lithium-ion
batteries.

Mathematically, this is realized by a Cahn-Larché system with a non-linear Newton boundary
condition for the chemical potential and a doubly non-linear differential inclusion for the damage
evolution. We show that this system possesses an underlying generalized gradient structure which
incorporates the non-linear Newton boundary condition. Using this gradient structure and tech-
niques from the field of convex analysis we are able to prove constructively the existence of weak
solutions of the coupled PDE system.

1. INTRODUCTION

Lithium-ion batteries belong to the most promising technologies to store energy. They are used
as well for small electronic devices as for electric cars or the storage of renewable energies. Due to
the increasing demand of such batteries, it is important to develop and study mathematical models
in order to understand the charging and discharging process. During the last years it was observed
that the classical battery models (like e.g. a shrinking core model) do not predict the right behavior
for lithium-ion batteries [IJ.

As an alternative to the classical models, Singh et al. [29] and Zeng et al. [3T] proposed to use an
extended phase-field model of Cahn-Hilliard or Cahn-Larché type. Their idea bases on the fact that
LiFePO4 has the strong tendency to separate in a lithium rich and a lithium poor phase. The model
takes inherently care of the intercalation reactions at the phase boundaries. Singh et al. and Zeng
et al. introduced a non-linear Newton boundary condition for the chemical potential reflecting the
chemical reactions on the surface using generalized Butler-Volmer kinetics. That model is sometimes
called Cahn-Hilliard reaction (CHR) model. The fundamental difference to the classical Cahn-Larché
model is the new chemically active boundary condition instead of the classical no-flux condition.

In recent years, the classical Cahn-Larché model describing phase-separation in elastic materials
was studied intensively. In particular, the existence, the uniqueness, the regularity and the long-time
behavior of solutions were investigated (see [4] 1] and the references therein). Often the main idea
for the analysis was to write the equations as an H!-gradient flow. This bases essentially on the
mass conservation of the solution which allows proving a priori estimates. However, in the CHR
model the mass will not be conserved in general due to the chemical reactions at the boundary. For
this reason, our approach to handle the CHR model analytically is to use a non-quadratic dissipation
potential and to introduce a corresponding generalized gradient structure instead of the H ~'-gradient
structure (see [20, 21] for details on generalized gradient structures). This ansatz naturally takes into
account the non-linear Newton boundary condition and circumvents the analytical problem with the
non-conserved mass. To the best of our knowledge, this additional structure of the CHR model was
not known before.

In [13] and [14], the Cahn-Larché model was expanded to describe also damage of an alloy using a
scalar damage variable z. The damage is driven by a rate-dependent dissipation potential. Assuming
that the damage process is unidirectional and that the damage variable lies in a fixed interval, i.e.
[0, 1], we are confronted with the mathematical challenging task to deal with inequality constraints
guaranteeing d;z < 0 and z € [0,1]. In the context of lithium-ion batteries, the charging behavior
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is expected to depend strongly on the damage of the material. For this reason we include such
a damage variable in the CHR model [29] BT]. The main objective of this work is to prove the
existence of a weak solution of this coupled model. As in [I4], we are also able to deal with the
physical meaningful gradient term |Vz|? in the damage energy density (see [9]). Hence, we do not
need to restrict to |Vz|P (p > space dimension).

During the last years, many damage models based on the model of Frémond and Nedjar [10]
describing damage in concrete (see also [9]) were investigated. The models divide basically in two
types, the rate-independent [I8] 17, [30] and the rate-dependent models [2] 13, 14, [I5]. Both types
can be coupled with different other equations to describe e.g. different phases [13] [14], inertia [16] or
thermal effects [19] 24 25] [5].

To prove existence of a weak solution of the CHR model we will discretize the equations in time
using the implicit Euler scheme. For analytical reason, we add a viscosity term v0;c to the chemical
potential in the first instance. This will result in additional regularity of the solution which is
important to pass to the limit of the Euler discretization. The technique we use to construct a
solution can also be used to compute a solution numerically. As far as we know, there is yet only
one numerical scheme developed for the CHR model [6] which is based on another discretization. It
does not take into account the natural gradient structure of the system.

This paper is divided into five sections. In section 2, we present the model including its viscous
approximation. Section 3 deals with the functional replacing the H ~'-norm of the usual Cahn-Larché
framework. In section 4, we prove the main existence result for the viscous case using an implicit
time-discretization before we pass to the vanishing viscosity limit in section 5.

2. MODEL

In the following, we will present the model in some more details. Let Q@ C R™ be a bounded
Lipschitz domain with boundary I' = 9. The time-dependent state of the system is described by
a triple (u, ¢, z) where u: Q — R™ describes the deformation of the elastic material, c:  — R¥ the
chemical concentration field and z: Q — [0, 1] the damage variable. Here, z = 1 refers to undamaged
material whereas z = 0 refers to completely damaged material. To describe the state of the system
we use a generalized Ginzburg-Landau free energy functional of the form

E: HY(Q;R™) x HY(Q;RY) x HY(Q) - R

E(u,c,2) = / %FVC : Ve + %sz Vz+ We(e) + W (e(u), ¢, z)dz.
Q

Here, the term W accounts for the chemical energy density and W€ for the elastically stored
energy density. We consider the linearized strain tensor e(u) = % (Vu + VuT) since we assume the
deformations to be sufficiently small. The first two terms in the functional penalize rapid spatial
changes of the concentration and the damage profile.

A typical form of the chemical free energy density is a double well-potential like W (c) = (1 —
|c|2)2. The elastically stored energy density is often modeled as W (e, ¢, z) = (®(z) +n) We(e, ¢)
with a continuously differentiable and monotonically increasing function ® : [0,1] — [0,00) with
®(0) = 0 and an elastically stored energy of the undamaged material of the form

Wel(e,c) = % (e —e*(c)) : C(c) (e — e*(c)).

Here, e*(c) is the eigenstrain which is usually linear and C(c) € L(RZ") is a concentration de-
pendent, symmetric and positive definite fourth order stiffness tensor. The parameter n > 0 is
introduced to ensure that the system is not degenerating (compare assumption at the end of
this section).

As usual, the chemical potential u is defined as the variational derivative of the energy functional

in direction of ¢, i.e.

p = —div(TVe) + W(c) + W(e(u), ¢, 2) + vdse.
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Note that we have added the viscosity term v0;c to capture viscous effects. This term can physically
be interpreted as a microforce (see [8, 22]). It is also useful for analytical reasons (see proof of
Theorem. Then, the mass balance in the bulk material leads to the viscous Cahn-Hilliard equation

Ogc = Ap. (1)

At the surface, chemical reactions imply a flux into the domain. This is described using an Arrhenius
type law [29] by a nonlinear Newton boundary condition of the form

Vuvy = R(c, ) (2)

where v, denotes the outer normal on the boundary 9Q and R(c, ) the reaction rate. This function
may be of the form

N
R(Cnu') = g(QRins(l — €xXp (W))) with H= (/~L17'~~7/14N)7/~"e = (N6,17~"7/1’6,N)7

where ¢ : RV x RY — RY and Rj,s : R — RY. Here, Rj,s denotes the rate for the insertion rate, Le
the external potential, £ the Boltzmann constant and 7' the temperature. In our work, we assume a
polynomial growth condition for R, see to . To allow for an exponential growth, we have
to modify the function Rj,s outside some compact interval [—cy, ca].

Furthermore, we assume the system to be in the quasi-static equilibrium, i.e.

div(e) =0

where o = W¢(e(u), ¢, z) denotes the stress tensor. The damage process is described by the dissi-
pation potential (compare [I3] [14] for more details on the damage process)

R: L?(Q) - R
R(3) = /Q p(2)dz

with p(2) = —az+ géQ and «, 8 > 0. We assume the damage process to be irreversible, i.e. 9,z < 0.
To take into account the irreversibility and the natural constraint z > 0 we add the corresponding
indicator functions to the energy functional and the dissipation potential

Elu,e,z) = E(u, ¢, 2) —|—/QI[07OO)(z)dx, R(2) = R(3) —|—/QI(_OO,0] (2)dz

where T4 denotes the indicator function with I4(z) =0 if z € A and I4(z) = co otherwise. Then,
the evolution of the damage variable z can be described as a doubly nonlinear differential inclusion

0 € 0% (u, ¢, z) + D:R(9;2).

Due to the constraints on z and 9,z the functionals are non-smooth and we need to use the (Clarke)
subdifferential.

Remark that the CHR model without damage process is a special case of the presented model for
Wel(e, ¢, z) = We(e,e) and z(0) = 0. Thus, all presented results also hold for the usual CHR model.
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Let us summarize the complete model with initial and boundary conditions:

orc = Ap in Qr,
p=—div(TVe) + W(c) + W(e(u), ¢, 2) + vosc in Qr,
div(We(e(u),¢,2)) =0 in Qr
0 € dS'E(u(t), c(t), 2(t)) + D:R(2(1)) in Qp,

Ver, =0 on T,

Vuvy = R(e, p) on T,

ovy, =0 on I,

Vz- v, =0 on I,

c(0) = ¢ in

2(0) = 2o in Q.

To prove existence of weak solutions, we first add a regularization term in the energy. Therefore,
we introduce the regularized energy for € > 0

E: WEHP(Q;R™) x HY (O RY) x WP (Q) — RU {00}
uei) = E(wer2) + = [ el +[Valrds
Q

for some p > n. Later, we will also use the regularized energy without the constraint on z, i.e.

E(uye,z) =E(u, ¢, 2) + %/ le(u)|” + |Vz|Pda.
Q

The corresponding regularized equations read

oic = Ap in Qr,
p = —div(TVe) + W (c) + W(e(u), ¢, 2) + vd;e in Qr,
div(o) + e div(je(u) [P~ 2e(u)) = 0 in Qr,
0 € 9T"E-(u(t), c(t), 2(t)) + 0:R(£(t)) in Qr,
Vevy, =0 on I,
Vv, = R(e, ) onT,
(o +ele(w)[P2e(u)) vy =0 onT,
Vz- v, =0 on T,
c(0) = ¢ in Q,
2(0) = zo in Q.

To simplify the notation we will assume I' = K = Id. The presented results can easily be adapted
to any positive definite diagonal matrices.

Note that all presented results can be proven similarly prescribing a Dirichlet boundary condition
w=>bon I'p x [0,T] where I'p C T is a part of the boundary with #"~1(I'p) > 0. Then, the
Neumann boundary condition (o + ¢le(u)|P~2e(u)) v, = 0 is only necessary on the remaining part
(T'\T'p) x [0,T] of the boundary.

To conclude this section, we list all assumptions on the involved functions which we need in order
to prove our results. Let 2* denote the critical Sobolev exponent and

2n—2
n—2

27 = arbitrary for n =2

for n > 2

%) forn=1
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the critical exponent for the trace operator to be continuous as an operator from H'(£;RY) to

¥ (T;RY) (see e.g. [26]). The Euclidean norm is always denoted by | - | whereas the 1-norm in RY
is written as | - |;. The unit vectors of the standard basis of R™ are written as e*. During the whole
work, C' > 0 and C; > 0 denote constants which may vary from line to line.

We assume that there exist constants 7,4, C,C; > 0 with § < min (%,2# — 1) such that the
following (in-)equalities hold for all e, e, ea € R™ ™, ¢, u, ju1, 2 € RV, and z € [0, 1].
(i) Elastically stored energy density:

wele ¢ (R x RN x R; [0,00)) with

Wel(e,e,z) = W ¢, 2), (A1)
Wel(e,c,z) < C(le]* + |c|* + 1), (A2)
nler — es]? < (Weel(el,c, z) — Wel(eg,c,z)) :(e1 — e2), (A3)
[Wel(er + ea, ¢, 2)| < C(WE (e, ¢, 2) + |ea] + 1), (A4)
(Wel(e, e, 2)| < O(lef? + [ef* + 1), (A5)
(Wel(e,e,2)] < C(le] + |ef” + 1), (A5)
Wl(e,c,2)| < C(le* + [e[* + 1). (A6)

(ii) Chemical energy density:
W e CHR;RY) with W (c) > —C,
Weh(e)] < C(lefF 7+ 1) (A7)

(iii) Reaction rate:
Let G € CH(RN x RY) with the following properties:

e The reaction rate R(c, ) := G, (¢, p) is strictly decreasing, uniformly in ¢, i.e.

(Rle.m) = Rle,p2) ) - (1 = p2) < =Cilpin = piof? (48)
and
|R(c, )| < © (A9)
fork=1,...,N.
e The growth condition
[R(e, )] < C (14 [ =070 4 2071, (A10)

is satisfied.
Note that the monotonicity (Ag]) and the boundedness (A9)) implies |R(c,0)] < C and thus, by
Young’s inequality we can extract from (A8)) the estimate

—p- R(e,p) > C(|uf = C1) . (A11)
In addition, due the growth condition (A10)) the following estimate is fulfilled:

Gle,m)] < € (1+]e" =+ u* 7). (A12)

3. LEGENDRE-FENCHEL TRANSFORM AND SUBDIFFERENTIALS

In this section, we will collect some basic facts about the Legendre-Fenchel transform and the
subdifferential. We will apply these results to a special functional which is important to generate
the generalized gradient flow structure of the equations.
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We define the proper, partly convex, and lower semi-continuous functional
A: L2790 RY) x LA RY) - R U {oo}

.A(C, v) — {%(V’U,vv)[,? - fF G(C, v)dw ifv e Hl(Q;RN)
> otherwise.

3)

We observe that the boundary integral [, G(c,v)dw is finite for v € H'(Q;R") and ¢ € LQ#_‘S(F; RY)
due to the assumption (A12) on G.
Furthermore, we introduce the continuous operator

B: L¥ 75(I;RY) x HY(RY) — HY(Q;RN)

(B(c,u),v) = /QVu : Vodx — /r R(c,u) - v dw. (4)

For fixed ¢ € Lz#_‘S(F;RN), the operator B, := B(c, ) is strictly monotone, bounded, and coercive
due to the assumptions on R. Here, the coercivity can be proven using assumption (A11)) to obtain

(Ble,u),u) = |Vl 2 ) — / Rie,u) - udw

(5)
> [[Vul3e @z + C (Il oz — CrH"H(T))

for any u € H'(Q; RY). Then, a special variant of Poincaré’s inequality, namely
lull g1 oryy < C ([IVull L2omyy + ullparryy) (6)

for any 1 < ¢ < 2% (see e.g. Theorem 1.32 of [26]) implies the coercivity. Altogether, there exists a
strictly monotone, bounded, and demicontinuous inverse operator B;1: HY(Q;RN) — H(Q;RY)
(see e.g. Theorem 2.14 of [20]).

Lemma 1. The operator B: LZ#";(F;RN) x HYOQ;RY)Y — HYOQ;RY),
B(c,v*) = B (v*)
1s bounded and continuous.

Proof. The boundedness can directly be seen from estimate (5) and Poincaré’s inequality (@ since

we have for u = B(c, v*)

1B(c, U*)”%F(Q;]RN) <C (HB(Ca U*)||2L2(F;RN) +[IVB(c, v*)H%?(Q;RNO
< C ((B(c, B(c,v")), B(c,v*)) + 1)
< C (Il mn y 1Be, v) | vy + 1)
and thus B
1B(c, )1 (mny < CUI0 [ @umry +1)- (7)
In order to show the continuity, let {(c,,v})} C 71]2#75(I‘; RM) x HY(Q;RY) be a norm converging
sequence with limit (¢,v*). Then, the sequence B(cy,v}) is bounded in H'(Q; RY) and there exists

a weakly convergent subsequence vy, = B(cy,, v, ) = v in H'(Q;RY). Due to the monotonicity of
B, and the continuity of B, it follows for any w € H'(;RY)

0 S <B(anvvnk) - B(anw)vvnk - w>
r = B(e,w), v, —w) + (Blc,w) — Blcp,,w), vn, —w)

= <IU’FL1€
—0in H(QRN)

— (v* = Ble,w),v — w).

Then, Minty’s trick (see e.g. Lemma 2.13 of [20]) yields v* = B(c,v) which is equivalent to v =

B(c,v*). By contradiction we see that in fact the whole sequence {v,,} is weakly converging to v and
it only remains to show the strong convergence of v, in H'(Q; RY). The compactness of the trace
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operator from H'(;RYN) to L2-3 (T; RY) implies the strong convergence of v, in Lz#*‘s(F;]RN).
The growth condition (A12)) yields the strong convergence of R(cp,v,) in L(2#_6)/(F;RN). Using
the definition of B and (4)), we observe

(7%, Blc,5%)) = (B(c, B(c,7")), B(c,7%)) = (VB(c, ), VB(c,7*)) 12 — /F R(c, B(c, 7)) - B(c,7%) dw
(8)

for any v* € H'(Q;RY)’. Thus, we conclude
IVB(cn, v |22 = (vF,v5) + / R(cpn,vp) « Uy dw — (v*,0) + / R(c,v) -vdw = |[VB(c,v*)||%2
r r

which shows the strong convergence of B(c,,,v5) in H(€; RY). Hence, the continuity of B is proven.
O

Note that from and continuity of the trace operator we obtain
1B(e. 0) | ot s gy < CIBE, 011y < C. (9)

Next, we will study the relation between 4 and B. For the proper, convex, and lower semicon-
tinuous functional A. = A(c,-), the following relationship is well-known for v € dom(A,.) (see e.g.
23])

v* € A(v) & (V5 w) r2ryy < AT Ac(v;w) for all w € L2 (Q;RY) (10)
where d* denotes the right-hand directional derivative. For v,w € H'(£;R") the directional deriv-
ative of operator A, at v in the direction w exists and it holds dA.(v;w) = (B.(v),w). Thus, the
relationship (10) turns into

v* € 0A(v) & (V5 w) p2aryy = dAc(v;w) = (B(c,v), w) g1 oy for all w € HY(Q;RY). (11

Hence, we observe that the weak formulation of (1)) and is equivalent to —0dsc(t) € OAqq) (u(t))
for almost all t € (0,T).

Since we want to use variational methods in the following, the (partial) Legendre-Fenchel trans-
form will occur naturally. The transform is defined as

A% L RY) x L2(Q;RY) - RU {oo}
A(e,v") = As(v*) = sup  {(0%,0)2my) — Ac(v) }

veL2(QRY)

= sup {(v*, V) L2 (Q;RN) — Ac(v)} .
vEH(RN)

Since A, is proper, convex, and lower semi-continuous and since L?(£2;RY) is reflexive, we obtain
the equivalence (see e.g. Proposition 4.4.4 of [27])

A(v) < 00, v* € 0A.(v) & AL (v*) < 00, v € DAL (vY). (12)
As a next step, we will examine the map A% in more detail.

Let (c,v*) € L2 =5(I;RN) x L2(€; RY) be fixed. The necessary condition for v € H'(€;RY) to
be a maximizer of the strict concave functional (v*,v)12Qr~y) — Ac(v) is

<Bc(v)7§>H1(Q;RN)' = (&) forall§e HI(Q§RN)~
Since B, is invertible, the unique solution of this equation is given by v = B(c,v*) and since the
functional is strict concave, v must be the unique global maximizer. Thus, it is

A*(e,v*) = (v, B(e,v*)) 2 — Ale, B(c, v"))

= (v*, B(c,v*)) 2 — %(VB(C, v*), VB(e,v*)) 2 + /1“ G(e,B(c,v™))dw.
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Using the equation , this can be reformulated as

A*(e,0") = %(E(c, V), ") +/

r

(G(C,B(c7 v*)) — %R(c,l’f»‘(c7 v*)) - Blc, v*)) dw
and

1 _ _ _ _ _

A*(e,v*) = §(VB(C, v*), VB(c,v*)) 2 +/ (G(c, B(c,v*)) — R(c, B(c,v*)) - B(c,v*)) dw. (13)
r

In particular, it is A%(v*) < oo for every v* € L?(Q; RY). Hence, due to the equivalences in and

in (1), v € dA%(v*) implies v € H'(Q; RY) and v = B(c,v*). In particular, dA%(v*) is a singleton.

Furthermore, we see that A* is continuous as B in H'(Q;RY) and A| Lo —a( are
continuous.

Since A% is convex on L*(Q;RY) and since d.A%(v*) is a singleton, A?* is Gateaux differentiable
(see e.g. Corollary 4.2.5 of [3]) in the sense that the right-hand directional derivative is linear and
continuous. Obviously, then the restriction A¥| 1 (;rN) has also a linear and continuous right-hand
directional derivative and thus, for each v* € H'(Q;R") the subdifferential OA}| 1 (qrn)(v*) C
H(;RYN) is also a singleton. To be precise, it is

OAZ 1 () (v*) = {B(c,v") } . (14)

To conclude the analysis of the functional A*, we prove some estimates of the Legendre-Fenchel

transform. B
Lemma 2. The functional A (v*) + A.(B(c,0)) is uniformly bounded from below, i.e.

D;RN)x HL(Q;RN)

0< %‘/v*dx‘l < A5(0*) + A (B(e,0) + C (15)
Q

for any c € Lz#_‘;(F;RN) and any v* € L?(Q;RY).
Proof. From ({A8) we infer
R(c,t(uF ") £ e¥) - t(uTF ") < R(c, +e") - t(pu F ) — Crt?|p T €
for any standard basis vector e¥ € RY. In consequence, it follows with (A9)
1 1
/ R(c,t(pF )+ ef) - (nFef)dt < / R(c,+e®) - (nFef)dt < CluFe¥|.

0 0

For fixed ¢ € RY and any ;1 € RV, we estimate
1
Glere) = Gleap) = = [ RlevtluF ) eb) - (uF ) e
0
> —ClpF €.

Thus, for any ¢ € L2*~3(T;RY) and v* € L2(2;RY), we obtain due to (9)

A5(*) > (0%, ¥ 2 — Ag(e) = & /

v* - ekdx—F/G(c, +ef)dw
Q r

> :t/Qv*-ekdx—F/F(G(C,B(C,O))—C’|B(c,0):Fek|)dw

> ﬁ:/ ot - Fde — A (B(e,0)) — C.
Q

Hence, it follows
1 _
0<-| / vida| < ALY + AdlB(e,0)) + C.
Q

In particular, A%(v*) + A.(B(c,0)) is uniformly bounded from below. O
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4. Viscous CAHN-HILLIARD REACTION EQUATIONS

As in [II], we will consider boundary conditions of the second type for v and thus u can only
be determined uniquely up to translations and infinitesimal rotations. Therefore, we introduce the
space of infinitesimal rigid displacements

Xird,p = {u € WHP(Q; R™)|there exists b € R™ and a skew symmetric matrix

A € R™" with u(z) = Az + b}

which is known to be the null space of the symmetrized gradient e(v), i.e. of the operator
e: WHP(Q; R™) — LP(Q; R™™)
1
— 3 (Vv + VvT) .
We define the quotient space W1P(;R") == WHP(Q;R™)/Xirap and set e([v]) == e(v) for [v] €
WhP(Q;R™) and any v € [v]. This is possible since e(v) does not depend on the choice of the

representative of [v]. For p = 2 we denote the quotient space as usual by H! (R™) = W2 (4 R™).
Since H'(2;R™) is a Hilbert space, the quotient space is isomorphic to the orthogonal complement

HY(QR™) 2 Xy = {u € H'(QR")|(u,v) g =0 for all v € Xipan} -
In order to simplify the notation, let us introduce some more spaces
C = L>(0,T; H(Q;RY))n HY(0,T; L*(Q; RY))
U. = L=(0,T; WHP(Q; R™))
Uy = L=(0,T; H(Q; R™))
Z, = L°°(O T; WP(Q) N HY(0,T; L*(Q))
L>(0,T; HL(Q)) N H'(0,T; L*(2))
M= LQ(O,T;H (Q;RM))

p fore>0
2 fore=0.

for ¢ > 0. Furthermore, let us write p. = These notations allow us to define a

solution for € > 0 and € = 0 in a unified way.

Definition 3. Let be ¢ > 0 and v > 0. A tuple ¢ = (u, ¢, u,2) € U X C X M x Z, is called a weak
solution of the viscous Cahn-Hilliard reaction equations with elasticity and damage if the following
properties are satisfied:

(i) The initial conditions are fulfilled, i.e. ¢(0) = ¢¢ and 2z(0) = z and the damage process is
irreversible, i.e. 0z < 0.
(ii) It holds
—(Oe(t), &) 2 = / Vu(t) : Védr — / R(c ) - {dw (16)

for all ¢ € H'(;RY) and almost all t € (0,T).
(iii) It holds

(u(t), &)L = ; Ve(t) : VE+ (WP (e(t) + Wele(u(t)), e(t), (1)) + vdre(t)) -&dz - (17)

for all ¢ € H(Q;RY) and for almost all t € (0,T).
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(iv) It holds
/QWSI(@(U(t))aC(t)’Z(t)) ve(€) + ele(u(t) [P %e(u(t)) : e(§)dz =0 (18)

for all £ € WhP=(Q;R") and for almost all ¢ € [0,T].
(v) There exists a function r € L! (O, T; (We=(Q) N LOO(Q))/) such that it holds

/Q (e|Vz(t)[P2 + 1) Va(t) - VE+ (W (e(u(t)), c(t), 2(t)) — a + Bdyz(t)) Eda
> —(r(t),€)
for all £ € WhP=(Q) N L>() and almost all ¢ € (0,T) and
(r(t),§—=2(t)) <0

for all € € WP (Q) N L=(Q) and almost all ¢ € (0,7).
(vi) The energy inequality

Ee(u(t), c(t), (1))
+ /t —adyz(s) + Bldpz(s)* + Alc(s), u(s)) + A*(e(s), =9pe(s)) + v[|0re(s)[[72(yds  (20)
< 55(20700720)
is fulfilled for almost all ¢ € [0, 7] and all ug € WhP=(Q;R").

Let us give some comments on the solution concept for the damage equation using the energy
inequality. It was introduced in [13] since (until now) it seems to be impossible to show 9,z(t) €
WhPe (Q) which would be necessary in order to understand the differential inclusion in a classical way
(compare the comments on this concept in [I8] and the original derivation in [I3]). If the solution
has this additional regularity, the above defined notation of a solution is equivalent to the usual
concept of the differential inclusion.

The rest of this paper is concerned with the construction of such a solution either in the case
e>0ore=0.

Theorem 4 (Existence for € > 0). Let the assumptions - be true. For eache >0, v >0
and each co € H'(Q;RYN) and 29 € WHP(Q) with 0 < 29 < 1, there exists a weak solution q as defined
in Definition @ Additionally, it is possible to choose r € L>(0,T; L*(2)) for s = 1 min(2*, p).

Using this result, we will be able to consider the limit ¢ — 0 to show that there also exists a

solution for the case ¢ = 0. Remark that we still require v to be positive. Later, we will see that
this yields the required regularity in order to perform the limit process. Altogether, this will result
in the following theorem.
Theorem 5 (Existence for ¢ = 0). Let the assumptions (Al])-(A4), and (AG)-(AL0) be true.
For each v > 0 and e = 0 and each cy € H(;RY) and 290 € HY(Q) with 0 < zg < 1, there emists
a weak solution q as defined in Definition @ It is possible to choose v € L*(0,T; L*(Q)) for any
1 <s<o0.

The proof of the existence of a solution of the viscous problem is divided into several steps. For
some details we refer to [I3] and [I4]. In this section, we will always assume £ > 0.

4.1. Construction of time-discrete solutions. Let be M € N and set 7 = % Furthermore, let
up be a minimizer in WHP(Q;R™) of the functional u — &(u, co, 20). Then, we set (ul;, %, 2%;) =
(uo, co, 20), define the convex closed subsets

Q= {(u,c, 2) € WIP(QR™) x HY(QRY) x WHP(Q)[0 < 2 < 1}

and
Q= {(u,c,2) €Qlz < 237"}
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and the discrete energy functional

T QR - R
- - z—zﬁfl c—c]\m[1 _ 1
ET(u, ¢, 2) = E(u,c,2) + ™R () + 7 AN (—) + 1A -1 (B, 0))
T CM T M
v i
+ EHC— 7

Remark 6. The use of A* is the natural generalization of the H~!-norm which is well-known for
the study of the Cahn-Hilliard equation. This functional incorporates the nonlinear gradient flow
originating from the Newton boundary condition for the potential.

i inimi . Foreach (uy, ", ch ", 20 ere exists a minimizer
Lemma 7 (Existence of minimizers). F h(uy =t et 2 e Q, th t

(uly, ey, 25p) € QFy of the functional EY, i.e.

m m m my __ . m
Ex; (uiy, eigs 2hp) = u clz]%ng Ey(u,c, 2).
3Gy M

Proof. We will show that the functional is coercive and sequentially weakly lower semi-continuous.
For the coercivity let (ug, ¢k, zk)r C Q7 be a sequence and C > 0 with E7} (ug, ¢k, 2z,) < C. Then,
it is due to the non-negativity of W', the inequality W (c) > —C and the inequality

1 € 1
§IIV0kII%Q + = (lle(ur)llzs + 1IV2elTs) + = ‘/ cpdz
p n\Ja

1

1 9 T Ck—Cm_l 1 ~
< -||V 2 < p v p r /7Md 7/ m 1d
<3l Ck||L2+p(He(uk)”LP+” 2kllze) + - :r1+n LA

1
< B (up, o, 20) + — /c;cj—ldz Lo<c

Thus, we can apply Poincaré’s inequality to obtain the boundedness of the sequence ¢, in H'(£2;RY).
Together with the constraint 0 < z; < 1, the sequence zj is bounded in WP (©2). The sequence uy,
is bounded in WP (Q; R™) by Korn’s inequality for L? (see e.g. [7]).

The lower semi-continuity follows as in [I3] since the Legendre-Fenchel conjugate is always lower
semi-continuous. (]

Now, we set (uly, clhy, 2hp) = arg MiN(y ¢ 2)eqQy EY (u, ¢, z) and
= cn o —¢ml
uyy =B <ij\}_1’_]\47—]\4> . (21)

In order to shorten the notation, we denote the vector of unknowns by ¢5; = (v, iy, phy, 27) and
introduce

= 1 <
tar(t) 1§12[1111;11\/1 {mr|t < m7}
and
t;[(t) = tM(t) - T.

Furthermore, we introduce the left-continuous and right-continuous piecewise constant interpolants
defined by

if (m — 1) <t <mr,
if (m — 1)1 <t < mr,

. t—ty(t) o t—tu(t)
_ Mmr 7 t - 77
) - pr (£) -
is the piecewise linear interpolant.
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As a next step, we investigate the Euler-Lagrange equations which are satisfied by the approxi-
mations:
Lemma 8 (Euler-Lagrange equations). The approzimations qur, ¢y, and gy satisfy the following
properties:

(i) It holds
(Brear().€) 2 = /Q Vyur(t) : Vedz — /F R(ciy (6), par (1)) - €dw
for all ¢ € HY(Q;RY) and for almost all t € [0,T).
(ii) It holds
(ar(£),8) 2 = /QVCM(t) P VEF (WM (ear(t) + WeH(e(un (1)), ear(t), zar (1))
Fodien (D) - Edr (22)
for all ¢ € HY(Q;RY) and for almost all t € [0,T).
(iii) It holds
wal(e(uM(t))a en(t), 2a (1)) = e(€) +ele(un (8) [P 2e(un (1)) : e(§)dz = 0 (23)

for all € € WEP(Q;R™) and for almost all t € [0,T].
(iv) It holds

0= /Q (Va2 + 1) Van(8) - VE+ (W (e(unr (8)), ear (8), 201 (1)) + B2 (t) — ) €da (24)

for almost all t € [0,T] and for all € € WP(Q) such that there exists a constant v > 0 with
0 <w€+zpm(t) < 2y (t) ace. in Q.
(v) The discrete energy inequality
tar(t) _ v
E(up(t),enr(t), za(t)) +/ R(OZm) + Az&(—atéM) +A (B(cy,0)) + §||8téM||2L2ds
0
< & (1o, co, z0)
is fulfilled for all t € [0,T] and all 4y € WHP(Q;R™).

Proof. Using the assumptions (Al) to (A7) on the constitutive energy densities, we compute the
Gateaux derivatives of & as

(du&(u,c, 2),[€]) = /QWeel(e(u),c7 2) s e(€) +ele(w)|P%e(u) : e(€)dz  for [€] € WHP(Q; R™)

(25)

(de€e(u, e, 2),8) = /QVC :VE+ th(c) &+ Wfl(e(u), ¢, z) - Eda for £ € Hl(Q;RN) (26)

(A€ (u, ¢, 2), &) = / (e|V2zP? +1) Vz - VE+ W(e(u), ¢, z)éda for £ € WHP(Q).
Q

(i) This is fulfilled by construction (see (21)).
(ii) Since (uRy,cqy, z3;) is a minimizer of the discrete energy functional E7; we have

~ " 14 ~
0e ! <5€(uM,cM,zM) +7A (—0¢éar) +T2|8th|%2(Q)) .

M ‘ H(Q;
¢ ( 7RN)
ThuS, uSlng the Chaln rule lt 1S

*

_ —0¢Car).
M Hl(Q;]RN)( tCM)

de€e(unr, e, zar) + v(Oelar, ) p2 (i € OA
The observation implies

(B(C&, 7atéM),U)L2 = (dcgs(uM,cM,zM),v> -+ I/(atéM,’U)Lz
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for all v € H'(;RY). Thus, the definition of yy; and the Gateaux derivative (26]) result
in equation .

(iif) Let be & € WIP(Q;R™) and [¢] the corresponding equivalence class in WP (Q;R") with
¢ € [€]. The necessary condition (dug8 (unr,enry 20 ), [€]) = 0 immediately yields equation
([23) for all £ € WLP(Q;R™).

(iv) The necessary condition for 2§} to be a minimizer in the convex set 0 < z < 2}~ Lis

m—1

<d2(€5(u7]&707]&,zﬂ)7£ - ZJW\}I> + <dz7§’ (M) 7£ - Z]n\}> Z 0

T

for all ¢ € WhP(Q) with 0 < ¢ < szl which is equivalent to condition .
(v) To prove the discrete energy inequality we test ERy with (uy; Lem=t 2mh). Using A%(0) =
—A.(B(c,0)), this yields

m m—1 _ .m—1
eutur i) + 7R (H ) g (LB
T M T
R M— v m m—
+ T A1 (B(chy 10)) + E”CM —Cy 1||2Lz(Q;RN)

=K} (UT/[,CR}[, ZJTI)

<Em(m107]\rzlz]\n}[1)
_g(mlcnj&lzﬁl).

Summing up these inequalities from 1 to M leads to the desired discrete energy inequality.
Remark that we can choose an arbitrary value u3, € W1P(Q;R").

O

4.2. A priori estimates and convergence. The energy estimate leads to the following a priori
estimates.

Corollary 9 (A priori estimates). There exists a constant C > 0 - depending on € and v - such
that

(i) ||UM||Loo(o,T;W1m(Q;Rn)) <C, (iv) ”atéAM”L%QT;]RN) <C,
(i) [lenm Lo, rm1(@ry)) < C, (V) 102mllL2(0p) < C and
(iii) ||zarllpoe 0. rowrry < C, (vi) —C < fOTA;_ (=0en)+ A, (B(cy,0))dt < C

holds for all M € N.

Proof. Using the energy estimate and (15), we immediately obtain the properties (iv]),(v) and
(v) and the boundedness of Vepy(t) in L2(€; RV ™). With the inequality (1F]), we find

‘M(t)
/ dm /CM chr dx /|co| dz
Q

=1
S G it o
<nr Z (A*7:1 <—J\/I7_IVI> +A0311(B(C§Wl,0))) +7TMC + ||COHL1(Q;]RN)

t]u(t)
:n/ A (= henr) + A, (Bler, 0))dt +TC + o]l s )
0

Thus, the mean value of cy/(t) is bounded in L°°(0,T;RY) and Poincaré’s inequality yields the
property (). The property follows from the constraint 0 < z;(¢) < 1 and the boundedness of
Vzp(t) in LP(Q;R™). Property (i) is a consequence of Korn’s inequality. a
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Using compactness arguments we can extract weakly (weakly*, resp.) convergent subsequences
due to the a priori estimates. The details of the proof of the following lemma can be found in [I3].
Lemma 10 (Weak convergence). There exists a subsequence { My} and elements u € U, ¢ € C
and z € Z. such that it holds

(i) wpg, = w in L0, T; WP(Q;R™)) (ifl) 2ar,, 25, — 2z in L0, T; WHP(Q))
(i) canrsCay, e L0, T; HY(Q; RY)) ZMy,» Zpp, — % in L0, T;C(2))
My, Cyp, — € in L9(0, T L¥ —9(Q;RN)) 2, (1), 237, (8) = 2(t) in WHP(Q) a.e.
emy (1), epy, (B) — c(t) in HY(Q;RY) a.e. ZMys Zpp, — % G-€. i Qr
CMy, Cyp, = € a.e. in Qr Zm, — 2z in HY(0,T; L2(2))

éur, — cin HY(0,T; L2(Q; RY))

forany 1 < q < oo andd > 0.

Proof. The proof bases merely on the bounds provided in Corollary |§| and follows the lines of [I3].
The only differences are the second convergence statements of and . But these are just direct
consequences of the Aubin-Lions-Simon theorem (see e.g. [28]). O

For the convergence results obtained in the previous lemma only the boundedness of the energy
functional was needed. As a next step, we will sharpen these convergence results using the discrete
Euler-Lagrange equations. Basically, we will perform the same steps as in [I3] but we have to change
the order of the steps carefully as we don’t have the weak convergence of pys, yet. To simplify the
notation, we will index the subsequences just by M instead of Mj,.

Lemma 11 (Strong convergence of uy;). There exists a further subsequence such that it holds

UM, Uy —> U in LP(0,T; WEP(Q; R™))
e(unr), e(uy,) — e(u) a.e. in Qp
and
upr(t) = u(t) in Wl’p(Q;R") for almost all t € [0,T].

Proof. In each inner product space, the elementary inequality

Cucllz = yll* < ((l2)1*7%2 = [ly]""y) ;= — y) (27)

is valid for ¢ > 2 and some positive constant Cy. > 0 (see e.g. [13]). We will apply this inequality for
g = p in the space of n x n matrices. Testing equation by any representative £ of ups(t) — u(t),
this leads together with (A3]) to

nlleunr) = e(w) 3 gy + eCucllelunr) = ()2, gy gnen)

< /Q (Wsl(e(uM),cM,zM) - Wfl(e(u),cM7zM)) s (e(upr) — e(u))dadt

—I-E/Q (|e(uM)|p_2e(uM) — |e(u)|p_26(u)) s (e(upr) — e(u))dadt

(28)
=/, We'(eunr)s enrs za) = e(€) + ele(unr) [P~ 2e(uar) = e(€)dadt
=0 by
- Wel(e(u), ear, zar) = e(unr — u)dadt — E/ le(u)|P~2e(u) : (e(upr) — e(u))dxdt.
Qr Qrp

Due to Lebesque’s generalized convergence theorem and the assumptions (A2]) and (A4)), the sequence
Wel(e(u), ear, zar) is strongly converging in L?(Q7; R"*™) and thus the weak convergence e(uy) —
e(u) in LP(Qp; R™*™) shows that the right hand side of converges to zero. Therefore, we get the
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strong convergence e(uy;) — e(u) in LP(Qp; R™*™). Since it is up(t), u(t) € WHP(Q;R™), Korn’s
inequality yields the convergence in LP(0, T; WP (Q; R™)).

Due to the continuity of the translation operator, it is clear that u,, also converges strongly
to w in LP(0,T; WhP(Q;R™)). To see this, let & > 0 be given Then, we choose N such that

llunr — u||Lp OTWie@) S = and [Jupr — uM”LP OT PR < & for all M, M > N. Denote

by C' > 0 the bound in LP(0,T; W?(Q; R™)) of the sequence uyp;. Then, it holds with Jensen’s
inequality

T
1) = 5 Ol g

T T\ |? T\|"
§3p_1/0 lu(t) —un(t)]|P + ||un(t) — un (t—M> + ||lun (t M) —um (t—M> dt
N
3 T 5
< =z p—1 WPk P 4 =
<5 I LIk + 5
27 1 N
<35 39 a0 iy
<z
(29)

for all M > max (N7 %NCP). Here, we used the convention ups(t) = 0 for ¢ < 0.
Clearly, we can now extract a subsequence such that e(uns) and e(uj;) converge to e(u) almost
everywhere in Q7 and ups(t) — u(t) in WHP(Q; R™) for almost all t € [0, T]. O

Remark, that the last part of the proof did not use any fact from the specific differential equation.
It bases just on the convergence of uy; in LP(0, T; W'P(;R™)). Tt can be modified without any
changes to an arbitrary Banach space X instead of wtp (Q;R™).

Using the discrete energy inequality of Lemma we can also conclude the strong convergence
of zp in L0, T; WHP(Q)).
Lemma 12 (Strong convergence of zyr). It holds zn, 2y, — z in L0, T; WHP(Q)) for any
1 <q<ooandzy(t) — 2(t) in WHP(Q) for almost all t € [0,T] for the same subsequence as before.

Proof. The proof is the same as in [I3] since it just uses the differential inclusion for the damage
variable. 0

Now, we are able to prove an energy estimate which is stronger than inequality . In comparison
to [13], we have weaker requirements at the moment since we have only the strong convergence of ¢j;
in L9(0,T; L?"~%(; RY)) and not in L4(0,T; H*(€; RY)) and since we have no weak convergence of
. But this is suﬁi(nent for the proof. Remark at this stage, that we need the exponent 4 —4din
the assumption (A7) with positive §.

For this second energy estimate, not only the Legendre-Fenchel transform A* but also the operator
A itself comes into play naturally.

Lemma 13 (Precise energy inequality). For every M € N and every t € [0,T], there exists
Kk (t) € R such that the approximations fulfill

tar(t)
55('(1;]\/[(t), C]\/[(?f)7 ZM(t)) + /0 Ac& (/,LM) + AZX/I (—agéM)dt
(30)

tm t)
+ / / —adiZyr + Bloczar|? + v|0séar|*dadt < E(uo, co, 20) + kar(t)
0 Q

for any ug € WP(Q;R™) with kpr(t) — 0 for M — co. Here, ki is independent of the choice of
uQ-
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Proof. Since it is ERY (uly, ey, 25%) < ER (uhe b, ey, 25%), we obtain with the chain rule

Ee(uny, chps 2hp) < & (?vl CM,ZM)

5( §\n4 CM )
+& NE O Ve A (T N
+ L ny) — E(un]\} L2y

é-
Ex(u

()
(w5

Tt
:

+/ <d E(un ,éM(s),zﬁ71)76téM(s)>ds
(m—1)7

+/ <d25;(ug;—1,cg},zM(s)),atzM(s)>ds.
(

m—1)71

tM(t)

Taking the discrete Euler-Lagrange equations into account, a summation from m = 1 to leads

to

Ec(unr(t), e (t), za(t)) — E(uo, co, 20)

tar t)

IN

(Cj uMaCMaZM) dcgs(uklacMsz)aatéM>dt
0

il (1)

t]yj(t) N
+/ <d05(uM,CM,ZM),8téM>dt
0

t (t) 5 5
+ / <dz€s(u;4, ey En) — A€ (unr, ear, 2 ), 5t2M> dt
0

tjw(t) _
[ (e unsear,2a0). 0 ) e
0

tar(t) -
S — / (/.L]\/[7 —8,561\/[)[,2 + V”@téM”QL’z + <dzR(8t2M), 6t2M>dt + /ﬁ}w(t) + K/?\/[(t)
0

for any ug € WHP(Q; R™). Since it is (par(t), —0séar (1)) 2 = AC& (uar(t)) + AZ],VI(—atéM(t)) due to
the definition of y1ps and A*_, it remains only to find rp/(t) with Ky () + K2, () < k() — 0.
Due to the convexity of xM»—> |z|P and z +— |x|?, we have the estimates
(IV20) P72V 20 — [Vam P2V ) - VOZy <0
and
(Viar — Vaur) - Vyza < 0.

Thus, we conclude
tar t)
< / / (WZEI(U&,CM,,%M)7W§1(UM,CM,ZM)) (%%dedtﬁo
Q
using Lebeque’s generalized convergence theorem. Similarly, we find

tju(t)
/ /We “MaCM,ZM) chl(UM7CM,ZM))'8téM

(WCh M) — WCh(cM)) O¢éprdadt — 0.
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Corollary 14 (Weak convergence of py;). There exists a constant C > 0 - only depending on e
and v - with

a2 0,701 (ry) < €
a function p € L2(0,T; H'(Q;RN)) and a subsequence with ppr — g in L2(0,T; H*(; RY)).

Proof. Since the sequence ks (T') of the previous lemma is bounded, we find a constant Cy > 0 with

T
/ ‘Ac’ (IUM) + Azf (—BtéM)dt < (.
0 M M

Using the definition of s, the definition of A, the reformulation for A* and the
assumption (A1l) on R, we obtain

T
Cy > / Ac* (MM) + Azf (—8téM)dt
0 M w;
T T
= / (V,LLM,V,LLM)LQ(Q;RN)dtf/ /R(C&,MM) - pprdwdt
0 0 I

T
Z/ (Vs Viar) 2y + Cpar, par) 2 rpsydt — CCLTH™ (D).
0

The variant (@ of Poincaré’s inequality yields the desired boundedness. The existence of y and the
weak convergent subsequence is then clear. O

Now, we are able to strengthen the convergence result for cy;.
Lemma 15 (Strong convergence of cys). The subsequences cyr and ¢y, strongly converge to ¢ in

L0, T; HY(Q;RY)) and in L(0,T; LQ#(F;RN)) forany 1 < g < co.

Proof. The previously obtained convergence results allow us to pass to the limit in . Thus, we
see that p and c fulfill

T T
/ (1, &) L2 (rmydt = / / Ve:VE+ (th(c) + Wfl(e(u), ¢, z) + V@tc) -&dx (31)
0 0o Jo

for any &€ € L2(0,T; H'(Q;RY)). Now, we use cy; as test functions in and pass to the limit.
Then, we find

T
| 19eulaa
0
T
= / / WA - CM — (WCCh(CM) + Wfl(e(uM),cM,zM) + V@téM) -eprdadt
o Ja

T
— / / e c— (WCCh(c) + W(e(u), e, z) + vosc) - edadt
0o Ja

T
= / [Vel||2.dt.
0

Thus, due to the uniform convexity of L2(0,T; H'(€2;R")) the convergence of ¢y is in fact strong in
L2(0,T; H(Q;RY)). Together with the boundedness in L>(0,T; H(£;RY)), this yields the con-
vergence in L(0,T; H'(2;RY)) for any 1 < ¢ < oo and consequently also in L4(0, T} L? (T; RN)).
The convergence of ¢, follows again by the continuity of the translation operator (compare and
the comment after the proof of Lemma .

The lower semi-continuity and the partial convexity of A and A* allows us now to prove the (norm
x weak) lower semi-continuity of the integral operators (¢, pu) — Za(c, p) fo w(t))dt and

(atc; ,LL) Lo = fo A* )7 75}0( ))
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Lemma 16 ((norm x weak) lower semi-continuity of the integral operators). It holds

/ .Acudt<hm1nf/ Ay par)d

and
/ A* (e, —0c)dt < hmmf/ A*(cpy, —Oéar)dt

Proof. We define the mappings
A: LNT;RY) x HY (O RY) - R
A(w,0) = A((Jun| 77 sga(wa). ... jww|7 5 sgn(wn)), )
and
A< LMD RY) < L2H(OQ;RY) - R
A*(w,v*) = A* ((|w1|ﬁ sgn(wi), ..., |wN|ﬁ sgn(wN)),v*) .

These mappings are continuous and thus Carathéodory functions. Furthermore, for fixed w €
LY (T; RY) the mappings v — A(w,v) and v* — A*(w,v*) are convex. To simplify the notation, we

set (c1,...,en) = (Jwi]2#-2 sgn(wl) ,Jwn|2# -3 sgn(wy)) in the following. Due to the definition
of A* and B, it is for any v € H(£; RN)

—A(c, B(c,0)) = A*(¢,0) > —A(c,v).
Thus, with estimate (A12) on G and (9)), we find the lower bound

Aw.0) = Ale.o) > Ale.B(6.0)) = 5IVB(e.0)[ ~ [ Gle.Be.0)d
_ #_
> =C (14 1112577, oo, + 1L o>||§2#i(w))

> —C (1 + [Jwllpr ) -

Using additionally the estimates on A* and (@ on |VB(e, 0)|| z2(;rN), We can also bound Ax
from below

Af(w,v*) = A*(e,v*) > —A(e, B(c,0)) — C
1 ~ _
= _§||VB(C, 0)|lz2(0) + /r G(c,B(c,0))dw — C

—C (1 + et )

L2#=8(T;RV)
= —C 1+ [lwllz rmv)) -

Y

Altogether, we can apply Theorem 3.5.50 of [12] to obtain the (norm x weak) lower semi-continuity
of the integral operators
Zi: L0, T; LY(T;RY)) x LYo, T; HY (9 RY)) = R
T

(w,v) — A(w(t),v(t))dt

0
and

T4 LNO,T; LYT;RY)) x LY0, T; L2 (Q;RY)) — R

T
() [ Al o @)
0
which finishes the proof. O
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Before we present the proof of the main result of this section, we cite two lemmas from [I3] which
will help us to pass to the limit in the variational inequality.
Lemma 17 ([I3], Lemma 5.2). Let be p > n, ¢ > 1 and f,( € L0, T; WiP(Q)) with {¢ =0} D
{f = 0}. Furthermore, let be {fam}men C L10,T; Wip(Q)) be a sequence with fpr(t) — f(t) in
WP(Q) as M — oo for a.e. t € [0, T]. Then, there exists a sequence {Cpr}aren € L4(0,T; WJlrp(Q))
and constants vy: > 0 such that
(i) Car — ¢ in L0, T; WHP(Q2)) as M — oo,
(ii) Cpr < ¢ ace. in Qp for all M €N,
(iil) var el (t) < far(t) a.e. in Q for a.e. t € [0,T] and for all M € N.
If, in addition, ¢ < f a.e. in Qp then condition can be refined to
(iii)’ ¢ < far ace. in Qp for all M € N.
Lemma 18 ([13], Lemma 5.3). Let be f € LP (Q;R™), g € L' () and z € Wi’p(Q) with f-Vz >0
a.e. inQ and {f =0} D {2 =0} in an a.e. sense. Furthermore, we assume that

/f-VC+ngx20 for all ¢ € WP(Q) with {¢ = 0} D {z = 0}.
Q

Then
/ f-V¢+gCda > / max{g,0}¢dz  for all { € WHP(Q).
Q {z=0}

Finally, we have now all ingredients to prove the main existence result for ¢ > 0 since the (weak
x norm) lower semi-continuity of A and A* allows us to conclude that the pair (¢, ) solves the
continuity equation for the concentration with the nonlinear Newton boundary condition for the
chemical potential.

Proof of Theorem[{ Using the Fenchel-Young inequality, the (norm X weak) lower semi-continuity
provided by Lemma the weak semi-continuity of the norm and testing equation with pas
and with u, we estimate

T
l// (—8tC, M)LQ(Q;RN)dt
0
T
<y / Au(pt) + A (—dye)dt
0

T T
<vliminf |  A(cy, par)dt +vliminf [ A*(cy,, —0iéar)dt

M—oo [ M—oo [

T T
< vliminf (/ A(cyy, par)dt —|—/ A* (e, —6téM)dt>
0 0

M —o0

M—o0

T
= lim inf (/ / VC]W : VMM (32)
M—o0 0 Q

+ (WcCh(CM) + W (e(unr), enr, ) - pardadt — MM||2L2(0,T;L2(Q;RN))>

T
zliminf/ v(=0¢Car, piar) L2 (ornydt
0

T
_ . ch el . e _ 2
- /0 /sz Ve: Vp+ (W (e) + We(e(u), ¢, z)) - pdadt + 1]1\/1[1;1&f ( ||NM||L2(0,T;L2(Q;RN)))

T
= / / Ve: V4 (WPe) + We(e(u), ¢, 2)) - pdzdt — limsup <||uMH%2(O)T;L2(Q;RN)))
o Ja M—o0
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T
< [ S Tk (W) + We(u)c,2) -t — it (e 30 705
0 Ja M—o00 AR
T
< [ ] ves Vi (W) + Wele(w), e,2) - pdadt = [l vy
0 Q

T
:V/ (=0, ) L2 (rmydt.

0

Thus, in fact all inequality signs are equality signs. In particular, it is fOT(—Btc, 1) r2ryydt =
fOT Ac(u) + A% (—0c)dt. Hence, the Fenchel-Young inequality implies

(=0kc(t), (1)) L2y = A(e(t), () + A™(e(t), =0rc(t))

for almost all ¢ € [0, 7] which is equivalent to the weak formulation of the first equation.

The validity of equation can be obtained from using a density argument. Similarly, we
see that we can pass to the limit in equation to obtain .

As a third step, we want to prove the energy inequality. The basis for the proof is the precise
discrete energy inequality of Lemma Due to the convergence results and the assumptions (A2))
and (A7), Lebesque’s generalized convergence theorem yields E-(qn(t)) — E-(g(t)) for almost all
t € [0,T]. The weak convergence of d;¢pr, O¢Zpr and pps lead with the lower semi-continuity of the
L?-norm and of the integral functionals Z4 and Z 4~ to

¢
/ / —adz + B10yz|2dx + A(c, ) + A*(c, —0c)dt
0 Jo

t t t
= / / —a0¢zdxdt + BHatZHQL?(w;L?(Q)) + / Ale, p)dt +/ A* (e, —0ic)dt
0o Jo 0 0

M —o0

t
< lim inf / / 0By + BlOvia P + A(cry, piar) + A (cry, —Beéar ) dt.
0 JQ

Thus, we can perform the limit process M — oo in the discrete energy inequality and obtain
the desired energy inequality for the continuous case.

It remains to prove the existence of r € L*(0,T; L9(f2)) with ¢ = %min(Z*,p) satisfying of
Definition (). Therefore, let be & € LP(0,T; WhP(Q)) with {¢€ = 0} D {z = 0}. Applying Lemma
provides us with a sequence &y € LP(0,T; W"?(2)) and constants vas; > 0 such that it holds

& =& in LP(0, T; WHP(Q))
and
0> vareém(t) > —zp(t)  ace. in Q for almost all t € [0, 7.
Thus, we can use £/(t) as a test function in (24). An integration from 0 to T leads to
T
/ / (E|VZM|p_2 + 1) Vzn - Ve + (erl(e(uM), CM,ZM) + B80:Zn — a) Eppdxdt > 0.
0o Ja
In this inequality, we can pass to the limit and obtain
T
/ / (e|V2P~2 + 1) Vz - VE+ (WE(e(u), ¢, 2) + B0z — @) Edzdt > 0.
0o Ja
Clearly, this leads for almost all ¢ € [0,T] to

/ (e| V2|72 +1) Vz - VE+ (W (e(u), ¢, 2) + B0z — @) €dz > 0
0
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for all ¢ € WP(Q) with {€ = 0} D {z(t) = 0}. Thus, the requirements of Lemma [18] are exactly
fulfilled and we conclude

/ (€|VZ|P—2 + 1) Vz-VE+ (W;l(e(u), ¢, z) + POz — a) &do
Q
> / (Wfl(e(u), ¢, z)+ B0z — a)+ &dx (33)
{=z(t)=0}

> / (Wfl(e(u),c,z))+§dx
{2()=0}

for any & € W1P(Q) and almost all t € [0,T]. Now, we define 7(t) = —x.1=o (WS (e(u),c, z))+
which fulfills inequality by the above construction. Furthermore, it holds r» € L*(0,T; LI(Q))
and for any ¢ € L3 () and almost all t € [0, 77, it follows

/ r(t) (§ — z(t))dx = f/ (We(e(u), e, 0))+ &dz <0. (34)
Q {=(t)=0}
(]

We conclude this section with two remarks. First, we want to emphasize that the argument in
essentially uses the regularization with v > 0 of the Cahn-Hilliard reaction equation. Without
this trick we are not able to show, that the pair (9;c, 1) solves the equation d;c = Ap with the
nonlinear Newton boundary condition Vur = R(c, 1) since we have neither the weak convergence of
Oréar(t) and pas(t) for almost all ¢ nor the strong convergence of R(cy,, par) on I’ x [0, T7.

The second comment concerns the special choice of r. In particular, it is r = 0 if we assume
Wel(e,c,0) < 0. This corresponds to the situation in which one can use a simpler approach to
deal with the constraint z > 0 (compare [I8] and [I7]). It is possible to neglect the constraint in
the construction of the sequence z,; and show afterwards using a comparison argument that the
constraint z > 0 is fulfilled naturally. Nevertheless, in many physically meaningful models it is
Wel(e, e, 0) > 0.

5. THE LIMIT € — 0

With the results obtained in the previous section we like to study the limit ¢ — 0. As mentioned
before, this is not the complete vanishing viscosity limit since we keep the viscosity v positive. The
energy inequality constitutes the starting point for the analysis. Therefore, let zg € H'(Q) be
the initial damage profile and let 22 € WP(Q) be an approximating sequence with z0 — 2o in H(Q)
and ¢||Vz?2 ||1£,,(Q;Rn) — 0. In the following, we will denote by a subscript € a solution as constructed

in the previous section belonging to € > 0. For e € (0,1] we have for any ug € W'?(Q; R")

t
Ec(ue(t),ce(t), ze(t)) + / / —abyze + BlOyze [P dw + Ac_(pe) + A% (—0ce) + u||6tcs||2L2(Q;RN)ds
0o Jo
S ge(uOu Co, Zgo)

1 €
< E(uo,e0,20) + - lle(u0) s qncoy + ~ V22
<C.

This leads to the following a priori estimates.
Lemma 19. There exists a constant C > 0 - only depending on v - such that

i 1
() [uell poe 0,752 0y = € (v) ¥ ||zell o rawr oy < C,
(Vl) HatcallL2(QT;RN) <C,
(vil) [|Oezellz2(0p) < C and
)

(iii) [leell oo 0,731 (i) < €
° Lo OTHAQRT)) = (vitl) [|pell 20,7501 (mry) < C

)
.. 1
(ii) e» ||us||L°°(o,T;W1=P(Q)) <,
)
(iv) [lzellpoe 0,751 (2)) < C,
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holds for all € € (0,1].

Proof. This follows from the above mentioned a priori estimate (compare the proof of Corollaries |§|

and . O

Using standard compactness arguments we can extract weakly convergent subsequences which we
again index by e.
Lemma 20. There exists a subsequence and a tuple g = (u,c, z, 1) € Uy x C X Zy X M such that it
holds

(i) ue 2w in L0, T; H(Q;R™)) (i) ze = z in L°(0,T; H'(2))

e Te(u.) — 0 in L®(0,T; LP(Q; R7X™)) ze — z in L9(0,T; L ~°(Q))

e7 V2 — 0 in L=(0, T; LP(Q; R™))

(ii) cc = cin L=(0,T; HY(;RY)) 2. (t) = z(t) in HY(Q) a.e.

ce = ¢ in L9(0,T; L ~9(Q; RN)) Ze = z a.e. in Qr

Ce —cin L2#75(O,T; LQ#f‘S(F;RN)) ze = z in HY(0,T; L*())

ce(t) = c(t) in HY(Q;RY) a.e.

Cce — ca.e inQp (iv) pe — pin L2(0,T§ HI(QQRN))

ce — cin HY(0,T; L2(Q;RY))

forany 1 < g < oo andd > 0.

Proof. () and follows directly from the a priori estimates (f), and of Lemma [19] The
convergence results for ¢ and z except for the third statement of (i) and follows exactly the lines
of the proof of the convergence of c¢p; in Lemma [10] since we have the same a priori estimates. The
third statement of is a direct consequence of the a priori estimate of Lemma Last but not
least, to prove the strong convergence of c. in LQ#_5(O,T; LQ#_5(F;RN)) we use the compactness
of the trace operator. The weak convergence c.(t) — c(t) in H'(£2;RY) a.e. implies the strong
convergence c.(t) — c(t) in L2* ~9(I;RY) a.e. Thus, using the boundedness ||cg(t)||L2#,5(F;RN) <
Cllce(®) |l a1 (o;rvy < C we can apply Lebesgue’s dominated convergence theorem to obtain the desired
convergence. (Il

For u. we can strengthen the convergence result using a similar argument as in the proof of
Lemma, [TT1
Lemma 21. There exists a subsequence with

U = U in L2(0,T; H*(; R™))
uc(t) — u(t) in H'(Q;R") a.e.
e(us) — e(u) a.e. in Qr

for any 1 < ¢ < o0.

Proof. We would like to use a representative of the equivalence class u. — u as a test function in
but since the representatives of u(t) are not necessarily in W1?(Q) we need to approximate u.
Therefore, let 4y € LP(0,T; WHP(Q; R™)) be an approximating sequence of u, i.e.

iy, — win L(0, T; H(Q;R™)) for k — oo. (35)
Since k is independent of €, we can choose k. with

eb lle(tr. ) |lr (pimnxny — 0 and k. — oo for e — 0. (36)
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We use any representative & of u. — 4, as a test function in equation and integrate from 0 to
T. Then, the assumption (A3) and the inequality yield

n
§||€(U) - e(ua)”%?(QT;R"X")
< nlle(w) = e )22 @@pimmcn) + nlle(ue) = el )72z mmen) +€Cuclle(us) — (@) 7o mnxn

< nlle(u) = e(@n )17z mnxny
+/Q (We(e(ue), cey 2e) — W (e(iin, ), cey 2e)) + (e(ue) — eliy, )dadt
+ E/Q (leueP~*)e(ue) — le(in, )P~ %e (i, )) « (e(ue) — (i, )) dudt
= nlle(u) — e, |72 (o mmn (37)

+/ Wsl(e(us),cs,zs) s (e(ue — uk,) + ele(u)|P2e(us) : (e(ue — Uy, ))dzdt
Qr

=0 by
- We(e(tg, ), ce, ze) « (e(us) — e(iy, ))dzdt
Qr
— E/QT le(tp, )P 2e(tn,) : (e(ue) — e(iy, ))dadt .

::Il
Due to the a priori estimate and the convergence in , we conclude

- 1 -
|11| < E‘Ie(ukg)Hip(QT;Ran)||e(us) - e(ukE)HLP(QT;Ran)

p—1
1 ~ 1 1 ~
< | erllel@n)ll o @rinxn) e lle(ue)llLr@p ) +ev el )| Lr@rmnrn)
— 0 by (36) < C by [19 ) — 0 by (36)

Furthermore, Lebesgue’s generalized convergence theorem leads with Lemma [20| to the strong con-
vergence

W(e(tg, ), ce, z:) — We(e(u), ¢, 2)
in L2(Qgp; R"*"). The weak-star convergence of u. in L>(0,T; H'(;R™)) yields together with the
convergence in the weak convergence

e(ue) —e(ty,) =0
in L2(Qp; R™*™). Thus, all terms on the right hand side of inequality converge to zero and
it follows the strong convergence e(u.) — e(u) in L*(Qp; R™ ™). As it is u(t) € H'(;R") and
uc(t) € Whr(Q;R"™) ¢ H*(Q;R") for a.e. t € [0,T], Korn’s inequality yields the convergence u. — u
in L2(0,T; H'(Q;R")) and the boundedness statement in Lemma yields the convergence in
L9(0,T; H'(Q;R™)) for any g € [1,00). The convergences u.(t) — u(t) in H'(;R") for a.e. ¢ and
e(us) — e(u) a.e. in Qp are then immediate consequences. O

Now, we are in the position to prove the existence result also for € = 0.

Proof of Theorem[5. With the previously obtained convergence results and Lebesgue’s generalized
convergence theorem, we can perform the limit ¢ — 0 in the integrated version of equation
without problems for any & € L2(0,T; HY(Q;RY)). For ¢ € LP(0,T; WHP(Q; R™)) we can also pass
to the limit in the integrated version of (18). Due to the a priori estimate this leads to

/oT /Q Wel(e(u),c,2) : e(§)dzdt =0
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and a density argument shows also the validity of (18) for all £ € H!(£2;R™). Due to the stronger
assumption (A5’), we can use c. as a test function in (17]) and perform the limit. This yields

/ [Vee||F2dt = / / — WP (ce) = W (e(ue), ¢e, 22) — vOice) - codadt
— / / — W (e) = Wl (e(u), ¢, 2) — vOsc) - edzdt

- / 1Ve||2.dt.
0

Thus, we have the strong convergence c. — ¢ in L?(0,T; H'(Q; RY)) and the equation can be
shown exactly as in the proof of Theorem

As a next step, we will show the existence of a function r satisfying the conditions of Defini-
tion . We recall the choice 7. = —x._)=o (W‘el(e(ug),c&()))+ from the proof of Theorem
Since x._(¢)—o is bounded in L*°(Qr), we can extract a weak-x convergent subsequence with limit
X € L=(Q), Le. o =0 = x in L®(Qr). Now, let & € LP(0,T; W ?(Q)) N L®(Qr) be a test
function. From Lemma 20 we know

- —1
/QT e|Vz|? 2st . Vfdxdt' < €HVZE||IL);,(QT)HVfHLp(QT) — 0.
Thus, taking the limit ¢ — 0 in the integrated version of inequality , we conclude

Vz - VE+ (W e(u), e, 2) + BOyz — a) Edadt > / x (W (e(u), c, O))+ &dadt.

QT QT

We set r =y (Wel(e(u), c, 0))+. Then, it holds r € L(0,T; L'(2)) for any 1 < ¢ < oo and

/ Vz VE+ (We(e(u), ¢, 2) + Oz — ) Edz > / rédx
Q

Q

for any ¢ € H(Q) N L>(Q) and almost all ¢ € [0,7]. Now, let be £ € HL(Q) N L>(Q) and
¢ € L*°(0,T) with ¢ > 0 a.e. on [0,7]. Then, inequality yields

02 [ ([ retie—sutonae) cont = [ nie—zcanat
— o r(§ — z)¢dadt = /OT (/Q r(t)(€ — z(t))dx) ¢(t)dt.

Since ¢ was an arbitrary non-negative function, it also holds 0 > [, 7(¢)(£ — z(t))dx for almost all
te[0,77.

Thus, it only remains to prove the energy inequality. This can again be done similarly as in
the proof of Theorem 4l Due to the weak convergence of d;c., dyz. and . in L?(0,7T; L?)) and of
Vee(t) and Vz.(t) in L? for a.e. t € [0, 7T, the semi-continuity of the L2-norm and of A and A* yield
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(compare proof of Theorem

t
Eo(u(t),e(t), z(¥)) + / / —adyz + Bl0yz|2dx + A(c, 1) + A* (¢, —0c) + u||8tc\|%2(Q;RN)ds
0 Ja

< lim inf Eoluc(t),c(t), z(t))

t
+ / / —a0ze + ﬁ‘at25|2d$ + A(CEa Ne) + -A*(Caa _atca) + VHatCeH%?(Q;]RN)dS
0 JQ

< liin\i(r)lf Ec(ue(t), ce(t), (1))

t
+ / / —adyze + BlOpze[Pda + Alce, pe) + A*(ce, —Opce) + 1/||8tcaH%2(Q;]RN)ds
0 Ja

< lim inf &, (uo, ¢o, 2°
g E\O E( 0 0 5)

= &(uo, co, 20)
for any ug € WLP(Q;R”). The density of WP (Q;R") in H'(€; R™) shows also the validity of the
inequality for ug € H(Q;R"). O

6. CONCLUSION

In this paper, we have shown how to use a generalized gradient structure to deal with a non-linear
Newton boundary condition for the potential in the Cahn-Larché framework. In particular, we have
presented how this gradient structure can be used in order to construct a weak solution by a time-
discretization. For the passage of the limit from the discretization to the continuous solution we use
an additional viscosity term to regularize the solution in the first instance.

Furthermore, we have proven that the whole procedure can be performed simultaneously with the
discretization of an additional doubly nonlinear differential inclusion. In this way, we were able to
construct a solution of a coupled nonlinear system of evolution equations.
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