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Abstract

Complete damage in elastic solids appears when the material looses all its integrity due to high ex-
posure. In the case of alloys, the situation is quite involved since spinodal decomposition and coarsening
also occur at sufficiently low temperatures which may lead locally to high stress peaks. Experimental
observations on solder alloys reveal void and crack growth especially at phase boundaries.

In this work, we investigate analytically a degenerating PDE system with a time-depending domain
for phase separation and complete damage processes under time-varying Dirichlet boundary conditions.
The evolution of the system is described by a degenerating parabolic differential equation of fourth order
for the concentration, a doubly nonlinear differential inclusion for the damage process and a degenerating
quasi-static balance equation for the displacement field. All these equations are strongly nonlinearly
coupled.

Because of the doubly degenerating character and the doubly nonlinear differential inclusion we are
confronted with introducing a suitable notion of weak solutions. We choose a notion of weak solutions
which consists of weak formulations of the diffusion equation and the momentum balance, a one-sided
variational inequality for the damage function and an energy estimate.

For the introduced degenerating system, we prove existence of weak solutions in an S BV -framework.
The existence result is based on an approximation system, where the elliptic degeneracy of the displace-
ment field and the parabolic degeneracy of the concentration are eliminated. In the framework of phase
separation and damage, this means that the approximation system allows only for partial damage and a
non-degenerating mobility tensor. For the approximation system, existence results are established. Then,
a passage to the limit shows existence of weak solutions of the degenerating system.

1 Problem description

Phase separation and damage processes occur in many fields, including material sciences, biology and chem-
ical reactions. In particular, for the manufacturing and lifetime prediction of micro-electronic devices it is
of great importance to understand the mechanisms and the interplay between phase-separation and damage
processes in solder alloys. As soon as elastic alloys are quenched sufficiently, spinodal decomposition leads
to a fine-grained structure of different chemical mixtures on a short time-scale (see [DMO1] for numerical
simulations and experimental observations). The long-term evolution is determined by a chemical diffusion
process which tends to minimize the bulk and the surface energy of the chemical substances. J.W. Cahn and
J.E. Hilliard developed a phenomenological model for the kinetics of phase-separation in a thermodynami-
cally consistent framework known as the Cahn-Hilliard equation [CH58], for which an extensive mathemat-
ical literature exists. An overview of modeling and some analytical aspects of the Cahn-Hilliard equation
can be found in [ElI89]. The recent literature is mainly focused on coupled systems. For instance, physical
observation and numerical simulations reveal that mechanical stresses influence the developing shapes of the
chemical phases. A coupling between Cahn-Hilliard systems and elastic deformations have been analytically
studied in [Gar00, BCD'02, CMP00, Gar05a, Gar05b, BP05, PZ08]. For numerical results and simulations
we refer [WeiO1, Mer05, BB99, GRWO01, BM10]. Phase separation of the chemical components may also
lead to critical stresses at phase boundaries which result in cracks and formation of voids and are of particu-
lar interest to understand the aging process in solder materials, cf. [HCW91, USGO07, GUaMM 107, FK09].



A fully coupled system consisting of the Cahn-Hilliard equation, an elliptic equation for the displacement
field and a differential inclusion for the damage variable has been recently investigated in [HK11, HK10].

However, in [HK11, HK10] and in the most mathematical damage literature [BS04, Gia05, MR06, MT10,
KRZ11], it is usually assumed that damage cannot completely disintegrate the material (i.e. incomplete dam-
age). Dropping this assumption gives rise to many mathematical challenges. Therefore, global-in-time exis-
tence results for complete damage models are rare. Modeling and existence of weak solutions for purely me-
chanical complete damage systems with quasi-static force balances are studied in [BMR09, Miel1l, HK12]
and with visco-elasticity in [MRZ10, RR12].

The main goal in the present work is to prove existence of weak solutions of a system coupling damage
processes to an elastic Cahn-Hilliard system as in [HK11] but allowing for complete damage. The elasticity
is considered to be linear and the system is assumed to be in quasi-static mechanical equilibrium since
diffusion processes take place on a much slower time scale. A weak formulation of the degenerating system
is given in Section 2 while the proof of existence is carried out in Section 3 and Section 4. In the first
step of the proof, a degenerated limit of the corresponding incomplete damage system coupled with elastic
Cahn-Hilliard equations is performed, see Section 3. Due to the additional coupling the passage to the limit
becomes more involved than in [HK12] and a conical Poincaré inequality is used to control the chemical
potential in a local sense.

However, as we will see, the limit functions may not form a weak solution since serious mathematical
difficulties occur in the existence proof when not completely damaged material fragments become isolated
from the Dirichlet boundary. The main idea in [HK12] has been to exclude these loosely parts from the
considered evolutionary problem. The exclusions lead to jumps in the overall energy which have to be
accounted for in the energy inequality. This issue is addressed in Section 4 by using methods from [HK12].
There, maximal local-in-time existence of weak solutions and a global existence result for approximate
weak solutions, which are also introduced in the next section, are proven. In this context, the concept of
maximal admissible subsets needs to be introduced to specify the domain of interest.

In the following, we fix a domain 2 C R", a maximal time 7" > 0 of interest and a constant p with p > n.

A relatively open subset G of € is called admissible with respect to a part of the boundary D C 9 if
every path-connected component Py of G satisfies H" ' (Pg N D) > 0, where H" ! denotes the (n — 1)
dimensional Hausdorff measure. The maximal admissible subset of G is denoted by 2(p (G). With the notion
of maximal admissible subsets, we can formulate our evolutionary system with a time-depending domain in
a smooth setting as follows:

Coupled PDE system with time-depending domain. Find a relatively open subset F C Qp = Q x [0, T
with the property F(t) = QlD(ﬂKt F(s)) and F(s) C F(t) whenever s > t (i.e. F is shrinking) and

functions

c € C}(F;R), u € CX(F;R"), z € C}(F;R), u € C3(F;R)

such that the PDE system
0=div(We(c, e(u), 2)),
¢t = div(m(z)Vp) with p = —Ac+ ¥ (c) + We(c, e(u), 2),
z+E = div(|V2P2V2)+ W (c, e(u), 2)+f/(2)  with& € 01— 0(21),
0<z

is satisfied pointwise in int(F') with the initial-boundary conditions



c(0) = 2, 2(0) = 2° on F(0),

u(t) = b(t) onT'i(t) :=F(t)N D,
We(e(t), e(u(t)),z(t)) - v=0 onTy(t) :=F(t)Nn (02 \ D),
2(t) =0 onT'3(t) :== 0F(t) \ F(t),
Vz(t) - v=0 onT1(t) UT(t),

Ve(t) - v=0 onT1(t) UTy(t),
m(z(t))Vu(t) - v =0 onT1(t) UTs(t).

The solution of the PDE system can physically be interpreted as follows: ¢ denotes the chemical concentra-
tion ratio, €(u) the linearized strain tensor of the deformation w, z the damage profile describing the degree
of damage (i.e. z = 1 undamaged and z = 0 completely damaged material point) and u the chemical poten-
tial. Moreover, W denotes the elastic energy density, ¥ the chemical energy density, f a damage dependent
potential, m the mobility depending on the damage and b the time-depending Dirichlet boundary data for
D.

We assume the following product structure for the elastic energy density:

Wic e,2) = g(z)p(c,€)

with a non-negative function g € C!([0,1];R") such that the complete damage condition g(0) = 0 is
fulfilled. The case g(0) > 0 is treated in [HK11] for constant mobility. The second function ¢ € C!(R x
R2%": RT) should have the following polynomial form

sym
plc,e) =plee+¢?(c) r e+ ¢°(0), (1)
for coefficients ¢! € L(RE ) with ot >0, p? € CL(R; R&) and ¢% € CY(R). Note that homogenous

elastic energy densities of the type
1
W(c,e,z) = 52@(6 —e*(c)) : (e —e*(c))

with e* eigenstrain and C stiffness tensor are covered in this approach. The mobility m € C([0, 1];R™), on
the other hand, should satisfy the following condition for degeneracy, i.e.

m(z) = 0 if and only if z = 0. (2

In the next section, we provide a weak formulation of the above system.

2 Weak solutions and approximate weak solutions

Let 2 C R™ be a bounded C?-domain and D C 92 be the Dirichlet boundary with H"~1(D) > 0. The set
{f > 0} for a function f € W1P(Q) has to be read as {x € Q| f(x) > 0} by employing the embedding
WLP(Q) — C(Q) (because of p > n).

The weak formulation of the PDE system presented here will be based on an energetic approach and uses
the associated free energy £. Let G C ) be a relatively open subset. Then, the free energy on G is given by

1 1
Ealere.2) ;_/ LIVEP o 5V £ W(e) + Wlese,2) + £(2) da
G

3



forc € HY(G), e € L*(G; R and z € WLP(G). We will omit the subscript G in Eg and simply write
£.

In the following, a weak formulation of the system above combining the ideas in [HK11] and [HK12] is
given.

Definition 2.1 (Weak solution of the coupled PDE system) A quadruple (c,u, z, 1) is called a weak so-
Iution with the initial-boundary data (c°, 2°, b) if

(i) Trajectory spaces:

c€ L=(0,T; H'(Q) N H'Y(0,T;(H'(Q)"),  u€ L{Hy00(F;R™),

T

2 € L0, T;WHP(Q)) N SBVZ(0,T5 L*()), p € LiHy joo(F)

with e := e(u) € L?(F;R2X") where F := Ap({z~ > 0}) C Qr is a shrinking set.

Sym

(ii) Quasi-static mechanical equilibrium:
0= [ Welelt)elt),=(0) ) do ®
F(t)

fora.e. t € (0,T) and for all { € H},(Q;R™). Furthermore, w = b on Dy N F.
(iii) Diffusion:

o¢(c—P)dxdt = / m(z)Vp - V¢drdt (4)
Qr F

forall ¢ € L*(0,T; HY(Q)) N HY(0,T; L*(2)) with {(T) = 0 and
/ uCdxr = / Ve V(4 Y (c)¢+ Wele e z)¢de (5)
F F

forall ¢ € L*(0,T; HY(Q)) with supp(¢) C F.

(iv) Damage variational inequality:

0< /F(t) IVz(H)[P2V2(t) - V4 (Wa(e(t), e(t), 2() + f/(2(t) + 022(t))( dw 6

0 < z(t),
0> 07=z(t)

forae.t € (0,T) and for all ¢ € WHP(Q) with ( < 0. The initial value is given by z(0) = 2°.
(v) Damage jump condition:
2H(t) = 2T () py inQ 7)

forallt €0,T].



(vi) Energy inequality:

5(c(t),e(t),z(t))+/0/F()|afz|2+m(z)\w|2dxds+ > T

s€JN(0,t]
t
< ear +/ /( )W}e(c,e,z) : €(Ob) dx ds (8)
0 JF(s

fora.e. t € (0,T), where the jump part Js satisfies 0 < Js and is given by

Js := lim essinf £(c(V), e(d), 2(V)) — e 9)

T—s~ ¥9€(T,s)
and the values ¢} € R satisfy the upper energy estimate
0 < el <&(c(s),e(b(s) +¢), 27 (s)) (10)
forall ¢ € Hllij(s) (F(s);R™).

Remark 2.2 (i) The vector-valued Banach space SBV?(0,T; L?(Q)) can be analogously defined as for
real-valued S BV -functions on a time-interval (see [AFP00]).

The space-time local Sobolev space L?H®, (F;RN) for a shrinking set F, on the other hand, is

x,loc
given by
L?HgleC(F;RN) = {v F— RN’ vt € (0,T], VU CC F(t) open : v|yx (o) € L2(O,t;Hq(U;]RN))}.

For both definitions, we refer to [HK12].

(ii) Under additional regularity assumptions, a weak solution reduces to the pointwise classical notion
presented in Section 1 (cf. [HKI12, Theorem 3.7]).

One aim of this paper is to prove maximal local-in-time existence of weak solutions according to Defini-
tion 2.1. In addition, following the approach in [HK12], existence of global solutions can be shown in an
approximate sense. To be more precise, we use the notation

Py Ap (= > 0)
for a measurable set ' C Qr, a function z € SBV?2(0,T; L?(£2)) and a constant 1 > 0 if the conditions

F(t) D Ap({z~(t) > 0}) forall t € [0, 7],
F(t) =Ap({z~(t) > 0}) forall t € [0, 7]\ | J [t.t+n),

teC

LM (F(H)\Ap({z~(t) > 0})) <nforallt € | J [t,t+n)
teC,«

are satisfied. Here, C,~ denotes the set of cluster points from the right of the jump set J,» of the function
2* € SBV?(0,T; L?(Q)) given by z*(t) := 2(t) Lo, (= (1y>0y) (La © X — {0,1} is the characteristic
function of a set A C X). Roughly speaking, z* is the restricted damage profile of z which takes all
material exclusions into account.



Definition 2.3 (Approximate weak solution) A tuple (c, e, u, z, u) and a shrinking set F C Qr is called
an approximate weak solution with fineness ) > 0 and the initial-boundary data (c°, 2°,b) if

c € L=(0, Ty H Q) NH'(0,T; (H'(2)*), we L7H, 1, (Ap(F);R™),
2 € L=(0,T; WHP(Q)) N SBV?(0,T; L*(Q)), p € LiH,1,0(F),
e € L*(F;R2XM)

sym

with e = e(u) in UAp(F), F =, Ap({z~ > 0}) and properties (ii)-(vi) of Definition 2.1 are satisfied.

The remaining part of this paper is devoted to establish local and global existence results.

3 Degenerate limit of the regularized system

In this section, we will start with a corresponding incomplete damage model coupled to an elastic Cahn-
Hilliard system and perform a limit procedure. For each ¢ > 0, we define the regularized free energy &,
as

1 1
E(c,e,z) = / Z;\Vz|p + §|Vc|2 +VU(c) + We(c,e,2) + f(z)dx
Q

for functions ¢ € H'(Q2), e € L*(Q; R1X") and z € WP(Q). The regularized elastic energy density and
mobility are given by

We(c e, 2) := (9(2) +)p(c, ),
m°(z) == m(z) +e.

From now on, we assume for ¢, ¥ and g the following growth conditions:

L% ()], |@%(c)| < C(1+ |e)), (11)
3 ()], 1% (c)] < C(1+ ), (12)
T (0)] < C(1+[c]*?), (13)
n<g(2) (14)

Here, n, C' > 0 denote constants independently of ¢ and z, and 2* denotes the Sobolev critical exponent. In
the case n = 2, ¥ . has to satisfy an r-growth condition for a fixed arbitrary » > 0 whereas we have no
restrictions on ¥ .. in the one-dimensional case. The function f is assumed to be continuously differentiable.

A modification of the proof of Theorem 4.6 in [HK11] yields the following result.
Theorem 3.1 (¢-regularized coupled PDE problem) Let ¢ > 0. For given initial-boundary data cg €
HY(Q), 20 € WEP(Q) and b. € WEE(0, T; WHo°(Q; R™)) there exists a quadruple q- = (ce, e, 2, jie)
such that

(i) Trajectory spaces:

ce € L0, T; HY(Q)) n HY0,T; (HY(Q))*), u. € L=(0,T; H (Q; R")),
2. € L0, T;WHP(Q) N HY(0,T; L*(Q)), pe € L*(0,T; HY(Q)).



(ii) Quasi-static mechanical equilibrium:
| W) ctuett), 22 (0)  e€)dr =0 (19

fora.e. t € (0,T) and for all ¢ € H},(Q;R™). Furthermore, us = b, on the boundary Dr.
(iii) Diffusion:

/ (ce — )¢ dxdt = m*(ze) Ve - V{da dt (16)
QT QT

forall ¢ € L*(0,T; H(Q)) with 0,¢ € L*(Qr) and {(T) = 0 and
/Q/‘s(t)gdx = /chs(t) -V(+ \I],C(Cs(t))c + Wac(cs(t)a €(ue(t)), z(t))C dx (17)

fora.e.t € (0,T) and forall { € H*(Q).

(iv) Damage variational inequality:

0< /Q |Vza(t)‘p72v,za(t) -V(+ (W‘Z(Ca(t), E(ua(t)), Za(t)) + f/(za(t)) + 87525(75) + Ta(t))gd$
(18)

0 < z(t),

0> Opz(t)

fora.e. t € (0,T) and for all { € WP(Q) with { < 0 where . € L*(Q7) satisfies

re = =X (W (ceve(ue), z2) + f/(2)) " (19)

with xe € L>®(Q) fulfilling x: = 0 on {ze > 0} and 0 < x. < 1 on {z. = 0}. The initial value is

given by z:(0) = 2.

(v) Energy inequality:
Ec(ce(t), e(us(t)), ze(t)) + / ]8t25|2 + mg(zg)|Vu€|2 dxds
Qy

<E( e(ud), 22) + | Welee, e(ue), z:) : e(Opbe) dwds (20)
Q

holds for a.e. t € (0, T) where u® minimizes E-(°, €(+), 20) in H'(€; R™) with Dirichlet data b :=
b:(0) on D.

Proof. The existence theorem presented in [HK11] can be adapted to our situation by considering the viscous
semi-implicite time-discretized system (in a classical notation; we omit the e-dependence in the notation for
the discrete solution at the moment):

0 =div(W5 (<™, e(u™),2™)) + § div(|u™Pu™),
cmo— Cm—l
———— =div(m (") V"),
-

Pt = =A™ + W (™) + WL e(u™), 27) + 66—



m _ ,m—1

+ &+ ¢ =div(|V2" P2V ") + W (™, e(u™),2™) + (™),

with the sub-gradients £ € OI(_ o o) (2™ — 2™ 1) /7), ¢ € DIj o0y (z™) and the discretization fineness T =
T/M for M € N. The discrete equations can be obtained recursively starting from (¢, u?, 20) with u® :=

arg Miny e g1 (QRn), u| p =50 Dﬁ'e(co, u, 2V) by considering the Euler-Lagrange equations of the functional
)
E™(c,u, z) := E(c,u, 2) +/ Z|Vu\4d:c
Q

2
LT
2 ( L%Q))

defined on the subspace of W14(Q; R™) x H' () x W1P(Q) given by the conditions u|p = b(m7)|p,
Joc—cdz=0and0 < z < 2™ ! ae. in Q. The scalar product (-, ) x(:m-1 1s given by

2 2

m—1

m—1 c—c

m—1 c—c

X(mel)

+
L2()

T T T

(u, v)X(szr) = <m€(zm*1)VA*1u, VA7111>L2(Q)

with the operator A : Vo — Vp, Au := (m® (2™ 1)V, V'>L2(Q) and the spaces

%:={<6H1<Q>|/<dx=0},

Vo= {C € (HYQ) [ (¢ 1) (rsyercan =0}

After passing the discretization fineness to 0, i.e. 7 — 0T, we obtain the corresponding equations and in-
equalities for (15)-(20). A further passage 6 — 0 yields a weak solution as required. U

We will need the I'-limit of the reduced energy functional of & in order to gain a suitable energy estimate
in the limit ¢ — 0. Define the reduced energy functionals €. and F. by

min (¢, e(E+(),2z) if0<2<1,
€.(c, &, 2) = q CEHDUR)

00 else,

min  F.(c,e(§+(),2) if0<2z<1,

35(07 ga Z) = CeHlD (Q;R")
o0 else
with F.(c, e, z) := fQ (c,e,2)dx. The I-limits of €. and F. as ¢ — 07 exist in the topological space

HL(Q) x WL (Q;R") x Ww’p (©2) and are denoted by € and §, respectively. Here, HL(€2) denotes the
space H!(£2) with its weak topology. The limit functional § is needed as an auxiliary construction in the
following because it already captures the essential properties of €. In the next section, we are going to prove
some properties of the I'-limit € which are used in the global-in-time existence proof.

r . .
Let (2,02, 20) — (8%, 2%) ase — 0" be a recovery sequence for €. — €. In particular, ¢? — ¢ in

HY(Q), b0 — 8% in WHo(Q; R?) and 20 — 2V in W1P(Q). Furthermore, we set be := b — b0 + b2, For

each ¢ > 0, we obtain a weak solution (c., ue, 2, pie) for (c2, 22, b.) according to Theorem 3.1.

Applying Gronwall’s lemma to the energy estimate (20) and following the argumentation in [HK12, Lemma
4.15] for the variables e, and z., we gain the following a-priori estimates:



* supefo,r) lle= ()| 1) < € W= (ees ee, ze) |l oo 0,130t () < Cs

[ecll L2 (@prnxny < C
with /6\5 = 651{25>0}’

° Hms(zf)l/Qvué”LQ(QT;R”) S C’

* NOecell 2o,y < IIm°(2e) Vel L2(@rirn)
SUP¢elo,T] Hze(t)HWLP(Q) <C, <C.

* 0ezel 2000y < C,

These estimates, Aubin-Lion type compactness theorems [Sim86], the variational inequality (18) and an
approximation argument yield the following convergence properties (cf. [HK12]):

Lemma 3.2 There exists functions

(i) c € L0, T; H'(Q)) (iii) z € L0, T; W'P(Q))
NHL(0,T; (H(Q)%), NH'(0,T; L*(Q)),
z is monotonically decreasing

(ii) e € LQ(QTS R™>™), with respect to t, i.e. Osz < 0,

and a subsequence (we omit the index) such that for e — 0

(a) ce — cin HY(0,T; (H*(Q))*), (d) & — €in L2(Qp; R™M),

ce —cin L"(Qr) forall 1 <r < 2%,
ce(t) — c(t) in H () for all t,

W%(Csa €e, Za) - WE(C, /6\, Z)
in L?({z > 0}; R™*"),

VV,%(CEa €e, Za) — 0

in L2({z = 0}; R™*™),
VV’%(CE, €e, Za) - WC(C, /é, Z)
in L2({z > O R,
VV,%(QEJ €e, Z&‘) - 0

in L?({z = 0}; R™xn),

c. — ca.e. in Qr,

(b) z- — zin HY(0,T; L*(Q)),
ze — zin LP(0, T; W1P(Q)),
z(t) = z(t) in WHP(Q) for all t,

2e — 2 in Qr,

(c) be — bin WHL(0,T; Whee (Q; R™)),

To obtain a-priori estimates for the chemical potentials { .. } in some local sense, we make use of the conical
Poincaré inequality for star-shaped domains cited below.

Theorem 3.3 (Conical Poincaré inequality [BK98]) Suppose that 2 C R" is a bounded and star-shaped
domain, r > 0 and 1 < p < co. Then there exists a constant C = C(€Q, p,r) > 0 such that

/ w(z) — wa g 76" (2) de < C / V()" (x) da
Q Q
for all w € C1(Q), where the 8" -weight wq s- is given by

wosr = /Qw(x)ér(x) dz, d(z) := dist(x,09Q).

By a density argument, the statement is, of course, also true for all w € WP (Q2) which will be used in this
paper.



Lemma 3.4 (A-priori estimates for .)

(i) Interior estimate. For every t € [0, T and for every open cube QQ CC {z(t) > 0} NS, there exists a
C > 0 such that forall 0 < e < 1

el 20,601 (@) < C- (21)

(ii) Estimate at the boundary. For every t € [0,T] and every zo € {z(t) > 0} N 0N, there exist a
neighborhood U of xq and a C > 0 such that for all 0 < ¢ < 1

el 220,651 (R0 < C- (22)
Proof.

(i) We consider the smooth domain Q := B, (Q) = {z € R"|dist(x, Q) < e}, where > 0 is chosen
so small such that Q CC {z(¢) > 0} N Q. Testing (17) with the H*(£2)-function

(@) = {g(x) = dist(z,0Q) ifz € Q,

else,

and using the previous a-priori estimates yield boundedness of
ps o= pe(z,8)d(z)de < C (23)
Q.0 )

with respect to a.e. s € (0,7) and € € (0, 1).

There exists an 7 > 0 such that z.(s) > n in Qforall s € [0,¢] and for all 0 < ¢ < 1 (see [HK12,
Corollary 4.17]). Thus, by assumption (2), m¢(z<(s)) > 7' > 0 holds in Q for all s € [0,] and
all 0 < ¢ < 1 for a common constant 77 > 0. Consequently, we get by the a-priori estimate for
me(zg)l/Qv/J/E

IVitell L2 Gxjoy < © (24)

foralle € (0,1). Applying Theorem 3.3 (we plugin Q = Q, 7 = p = 2and w = p.(s) for s € [0,]),
integrating from 0 to ¢ and using boundedness properties (23) and (24), we obtain boundedness of
|16l 2 (@x[0,)) and thus boundedness of |12l 22(@x[0,4) With respect to 0 < & < 1. Together with
(24), we get the claim (21).

(ii) By the properties of the domain, we can find a neighborhood U C R™ \ {z(t) = 0} of 2 and a
C2-diffeomorphism 7 : (—1,1)" — U with the properties
(-1, 1) x (=1,0)) €
e w((—=1,1)" 1 x {O}) [)9]
 m((=1,1)"7 % (0, ))QR”\Q

Let 9 : (—1,1)" — (—1,1)" denote the reflection z + (1,...,2,_1, —2,) and 7 := Tod o ?
Furthermore, let /i € L%(0,t; H'(U)) be defined by

- pe(, s) ifxeUNQ,
fe(x, s) == . _
we(7T (x),s) ifxelU\Q.
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Let (Q CC U be a non-empty open cube with zy € (). Then, integration by substitution with respect
to the transformation 7 yields

/Q el )60y de = [ e, 5)o(a) do

QN

[ el )3T (@) det(VT (2] do 25)
T(Q\Q)

with 0(z) := dist(x, 0Q). Here, we have used 7 o 7 = Id. Testing (17) with
(= ]lngé S Hl(Q)

and with

and using the a-priori estimates, both terms on the right hand side of (25) are uniformly bounded with
respect to ¢ € (0,1) and a.e. s € (0, 7). Note that the property | det(V7T)| € H'(U) is based on the
assumption that ) has a C2-boundary. For V[i., we also get by integration via substitution:

¢
//\Vﬁe(as,s)deds
0 J@Q

t t
§/ / \V,ug(a:,s)\deds—i—/ / (Ve (T (), 8)*|VT (x)|* dz ds
0 JQNQ 0 JR\Q

t t
:// |V,u5(m,s)\2dxds—|—// Ve (z, 8) 2 IVT (T (2))|?| det(VT (x))| dz ds.
0 JNQ 0 JT(Q\Q)
(26)

We know that V. is bounded in L2((Q N Q) x (0,%); R™) and in L2(7(Q \ ) x (0,t); R™) with
respectto 0 < e K 1by QN Q,7(Q \ Q) cC {z(t) > 0}, by assumption (2) and by the a-priori
estimates. Therefore, the left hand side of (26) is also bounded for all 0 < ¢ < 1. The Conical
Poincaré inequality in Theorem 3.3 yields boundedness of ji.8 in L?(Q x (0,t)). Finally, we can find
a neighborhood V' C @ of x¢ such that ji. is bounded in L2(0,t; H(V)).

O

Due to the a-priori estimates for {yu.} and {u.}, the limit functions p and u can only be expected to be
in some space-time local Sobolev space L? H ;’100 (see Remark 2.2). In the sequel, it will be necessary to
represent the maximal admissible subset of the not completely damaged area, i.e. Ap({z > 0}), as a union
of Lipschitz domains which capture some parts of the Dirichlet boundary D. Following the argumentation
in [HK12], we define the shrinking set ' := {z > 0} and obtain the following result.

Lemma 3.5 (cf. [HK12, Lemma 4.18]) There exists a function u € Lt2 H!

xyloc@l(F); R™) such that e(u) =
ea.e. inAr(F) and u = b on the boundary T'p N Ap(F).

A related result can be shown for the sequence {1} by exploiting the estimates in Lemma 3.4. To proceed,
we recall a basic definition from [HK12].

11



Definition 3.6 (cf. [HK12, Definition 4.1]) Let H C  be a relatively open subset. We call a countable
family {Uy} of open sets U, CC H a fine representation for H if for every x € H there exist an open set
UCR"withx € U and an k € N such that U N Q2 C U,.

Lemma 3.7 Let a sequence {t,,} C [0,T] containing T be dense. There exists a fine representation
{UM}ken for F(ty,) for every m € N, a function p € LIH, (F) and a subsequence of {u.} (also
denoted by { . }) such that for all k,m € N

pre — pin L*(0, ty; HY(UM)) (27)

ase — 0t.

Proof. A fine representation {U}" } .cn of F'(t,,) can be constructed by countably many open cubes @ CC
F(t,,) N Q and of finitely many open sets of the form U N € such that U satisfies (22) from Lemma 3.4 (ii).
For each k, m € N, we have the estimate

”Ms”L?(O,t;Hl(U,T)) <C

for all 0 < € < 1 by Lemma 3.4. By successively choosing sub-sequences and by a diagonal argument, we
obtaina p € L2H! , (F) such that (27) is satisfied (cf. proof of [HK12, Lemma 4.18]). O

x,loc

The a-priori estimates and the convergence properties of {z.} in Lemma 3.2 and of {x.} in Lemma 3.7,
respectively, yield the following corollary.

Corollary 3.8 It holds for e — 0 :

m(ze) Ve — m(2)Vpin L*(F;R™),
m(z:)Ve — 0in L*(Qr \ F;R™).

Now, we have all necessary convergence properties to perform the degenerate limit in (15)-(20). To proceed,
we need the following auxiliary result.

Lemma 3.9 Let {t,,} and {U]"*} be as in Lemma 3.7. Then, for every compact subset K C F there exist a
finite set I C N, values my, € N, k € I and functions 1, € C"O((TT), k € I, such that

(i) KNQr € Upe; U™ % (0,tm,,),
(ii) supp() € U™ X [0, by,
(i) D pertr =1lon K.
Proof. We extend the family of open sets { V)" } given by V" := U} x (0, t,,, ) in the following way. Define
P = {{W,;”} W C R™ " is open with W™ N Qp = U™ x (O,tmk)}.

We see that P is non-empty and every totally ordered subset of P has an upper bound with respect to the
”<* ordering defined by

(Wi < {W™} < W C W forall k,m € N.
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By Zorn’s lemma, we find a maximal element {f/km} It holds
Fc |J v (28)
k,meN
Assume that this condition fails. Then, because of F' N Qp = Uk,meN V", there exists a p = (z,t) €
FNoQr) withp & U e Vi

Let us consider the case t < T. Since F' C Qrp is relatively open, we find an mo € N with x € F(t,,,) and
tmo > t. By the fine representation property of {U;"* }ren for F'(t,,,), we find an open set U C R™ with
2 €Uand kg € Nsuchthat U N Q) C U,Z;O.

The family {W,g”} given by
o V" UU X (=00, tmy)  if k = ko and m = my,
k v else,

satisfies {/V[\?,;”} € Pand p € Uy men Wg" which contradicts the maximality property of {Vkm}
In the case t = T, we also find kg, mo € N and an open set U C R" with z € U such that U N ) C U,?;O
and t,,, = T'. The family {W,T} given by

—  [VPUUxXR ifk=koandm = my,

Wk = ~

Vi else,

also contradicts the maximality of {?km} Therefore, (28) is proven.

Heine-Borel theorem yields

KclJwm
kel
for a finite set I C N and values m; € N, k € I. Together with a partition of unity argument, we get
functions v, € C*°(Q7) such that (i)-(iii) hold. O

The degenerate limit e — 0 can be performed as follows:

* We define the strain by e := €|p € L?(F;R"*") and obtain for the remaining variables
c€ L>(0,T; HY(Q)) N H'(0,T; (H'(Q))*), u€ LH,0.(Ap(F);R™),
2 € L¥(0,T;WHP(Q) N HY (0, T LX(Q),  p € LiHy joc(F)
with e = e(u) in A(F).
e Passing to the limit ¢ — 0" in (15), (18) and (20) imply properties (3), (6) and (8) as in [HK12].
* Using Lemma 3.2 (a) and Corollary 3.8, we can pass to € — 0% in (16) and obtain (4).

Let ¢ € L%(0,T; H(€2)) with supp(¢) C F be a test-function. Furthermore, let {1/;} be a partition
of unity of the compact set K := supp(¢) according to Lemma 3.9. For each [ € N, we obtain
supp(Cy) € U™ x [0, tyy,,]. Then, integrating (17) in time from 0 to ¢,,,, testing the result with 1)y
and passing to ¢ — 0 by using Lemma 3.2 and Lemma 3.7 show

tm tm
/0 /Q,U,C’(/Jl drds = /0 /QVC- V() + ¥ (c)Cr + We(c, e, z) Yy da ds.

Summing with respect to [ € I and noticing »~,.; ¥ = 1 on supp(() yield (5).
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In conclusion, the limit procedure in this section yields functions (c, e, u, z, ) with e = €(u) in 2Ap(F") and
which satisfy properties (ii)-(vi) of Definition 2.1. In particular, the damage function z has no jumps with
respect to time. We cannot ensure that {z > 0} equals 2p({z > 0}) and, moreover, if F\2p({z > 0}) # 0,
it is not clear whether u can be extended to a function on F' such that e = €(u) also holds in F'. This issue is
addressed in the next section where such limit functions are concatenated in order to obtain global-in-time
approximate weak solutions by Zorn’s lemma.

4 Existence results
In this section, we are going to prove the main results in this paper. The proofs are based on [HK12].

Theorem 4.1 (Maximal local-in-time weak solutions)

Letb € WHL(0, T; Whee (Q;R™)), ¥ € HY(Q) and PANS Wl’p(Q) with 0 < k < 20 < 1in Q be initial-
boundary data. Then there exist a maximal value T > 0withT < T and functions c, u, z, {1 defined on the
time interval [0, T ] such that (¢, u, z, p) is a weak solution according to Definition 2.1. Therefore, if T<T,
(c,u, z, ) cannot be extended to a weak solution on [0, T+ el.

Proof. Zorn’s lemma can be applied to the set

P .= {(f7 cuy z, 1) |0 < T < T and (c,u, z, p) is a weak solution on
[0, f] according to Definition 2.1}

to find a maximal element with respect to the following partial ordering

(Th, eryun, 21, ) < (T e,u9, 22, p2) & Ty ST, e g 73 = €1, uzl 7y =,

Z2|[O,T\1} = 21, “2|[0,ﬁ} = H1- (29)

Indeed, P # () by the result in Section 3. More precisely, since z € L°(0, T; W1P(Q)) N H(0,T; L*(Q))
and since 0 < x < 2%, we find an € > 0 such that {z(¢) > 0} = p({z(t) > 0}) forall t € [0, £]. For the
proof that every totally ordered subset of ‘P has an upper bound, we refer to [HK12]. O

The proof of global-in-time existence of approximate weak solutions requires a concatenation property (see
Lemma 4.4) which is, in turn, based on some deeper insights into the I'-limit €. To this end, it is necessary

to have more information about the recovery sequences for §. L 5.

We will introduce the following substitution method. Assume that v € H'(€Q; R") minimizes F.(c, €(-), z)
with Dirichlet data £ on D. Then, by expressing the elastic energy density I¥ in terms of its derivative W,
1.e.

1
W—fW e+22cp 2(c) s e+ 2¢°(c),

and by testing the Euler-Lagrange equation for u with ( = u — u for a function # € H'(£2;R") with u = &
on D, the elastic energy term in . can be rewritten as

[ weteccturas = [ (o) +2) (solf(u): e(i) + 5020 : ((U)+6(ﬁ))+s@3(0)> de.  (30)
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For convenience, in the following proof, the density W is defined as

We(ererer,)i= (9(a) +2) (e ser+ 3020 (e en) +%0) )

Lemma 4.2 For every c € H'(2), £ € W1°(Q) and z € WP (Q) there exists a sequence 5. — 0T such
that (c,€,(z — 6:)") — (¢, &, 2) is a recovery sequence for F- Lz

Proof. We follow the idea of the proof in [HK12, Lemma 4.9]. But here we have an additional concentration
variable which complicates the calculation. Let (c., &:,2:) — (¢, &, z) be a recovery sequence such that
(2 — 8:)T < z for some sequence J. — 0. Consider

&s(cvfa (Z - 5a)+) - &5(067557 Zs) = %6(6757 (Z - 5€)+) - 35(0757 Zs) +§€<07€7 Za) - 38(067567 Ze) .

Ac Be

Since A: < 0, we focus on the second term of the right hand side. Let u.,v. € H E(Q; R™) be given by

ue = argmin Fo(c,e(§4+(),2:), ve= argmin F(ce, (& + (), 2).
CEHL (QRM) CEHL(RM)

Using (30) for (¢, § +ue, 2. ) with test-function u = v, and (30) for (ce, & +ve, 2 ) with test-function v = u,,
we obtain a calculation as follows:

B _f(c 6(5"’”6) )_]:(Caa (5&“‘”&) Z&‘a)
/Wc e(E+ue),e(€+ve), 2. +¢€) — (Cs, (& +ve),e(&e +ue), 2e +e)de

= [ a0ee) + €) (el + ) s e+ 1) = @lele 1) el +v0)

+ 1902(0) : 6(2§ + ue + Ue) - %‘PQ(CS) De(26 v Fue) + 903(0) - ‘Pg(ca)) dx

2
= [(002)+ ) (¢1e©)+ el€) = 91el6e) s el6e) + el 0 g — &)
F () 1 el€ — E) + 5 (#2(0) — 2 (ex)) 1 26 + e +v2) + 67(0) — o)) da

< [0 + (el el6) ~ el s (60) + 0 g =€) + ¢¥(0) — ¥(ea)) do
Q
+1(g(z2) + €)@ e(ue +ve) | 2@y lle(€ — )l L2 @)
+ %H@Q(C) - @Q(Ca)HB(Q) <H(g(z€) +e)e(€e + ue)llr2() + [1(g(2e) + €)e(ée + Ua)HL2(Q)>
Using the convergence properties c. — cin H'(Q), & — € in WH(Q), z. — z in WHP(Q) and the

boundedness of F.(c, €(§+u.), z-) and F(ce, €(§-+ve ), z-) with respect to €, we conclude lim sup,_, g+ B: <
0. The claim follows as in [HK12, Lemma 4.9]. U

r . . .
Remark 4.3 The knowledge of such recovery sequences for §. — T gives also more information about €.
In particular, we obtain an analogous result for € as in Lemma 4.2 and, moreover, the following properties
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(cf- [HK12, Corollary 4.10, Lemma 4.11]):

° QE(C,S,]IFZ) S Q:,(C,é-,Z) \V/C € Hl(Q), V§ € WLOO(Q,RTL), \V/Z € Wl’p(Q)
VF C Qopenwith 1pz € WHP(Q),

. (e, 2) < E(c, e(u), 2) Ve € HL(Q), VE € WLR(QRY), Vz € WL (Q) with
0<z<1,VueHL ({z>0R") withu=~EonDnN{z>0}

Lemma 4.4 (cf. [HK12, Lemma 4.21]) Lett; < to < t3 be real numbers and let n > 0. Suppose that

q:= (¢,e,u,z, u, F) is an approximate weak solution on [t1,ts],

q:= (¢,e,u,z,u, F) is an approximate weak solution on [ta, t3]

with ¢, = Q:,(/C\(tg),g(tg), Z"(t2)) (the value ¢, for q in Definition 2.1).

Furthermore, suppose the compatibility condition ¢(ta) = ¢(t2) and Z* (t2) = Z (t2) Loy, (- (12)>0}) and
the Dirichlet boundary data b € WL (ty, t3; WH*(Q; R")).

Then, we obtain that q := (c, e, u, z, u, I') defined as q|y;, 1,) := q and q|, 4,) = q is an approximate weak
solution on [t1,t3).

Proof. Because of the properties in Remark 4.3 we can prove the following crucial energy estimate at time
point t5:

lim essinf E(¢(7),e(7),2(7)) = lim essinf E(c(7),e(7), 2™ (1))

s—ty TE(s,t2) s—ty TE(s,t2)

> lim essinf E(c(7), e(u(r)), 27 (7) Loy (12— (r)>01))

sty TE(s,t2)

> lim essinf &(c(7),b(7), 27 (T) Lo, ({z- (r)>0}))

€(c(t2), b(t2), x)
€(c(t2),b(t2), 2" (t2))

with x = Z_(tg)]lm (e 1) AD ({2~ (7)>0})¢ With this estimate, we can verify the claim by the same argu-
T 1,2
mentation as for [HK12, Lemma 4.21]. O

>
>

Theorem 4.5 (Global-in-time approximate weak solutions)

Let b € WH(0,T; Whee(Q;R™)), < € HY(Q) and 2° € WHP(Q) with 0 < 2° < 1in Q and {2° >
0} admissible with respect to D be initial-boundary data. Furthermore, let 1 > 0. Then there exists an
approximate weak solution (c, e, u, z, ju) with fineness n > 0 according to Definition 2.3.

Proof. This result can also be proven by using Zorn’s lemma on the set

P = {(f, ce u,z, puy F) [0 < T < T and (c,e,u, z, u, F') is an approximate weak solution on

[0, f] with fineness 7 according to Definition 2.3}

with an ordering analogously to (29). The assumptions for Zorn’s lemma can be proven as in Theorem 4.1
(see [HK12, Proof of Theorem 4.1]). To show that a maximal element from P is actually an approximate

16



weak solution on the time-interval [0, 7], we need the concatenation property in Lemma 4.4. Indeed, if a
maximal element ¢ is only defined on an time-interval [0, f] with T < T we can apply the degenerated limit
procedure in Section 3 to the initial values ¢(7T") and z(T') to obtain a new limit function g. By exploiting
Lemma 4.4, ¢ is an approximate weak solution on the time-interval [0, T + g] for a small £ > 0 which

contradicts the maximality of q. (I
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