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Abstract

In this paper, we analytically investigate multi-component Cahn-Hilliard and Allen-Cahn systems which
are coupled with elasticity and uni-directional damage processes. The free energy of the system is of the
form [, 3TVe: Ve+ 1V + W (c) + W (e, ¢, 2) dz with a polynomial or logarithmic chemical energy
density W°", an inhomogeneous elastic energy density W*° and a quadratic structure of the gradient
of the damage variable z. For the corresponding elastic Cahn-Hilliard and Allen-Cahn systems coupled
with uni-directional damage processes, we present an appropriate notion of weak solutions and prove
existence results based on certain regularization methods and a higher integrability result for the strain
e.

1 Introduction

Phase separation and damage are common phenomena in many fields, including material sciences, hydrody-
namics, biology and chemical reactions. Such microstructural processes take place to reduce the total free
energy, which may include bulk chemical energy, interfacial energy and elastic strain energy.

The knowledge of the mechanisms inducing phase separation and damage processes is very important for
technological applications as for instance in the area of micro-electronics due to the ongoing miniaturiza-

tion. The materials used in this area are typically alloys consisting of mixtures of several components (cf.
[HCWO1]).

Phase separation and damage processes are usually described by two separate models in the mathematical
literature. To describe phase separation processes for alloys, phase-field models of Cahn-Hilliard and Allen-
Cahn type coupled with elasticity are well adapted. On the other side, damage processes for standard
materials are often modeled as unilateral processes within a gradient-theory. A phase-field approach which
describes both phase separation and damage processes in an unifying model has been recently introduced in
[HK11].

The main objective of this work is to prove under general assumptions existence results for multi-component
systems where Cahn-Hilliard as well as Allen-Cahn equations are coupled with rate-dependent damage dif-
ferential inclusions for elastic materials. We are interested in free energies of the system which may contain
a chemical energy of logarithmic or polynomial type, an inhomogeneous elastic energy and a quadratic term
of the gradient of the damage variable. To this end, we establish some regularization methods which enable
us to show existence results for gradient terms |Vz|P of the damage variable z in the free energy even if the
assumption p > n (n space dimension) is dropped. In contrast to [MR06, HK11| now the physical meaningful
term |Vz|? can be treated, cf. [Fre02]. In addition, we also provide a higher integrability result for the strain
tensor. Therefore, chemical free energies may also have logarithmic structure such that we are not restricted
to polynomial growth as in [HK11]. We focus on the modeling of rate-dependent damage processes but the
results of this work can extended to rate-independent systems (i.e. the dissipation potential is homogeneous
of degree one) by some modifications. In the following, we will introduce the model formally.

The elastic material we want to consider in this work is an N component alloy occupying a bounded Lipschitz
domain 2 C R". To account for phase separation, deformation and damage processes in one model, a state
at a fixed time point is described by a triple (u, c, z) where u :  — R™ denotes the deformation, ¢ :  — R¥
the vector of the chemical concentrations and z : 2 — R the damage variable. The meaning of the variables
and its governing evolutionary process is explained in the sequel more explicitly.



The mixture of the alloy is described by a phase field vector ¢ = (c1,...,cn), where the elements ¢ for
k=1,...,N, denote the concentration of the component k. Therefore, we will restrict the state space for ¢
to the physically meaningful condition Z;\Ll c; = 1in Q. The constraint ¢, >0, k=1,..., N, in Q is also
used for logarithmic chemical potentials (see below).

If an alloy is cooled down below a critical temperature then usually spinodal decomposition and coarsening
phenomena occur. Well established models for describing such effects are the Cahn-Hilliard and Allen-Cahn
equations, which describe mass preserving and mass non-preserving phase separation in solids, cf. [Cah61,
LC82, Gur96, AC79, CNC94]| for modeling aspects. Analytical investigations of Cahn-Hilliard equations can
be found in [BCD*02, Gar00, CMP00, Gar05a, Gar05b, BP05| and for Allen-Cahn equations in [BdS04,
CP08, CGPGS10], respectively. The essential difference between these two equations is that that the Cahn-
Hilliard equation is a fourth order parabolic evolutionary equation expressible as a H~! gradient flow of the
free energy with respect to ¢ whereas the Allen-Cahn equation is a second order parabolic equation arising
from an L? gradient flow. More precisely,

Allen-Cahn: Orc = —M( —div(T'Ve) + W’CCh (c) + chl(e(u), e, z)),
(1)
Cahn-Hilliard: 9y = div (Mv( — div(TVe) + W (e) + W(e(u), c, z)))

Here, W denotes the chemical energy density, W€ the elastic energy density, M the mobility matrix
satisfying Zfil My, = 0 for all k = 1,..., N and T' the gradient energy tensor which is a fourth order
symmetric and positive definite tensor, mapping matrices from RY*" into itself.

In this work, W*® may be a chemical energy density of polynomial type, i.e. W< (c) = WPol(c), or of
logarithmic type, i.e. W<(c) = Wlog(c) (see (A8)). Note that phase separation only arises if the matrix
A in (A8) is non-positive definite since the first term in (A8) is convex.

Elastic behavior is modeled by a deformation variable u so that each material point x € €2 from the reference
configuration is located at x 4+ u(t,z). We use the assumption that the strain e is sufficiently small so that
we can work with the linearized strain tensor given by e(u) = %(Vu + (Vu)?). In this work we will neglect
inertia effects pii and volume forces [ so that the momentum balance equation from the continuum mechanics
div(o) + I = pii becomes a quasi-static force equation, i.e.

div(e) = 0. (2)

The stress tensor ¢ is defined by W€l

©, 1.e. as the derivative of the elastic energy with respect to the strain.

Analytical results for multi-component Cahn-Hilliard equations coupled with elastic deformations can be
found in [Gar00] while Allen-Cahn systems with elasticity are studied in [BWO05]|. Numerical investigations
are conducted in [GRWO1] and finite element error estimates of Cahn-Hilliard and Allen-Cahn equations
with logarithmic free energies are recently derived in [BM10]. It turns out that different elastic moduli of the
phases in the mixture influence the rate of coarsening and the morphology of the phases decisively [DMO00].

The damage process we want to consider in this paper is uni-directional, i.e. it can only increase in time and
the material is not able to heal itself. The phase field variable z satisfying 0 < z < 1 is interpreted as damage
in a way that z(z) = 1 stands for a non-damaged and z(z) = 0 for a maximal damaged material point z € Q.
We assume that the damage in our model is not complete which means that a maximal damaged part has
still elastic properties. These constraints lead to a differential inclusion formulation for the evolution of z
which relates the energy dissipation of the system due to increasing damage with the derivative of the free
energy with respect to z. More precisely, we consider the doubly nonlinear differential inclusion

0 € 9p(0z) — Az + W’ezl(e(u)7 2) + 0ljp,00) (2). (3)

The energy dissipation density due to damage progression is given by p where we use the ansatz

p(2) = —0 + E1P 4 Ioi(2)



with «, 8 > 0. Because of the quadratic term §\2|2 the damage evolution is called rate-dependent whereas
B = 0 would correspond to rate-independent systems. See [Mie05, EM06, MRZ10, MT10] for analytical
results on rate-independent damage and numerical experiments (without phase separation). We also refer
to [BSS05, FK09| for further analytical investigations of damage models. In comparison to [HK11| we use
a gradient-of-damage theory with the Laplacian Az in (3) instead of a p-Laplacian div(|Vz|P~2Vz2) with
p>n.

In conclusion, the systems we would like to consider in this work are governed by (1), (2) and (3) and can
be rewritten as

Oic = —Sw on Qr,
w = P(=div(T'Ve) + W(e) + W(e(u),¢,2))  on Qr,

. ' ’ (So)
div(e) =0 on Qr,

Op(0yz) — Az + W (e(u),z) + 011,00y (2) 20 on Qp,

where w denotes the chemical potential. Here, the matrix P denotes the orthogonal projection of RY onto the
tangent space TY = {x € RV | Z/ivﬂ Tk = 0} of the affine plane

Si={z ¢ ]RN| leil z, = 1}. The operator S determines whether we have an Allen-Cahn or a Cahn-
Hilliard type diffusion of the system. More precisely,

Allen-Cahn:  S: L*(Q;RY) — L*((;RY), S(f) := M,

Cahn-Hilliard:  S: HY(QRY) — (HY(QRY))", S(f) == (MVf, V)., @

In the Cahn-Hilliard case, the operator S is invertible when restricted to S : Y — D where the spaces Y and
D are defined as

N
Y = {ceHl(Q;RNH/c:O, chzo},
Q k=1

D:

{c* € (Hl(Q;RN))* | (c*,c) a1y xmr = 0 for all ¢ = d(z)(1,...,1),
where d € H'(Q2) and for all ¢ = ey, kzl,...N}. (5)

We need to impose some restrictions to the mobility matrix M. We assume that M is symmetric and
positive definite on the tangent space T3. In addition, due to the constraint Zszl cr = 1, M has to satisfy

the property 21111 My, =0 forall k=1,...,N. Note, that M = MP.

We abbreviate Dy := [0,T] x D and (9Q)r := [0,T] x 99, where D C 9Q with H"~}(D) > 0. The
initial-boundary conditions of our systems are summarized as follows:

c(0) = ® on Q, o7 =0on (0Q)r \ Dr,
2(0) = 2% on Q, I'Vc- 7 =0 on (0Q)r, (IBC)
u=bon Dr, Vz-7 =0on (0Q)r

and additionally for Cahn-Hilliard systems
MVw-7 =0 on (0Q)r, (IBC)
where 7 is the unit normal on 9§ pointing outward, b the boundary value function on the Dirichlet bound-

ary D, 0 < z9 <1 a.e. on and ALexn Révo. In the following, we assume that b can be extended to Qr.

The paper is organized as follows: In Chapter 2, we introduce an appropriate notion of weak solutions for
the system (Sp). To handle the differential inclusion rigorously, we adapt the concept of energetic solutions
originally introduced in the context of rate-independent systems (see for instance [Mie05]) to phase separation



systems coupled with rate-dependent damage. This approach was firstly presented in [HK11]. The main
result and their assumptions are stated at the end of Chapter 2.

In Chapter 3, we prove existence of weak solutions for a regularization of system (Sp) expressed in classical
formulation as

8tc = -Sw on QT,
w = P(—div(T'Ve) + WPol(c) + W (e(u), ¢, 2) + edyc) on Qr, (S.)
div(o) + ediv(|Vul*Vu) = 0 on Qr, )

Op(8iz) — Az — ediv(|Vz|P~2Vz) + W (e(u), z) + 0ljg,oc)(2) 20 on Qr,

where WehPol and We! satisfy certain polynomial growth conditions and p > n. The initial-boundary
conditions are

(IBC) with (o + ¢|Vu|?*Vu) - 7 = 0 instead of o - 7 = 0. (IBC,)

It turns out that the weak solutions of the regularized system have better regularity:
c € HY0,T; L>(Q;RY)), Vu € L4*(Qr;R™"™) and Vz € LP(Qr,R") (with p > n as above). They are
constructed by adapting the approximation techniques developed in [HK11].

The limit problem ¢ \, 0 for (S.) corresponding to (Sp) with W< = Wehrol js solved in Chapter 4. The
displacement field u obtained in this process has H!(Q2; R")-regularity in the first instance. To establish
existence results for chemical free energies of logarithmic type, we prove a higher integrability result for Vu
in Chapter 5, which is based on some ideas of [EL91, Gar00, Gar05b].

Finally, Chapter 6 is devoted to logarithmic free energies for the concentration c. Following the approach
in [Gar00, Gar05b], we use a suitable regularization W® with polynomial growth of the logarithmic free
energy density W18 to obtain a solution for (Sp). Using this regularization, the chemical components cy,
become strictly positive in the limit.

The notation, we will use throughout this paper, are collected in the following.

Spaces and sets.

WHT(Q;R™)  standard Sobolev space

WiT(Q) functions of W1 (Q) which are non-negative almost everywhere

wh(Q) functions of W17 () which are non-positive almost everywhere

WS (3 R")  functions of W' (Q; R™) which vanishes on D C € in the sense of traces
Bgr(A) open neighborhood of A C R™ with thickness R

Qr(zg) open cube {z € R" |||z — z¢|l00 < R}

{f=0} zero set {z € Q| f(z) = 0} of a function f € WP(Q) — C°(Q)

Qrp the set [0,T] x Q

Functions, operations and measures.

Vil non-negative part of f, i.e. max{0, f}

Iy indicator function of a subset M C X

XM characteristic function of a subset M C X

We classical derivative of a function W with respect to the variable e
(A, ) dual pairing of A € (W17 (Q;R™))* and f € WL (Q;R")

o°'E generalized Clarke’s subdifferential of E

dE Géteaux differential of E

p* Sobolev critical exponent n"—_pp forn>p



diam(Q) diameter of a subset @ C R”
H™ Hausdorff measure of dimension n

L Lebesgue measure of dimension n

2 Existence theorem

2.1 Weak formulation

The weak notion, we will derive in this section for the doubly nonlinear differential inclusion occurring in
(Sp), is inspired by the concept of energetic solutions for rate-independent systems (see for instance [Mie05]).
In the rate-independent setting the differential inclusion is formulated by a global stability condition and an
energy inequality. In [HK11] we introduced an approach which uses an energy inequality and a variational
inequality to handle the rate-dependence coming from the viscosity term 3|0;z|? in the damage dissipation
density function p.

The Gateaux-differentiable free energy £ : H*(Q;R") x HY(Q; RY) x (H}(Q) N L>(Q2)) — R and dissipation
functional R : L?(Q2) — R of the system is given by

1 1
E(u, e, 2) = / §I‘Vc :Ve+ §|Vz|2 + W (c) +We(e, ¢, 2) du,
Q
D(3) -— : B, . 2
R(%) = | —az+ =|%|"d.
Q 2

with viscosity constants «, 3 > 0. To account for constraints, we extend the functionals & and R above for
analytical reasons by indicator functions:

Elu,c,2) = E(u,c, 2) + / oo (2)de,  R(Z):=R()+ / I ooy (2) da.

) Q
If we equip the space H'(Q) N L>(Q) with the norm || - ||ginr~ = || - || + || - ||z~ the generalized
subdifferential 9€'€ at a point (u,c, z) € HY(;R") x HY(Q;RY) x (HY(Q) N L*>®(Q)) is

aC'E (u, ¢, 2) = {dzg(u, e,2) +r e (HY(Q) N LeQ)*

IS 5—7@(9)%00(9)(2)} . (6)

The inclusion L'(Q) c (HY(Q) N L>=(Q))* will be later used for the construction of a specific r. Using
property (6), the differential inclusion in (Sp) can be rewritten in a weaker form as

0 € 9CE(u(t), e(t), 2(t)) + :R(2(t)).

The analytical basis for a formulation of a weak solution is the following proposition (a proof of a related
proposition can be found in [HK11]):

Proposition 2.1 Let (u,c,w,z) € C?(Qr;R® x RN x RN x R) be a smooth solution satisfying (1) and (2)
with initial-boundary conditions (IBC). Then the following two conditions are equivalent:

(i) 0 € S E(u(t), c(t), z(t)) + O:R(2(t)) for all t € [0,T),

(ii) the energy inequality
E(ult), o(t), =(1)) + /0 (d:R(D2), Dhz) ds + /O (Sw(s), w(s))ds

5



< &(u(0),¢(0), 2(0)) + /Q W’eel(e(u), ¢, z) : e(0:b) dxds

for all 0 <t < T and the variational inequality
0 < (d-E(u(t),e(t), 2(1)) + (1) + d:R(Dr2(1)), C)
for all ¢ € HX(Q) N L*>(Q) and r(t) € Np(HL(Q) N L>(Q); 2(t)) and for all 0 <t < T.

If one of the two conditions holds then the following energy balance equation is satisfied:

t

5(u(t),c(t),z(t))+/0 <dz-7~€(8tz),8tz>d5+/ (Sw(s),w(s))ds

0
= &(u(0), ¢(0), 2(0)) +/Q Wzl(e(u), ¢, z) : e(Oph) dzds

Remarks on the proof. In contrast to [HK11], the energy inequality compares the energy at the beginning
s = 0 with the energy at an arbitrary time s = ¢ instead of s = ¢; with s =t5 for 0 <¢; <t; <T.

Applying the chain rule in the right hand side of

d

S(u(t),c(t),z(t))—S(u(o),c(o),z(o)):/O aé(U(S),C(S),Z(S))dS

and using (1), (2) as well as the variational inequality, the “>"-part of the energy balance can be shown.

We will see that in our approach the mathematical analysis of (Sp) requires several e-regularization terms
(see (S¢)) to establish the energy and variational inequality for the differential inclusion and to handle the
logarithmic free energy. A transition to e \, 0 will finally give us solution of the limit problem (Sp).

Proposition 2.1 can also be formulated for the regularized system (S.) with the regularized energy

1 1
E(u,c,z) = /Q §FVC :Ve+ §|VZ|2 + Wehpel(e) 4+ Wel(e, ¢, 2) + Z\Vu|4 + ]%|Vz|p dz,

E(u, ¢, 2) = E(u,c, 2) +/ Ijp,00)(2) d,
Q

and the initial-boundary conditions (IBC.). Notice that Pd;c = ;¢ because of dic(t, z) € X.

We can now give a weak notion of (S.) and (Sp). (The energy densities WPl and We! will satisfy some
polynomial growth conditions which are specified in the next subsection.)

Definition 2.2 (Weak solution for the regularized system (S.)) We call a quadruple ¢ = (u, c,w, z)
a weak solution of the regularized system (Se) with initial-boundary conditions (IBC.) if the following prop-
erties are satisfied:

(i) the components of q are in the following spaces:
u e L0, T; WHHQ R™)), ulp, = b|p,.,
c€ L0, T; H (G RY) N HY (0, T; L2 (4 RY)), ¢(0) =, c € X ace. in Qr,
2 € IR0, TsWH () 1 HH0,T5 L3(9), 2(0) = 22, 82 <0,
and
w e L20,T; H (Q;RY)) for C-H systems,
w € L*(Qr; RY) for A-C systems



(ii) for all ¢ € HY(;RY) and for a.e. t € [0,T):

/ Bye(t) - ¢ dx = 4 Jor MVW(H) - VCdwdt - Jor C-H systems,
2 fQT Mw(t) . C dx dt fOT' A-H systems

(iii) for all ( € HY(Q;RY) and for a.e. t € [0,T]:

/ w(t) - (dx :/ PT'Ve(t) : V¢ + IP’WfCh’pOl(c(t)) -(dx

Q Q

+/ PW¢ (e(u(t)), c(t), 2(t)) - ¢ + edye(t) - (dx
Q

(iv) for all ¢ € WEH(Q;R™) and for a.e. t € [0,T):

[ W) cl0).20) Q)+ ITuOFTu(t) : Ve dr =0
(v) for all ¢ € WHP(Q) and for a.e. t € [0,T):

/Q(EWZ@)\P_Q +1)Va(t) - VC+ (WE(e(u(t), elt), (1)) — a+ B(9,2(t)))¢ do
= —(r(t),¢),

where 1(8) € (W'P(Q))* satisfies (r(t), 2(t) — €) > 0 for all ¢ € W}P(©)
(vi) energy inequality for a.e. t € [0,T):

E-(u(t), c(t), 2(t)) — E(u®, 2, 20) +/ a2’ = z(t)) dz

Q
+ /Q Bl0yz|? + €|0c|? dads + /Ot<8w(s),w(s)> ds
< /Q W;l(e(u), ¢,z):e(Oh)dxds + ¢ ; |Vul?Vu : Voibdads,
where u® the unique minimizer of E<(-,c%, 2°) in WHA(Q; R™) with trace b(0)|p.
With the help of the operator S, the diffusion equation (7) can also be written as
[ ety ¢ o = ~(sw(t) 0,

which will be used in the following.

(10)

Definition 2.3 (Weak solution for the limit system (Sg)) A quadruple ¢ = (u,c,w, z) is called a weak
solution of the system (Sp) with initial-boundary conditions (IBC) if the following properties are satisfied:

(i) the components of q are in the following spaces:
u e L0, T; HY(Q;R™)), ulp, = blp,,
ce L=0,T; H (4 RY)), c € ¥ a.e. in Qr,
z € L0, T; Hy () N H'(0,T; L*(2)), 2(0) = 2°, 8;2 <0
and
w e L20,T; H(Q;RY)) for C-H systems,
w e L2(Qr; RY) for A-C systems



(ii) for all ¢ € L*(0,T; HY(Q;RN)) with 0;¢ € L*(Qr; RY) and ((T) =

T
/ (c—c% ~8thx:/ (Sw, ) dt
Qr 0

(iii) for all ¢ € HY(Q;RN) N L>°(Q;RY) and for a.e. t € [0,T):
/ w(t) - Cdz = / PTVe(t) : VC + BW (e(t)) - ¢ da
) Q
+ [ B elu(t). c(t). (1) - ¢ do

Q

(iv) for all ¢ € H5(S4R™) and for a.e. t € [0,T):
/ W81 ,e(t),z(t) s e(¢)dae =0

(v) for all ¢ € HL(Q) N L*®(Q) and for a.e. t € [0,T]:

/Q Va(t) - VC 4+ (Wh(e(u(t)), et), 2(8)) — o+ B@ )¢ dx > —(r(t), ),

where r(t) € (H'(Q) N L>®(Q))* satisfies (r(t), z(t) — ¢) >0 for all { € HL(Q) N L>(Q)
(vi) energy inequality for a.e. t € [0,T]:

5(u(t),c(t),z(t))+/a(zo—z(t))dx—i— ﬁ|8tz|2dxds+/0 (Sw(s), w(s)) ds

Q Qy

< &(u(0),¢(0), 2(0)) + erl(e(u), ¢, z) : e(0:b) dads,

Qy

where u® the unique minimizer of £(-,c%, 2%) in HY(Q;R™) with trace b(0)|p
Note that both notions of weak solution imply chemical mass conservation, i.e.

/ c(t) dz = const, c€ XY ae. in Qp.
Q

2.2 Assumptions and main results

The general setting, the growth assumptions and the assumptions on the coeflicient tensors which are manda-
tory for the existence theorems are summarized below.

(i) Setting

Space dimension n €N,
Components in the alloy N € N with N > 2,

Regularization exponent  p > n,

Viscousity factors a, >0,

Domain Q) C R" bounded Lipschitz domain,
Dirichlet boundary D C 99Q with H" (D) > 0,

Time interval [0,T] with T > 0



(ii) Energy densities

Elastic energy density wel e CI(R"X” x RY x R; R, ) with
Welle, ¢, 2) = We(el, ¢, 2), (
Wel(e, ¢, 2) < C(lef* + |e|* + 1), (
nler —ea]? < (W’eel(el,c,z) - W‘;l(eg,c, 2)) : (e1 — ea), (A3
W (er + €2, 0,2)| < C(W(er, ¢, 2) + |ea] + 1), (
Weee,2) < Cef + Jef? + 1), :
Weese,2)| < Clel +Jef* + 1), (

Chemical energy densities WebPel pyehlos ¢ cL(RN:R) with Wehrel >

(WPl (e)] < C(|e|* /2 + 1), (A7)
al 1
WIog(c) =0 " cplogex + ¢ Ac, >0, AERYT  (A)
k=1
(ili) Tensors
Mobility tensor M e RV*Y symmetric and positive definite on 7Y and
N

> My =0forallk=1,...,N,
1=1
Energy gradient tensor T’ € L(RY*™; RY*") symmetric and positive definite

fourth order tensor

Remark 2.4 Due to the effect of damage on the elastic response of the material, W is often modeled by
the following ansatz: R
W = (@(2) +7) W,

where @ : [0,1] — Ry is a continuously differentiable and monotonically increasing function with ®(0) =0
and n > 0 is a small value.

A typically form of the elastically stored energy density Wel is as follows:
- 1
Wel(c,e) = 5(6 —e*(c)) : Cc)(e — €*(c)).

Here, €*(c) denotes the eigenstrain, which is usually linear in ¢, and C(c) € L(RLLY) is a fourth order
stiffness tensor, which is symmetric and positive definite. The elastic energy density is called homogeneous
if the stiffness tensor does not depend on the concentration, i.e. C(c) = C.

Note that due to the previous growth assumptions (A1)-(AG) this type of energy fits into our setting. In
particular, we are not confined to homogeneous elasticity as in [HK11]. There, the more restrictive growth
condition W (e, c, z)| < C(le| + |c|* + 1) is used instead of (A5).

The main results of this work are summarized in the following theorems:

Theorem 2.5 (Existence theorem - polynomial case) Let the above assumptions be satisfied. Then
for every

be WHH0,T; WH> (Q; R™)),
& e HY (O RY) with ® € ¥ a.e. in Q,



e Hl(Q) with 0 < 20 < 1,

there exists a weak solution q of the system (Sp) with W = Wehrel and initial-boundary condition (IBC)
in the sense of Definition 2.3.

Theorem 2.6 (Existence theorem - logarithmic case) Let the above assumptions be satisfied and, ad-
ditionally, let D = 09 and T' = y1d with a constant v > 0. Then for every

be WH(0,T; Whe(9;R™)),

& e HY (G RY) with ® € ¥ and ) > 0 a.e. in Q fork=1,...,N,

e HI(Q) with 0 < 2% < 1,

there exists a weak solution q of the system (Sp) with W = Wehlog and initial-boundary condition (IBC)
in the sense of Definition 2.3. Additionally, ¢, > 0 a.e. in Qp fork=1,...,N.

3 Existence of weak solutions of (.S;)

The proof is based on [HK11]. Arguments similar to [HK11] are only sketched.

Since € > 0 is fixed in this section, we omit the e-dependence in the notation, e.g. £ always means here &,
and so on. Furthermore, 2° is assumed to be in W1(Q) in this section.

1. STEP: CONSTRUCTING TIME-DISCRETE SOLUTIONS.

Set u° to be a minimizer of u — &(u,c?, 2°) defined on the space W14(2) with the constraint u|p =
b(0)|p in the sense of traces.

Let the closed subspace Q7 of HY(Q;R™) x H(Q;RY) x WP(Q) be defined by:

u € HY(Q;R™), | ulp = b(m7)|p,
Q=1 ce H (QRY), | [oc¢—dx =0 for C-H systems,
z € WHP(Q) 0<z< 2t
Based on the initial triple (u%,c°, 2%), we construct (u7,c?y,z7t) for m = 1,..., M recursively by

minimizing the following functional EY; : Q3 — R:

2

_ .,m—1 _.m—1 2 _.m—1
Ef(u, ¢, 2) :=E(u,¢,2) + TR <ZZM> R Tz , (12)
T 2 T x 2 T 12

where X denotes the space D (see (5)) with the scalar-product
(Cl |02)X = / MVS_lcl . VS_lcQ dx
Q
for Cahn-Hilliard systems and X = L2?(Q; RY) with the scalar-product

(c1|e2)x = / Me; - cp dz
Q

for Allen-Cahn systems.

Note that the last regularization term in (12) is not necessary for Allen-Cahn equations due to the
term with the X-norm. To use a uniform approach, we consider this term in both systems. By direct
methods in the calculus of variations the triple

(uhy, g, 2hp) == argmin  E3(u,c, z)

(u,c,2)€QT;
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exists, cf. [HK11]. Furthermore, we set

m m—1
N _s-! (%) + Ay, for C-H systems,
wM = m _ m—1
_s-! (M) for A-C systems,

T

with the Lagrange multiplier A7} (associated with the mass constraint for C-H systems) given by
Ny = L W) + W) s 7)o
Q
We define the time incremental solutions as
any == (ujg, ciy, Wiy, 2hy)
and introduce the piecewise constant interpolations qar, g, tar,t,, and the linear interpolation gas as
tar = min{mr |m € Ny and mr > t},
ty = min{(m — 1)7|m € Ny and mr > t},
qm (t) == qjy for t € ((m -, mT},
ap(t) := gy for t € [m7, (m+ 1)7),
t
dm(t) = Bayy + (1= B)gyy ' for t € [(m —1)7,m7) and B = — — (m —1).
T

Due to the minimization properties of (u}},chy, zhr), we establish the following variational formulas
and energy estimate (cf. [HK11, Lemma 6.2]):

Lemma 3.1 (Euler-Lagrange equation, energy estimate) The functions g, qy; and gar satisfy
the following properties for all t € (0,T):

(i) for all ¢ € H(Q;RYN):
/Q (Buénr (1)) - Cdz = —(Swar(£),0) (13)

(ii) for all ¢ € HY(;RN):

/ war(#) - ¢ da = / PTVer(f) : V¢ + BWEPo (e, (1)) - ¢ da
Q Q

+ / PW (e(unr (£)), ear (), zar (1)) - € + edhén (t) - C e (14)
Q
(iii) for all ¢ € WE* (S, R™):
/QW,eel(e(UM(t)),CM(t)’ZM(t)) s e(C) + &l Vup () P Vup (t) : V¢dz =0 (15)

() for all ¢ € WHP(Q) with 0 < ¢ + za(t) < 23,(1):
/Q(elvm(t)\”’2 +1)Vau (1) - VE+ W (e(un (1)), enr (), 20 (1))¢ dar

+ / (—a+ B (1))C dz > 0 (16)
Q

11



(v) energy estimate:
faa - Bias 2, €Eiaa 12
5(uM(t),cM(t)7zM(t))+/ /—aatzM+§|8tzM| —|—§|8th| dxds
0o Jo
ta g
[ G war(s) (9 ds - £, )
0
tar
§/ /W’il(e(u&+b—bi1),cg4,zM) : e(0yb) dzds
0o Ja

tn
+ 5/ / Vs, + Vb — Vb [PV (ur, +b—b7,) : Vosbdads (17)
0 Q

2. STEP: IDENTIFYING CONVERGENT SUBSEQUENCES.

The energy estimate (v) in Lemma 3.1, growth condition (A4) and a Gronwall estimation argument
lead to a-priori estimates for the energy &£(uns(t), car(t), zar(t)) and for ||0¢2ar||r2(s)s 10cCnrlL2(r)

and fOT (Swar(s), wpr(s))ds. By standard compactness arguments and a compactness theorem from
Aubin and Lions [Sim86], we deduce the following weak convergence properties, cf. [HK11|:

Lemma 3.2 There exists a subsequence {My} and an element (u,c,w,z) = q satisfying (i) from
Definition 2.2 such that for a.e. t € [0,T]
(i) unr, = w in L0, T; WH4(Q)), (iii) za,, 2y, = % in L0, T; WhP(Q)),

2, (1), 23, () = 2(t) in Whr(Q),
ZMy s Zpp, — % G-€. in Qr,

Zar, — 2z in HY(0,T; L2(S2))

(ii) cn,, Cop, Xocin L®(0,T; HY(; RY)),
e, (1), ey, (8) = e(t) in HY(QRY),
CMys Cpp, — € a.e. in S,
ey, — cin HY(0,T; L2(; RY)),

and
(iv) war, — w in L2(0,T; HY(Q;RY)) for C-H systems,
war, — w in L2(Qp; RY) for A-C systems.
as k — oo.

Exploiting the Euler-Lagrange equations, we can even prove stronger convergence properties. To
proceed, we recall an approximation lemma from [HK11].

Lemma 3.3 ([HK11, Lemma 5.2]) Let ¢ > 1, p > n and f,{ € L(0,T; Wip(Q)) with {¢ =0} D
{f = 0}. Furthermore, let {far}aen € L9(0,T; Wip(Q)) be a sequence with fur(t) — f(t) in WHP(Q)
as M — oo for a.e. t € [0,T]. Then there exists a sequence {(nv}men C L2(0,T; WJlrp(Q)) and
constants vyre > 0 such that

(i) ¢ — ¢ in L9(0, T; WHP(Q)) as M — oo,
(ii) Car < € ace. in Qp for all M € N,
(111) variCar(t) < far(t) ace. in Q for a.e. t € [0,T] and for all M € N.

If, in addition, { < f a.e. in Qr then condition (iii) can be refined to

(i4i)” (v < far a.e. in Qp for all M € N.
We are now able to prove strong convergence results by using uniform convexity estimates.

Lemma 3.4 (Strong convergence of the time incremental solutions) There exists a subsequence
{My} such that for a.e. t € [0,T]
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(i) unty,upy, — win LA0,T; WHA(QsR™)),  (iii) 2y, 25y, — 2 in LP(0,T; Whr(Q)),
ung, (), upg, (8) = u(t) in WH(Q;R™), 2, (), 2, (8) — 2(t) in WHP(Q),
UMy, Upp, — U a.€.in Sy, ZMyy Zpp, — % G-€.in Qr,

R Zn, — 2 in HY(0,T; L%(Q))

(i) ey, cyy, — ¢ in L7 (0,T; H (S RY)),

e, (1), Car, (t) — c(t) in HY(;RY),
CMy, Cpp, — € Q€. 1N Qr,
ey, — cin HY(0,T; L2(Q; RY)),

as k — oo.

Proof. We omit the index k in the proof.
(i) We refer to [HK11, Lemma 6.6].

(ii) By Lebesgue’s convergence theorem and the weak convergence properties, we have ¢y — ¢ in
L¥ /241 (Qp; RY). Testing (14) with ¢ = cpr(t) and with ¢ = ¢(t) gives after integration from
t=0tot="1T:

/ PT'Veyy : Ve dedt = / way - enr — PWE P epy) - epg dadt
QT QT

- / PWS (e(unr), ear, 2ar) - ear + €0péag - ear dadt
Qr

/ PI'Vcy; : Vedadt = / Wy - € — ]P’W‘;h’p‘)l(cM) -cdxdt
QT QT '

— / }P’VV,CCI(e(uM), ey, 2yM) - ¢+ 0l - edadt
Qr
Passing to M — oo and comparing the right sides of the equations shows

/ PI'Vey : Vep dedt — PI'Vc : Vedzdt.
Qr Qr

By using the properties PVey = Vepr and PVe = Ve, we eventually obtain

/ I'Vey : Ve de — / I'Vc: Vedz.
Q Q
We end up with
/ I'(Vey —Ve) : (Vey —Ve)dz — 0.
Q

Therefore Vey, — Ve in L2(Qr; RY) since T is positive definite.
(iii) Applying Lemma 3.3 with f = z and fy = 2zj; and ( = z gives an approximation sequence
{Cu} C LP(0,T; WEP(Q)) with the properties:

Car — 2z in LP(0, T; WHP(QQ)), (18a)
0 <y < 2y forall M €N, (18b)

The estimate
Cue|Van — V2P < (|V2p|P72Vzy — |V2[P72V2) - V(zp — 2)

where Cyc > 0 is a constant and equation (16) tested with ¢ = (pr(t) — zar(t) (possible due to
(18b)) yield:

C’uc/ e|Vzy — Vz|P dadt —|—/ |Vzn — Vz|? dedt
QT QT
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< /Q ((e|Vzar|P~2 + 1) Vzar — (| VP72 + 1)Vz) - V(2 — 2) dadt
< /Q (e|Vaum[P™? + 1)Vzn - Vi(za — Cur) dzdt
r
+ /Q (elVemlP2 + 1)Van - V(G — 2) — (€|V2P72 + 1)Vz - V(2 — 2) dadt
< /Q (WZI(@(UM), ey zm) — o+ B0 2nv) (Car — zar) dxdt

+/ (€|VZM‘p72 + 1)VZ]W . V(CM — Z) — (6|Vz|p’2 + I)VZ . V(Z]y] — Z) dadt
Qr

< WS e(unr), ears 2a) — o+ BIzull 2y 1 — 2aell L2 (00

bounded
—1
+ ElVemlirqp + IVarmllLeo-v @) IV — Vallrer)

bounded

- / (e|]V2[P~2 +1)Vz - V(zp — 2) dadt

Qp

Due to (18a) and zy; = z in L®(0,T; W'P(Q)) as well as zj; — z in L?(Q7), each term on the
right hand side converges to 0 as M — oo. u

. STEP: ESTABLISHING A PRECISE ENERGY INEQUALITY.

In this step we establish an asymptotic energy inequality, which is sharper than the energy inequality
in (17). Note, that compared to (17) the factor 1/2 in front of (Swas(s), was(s)) is missing. To simplify
notation, we omit the index k in the following.

Lemma 3.5 For everyt e [0,T]:
ta
E(unt (), ent (8), a1 (1)) +/ / —aduinr + BlOvin P + e|dhens|? dads
o Jo
ta
+/ (Swas(s), wpr(s))ds — E(ul, 0, 29)
0
tm
< / / erl(e(u]}[ +b—0by). oy 2nr) - e(Orb) dads
o Jo
tn
Jrs/ / \Vauy, + Vb — Vby, |2V (uy, +b—by,) : Vorbdads + kg
o Jo

with Ky — 0 as M — oo.

Proof. Applying the estimate E7: (¢7}) < E7} (uj\m/[_l + 07 — bj\m[l, A, 20 form =1 to t% yields (cf.
[HK11, Lemma 6.10]):

E(unr(t), ear(t), zas (b)) — E(u®, 2, 2%)

tym
< z—:/ / |V (uy + b(s) — by |V (uy, + b(s) — by,) : VOb(s) dzds
0o Ja
tyv
+/ / erl(e(u}/[ +b—"by,),cpps2ay) - €(0eh) dads
o Jo
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M
+ / / chl(e(u& + by — bX[), e, ZJTI) - OCpr dxds
0 Q
(¥)1

tn
+ / / T'Veén 1 Voen + WP eyy) - Oyénr dads
0 Q

(x)2

tar
+ / szl(e(u]_w + by — b&), CM, ZA:M)a,gZA:]\{ dxds
0 Q

(*x)1

tm
+/ / 5|V£M|p*2V£M -NVOiiy +VZy - VO Zp dxds (19)
0 Q

(%)
The elementary inequalities
(IV2m|P2Vipr — |V |P72V2y) - VOiiy <0 and  (Viy — V) - Vi <0
and (16) tested with ¢ := —0;2(t)7 leads to the estimate:

(k)1 4 (k)2

tn
—/ / —adiin + BlOyEn | dads
0 Q

tm
+ / / (W,ezl(@(u& +bar —byy),enrs En) — szl(e(uM), cars zar)) 02y dads
0o Jao

_..3
=Rp

Furthermore,

M
S/ /inl(e(uM),cM,zM)'atédeds
0 Q

M
- / / (W (e(ung +bar = byg)s énrs zap) = W (e(unr), enrs 2ar)) - Qpénr dards
Q

— 1
=Fm

Using the elementary estimate I'(Véy — Venr) 1 VOénr < 0 gives
tym
< / / TVen 1 Ve + WP enr) - 9yéns dads

/ / Wch pOl chh’pOI(C]\/f)) . atélw dxds.

2
_'K'M

Hence, applying equations (14) with ¢ = 0¢épr(t) and (13) with ¢ = wps(¢t) by noticing POéps(t) =
O (t) shows

tamr t v
(*)1+ (*)2 < 7/ (Swpr(s),wpr(s))ds — / / 5|8téM|2 dxds + n}w + Iﬁ:?\/[.
0 0 Q

Lebesgue’s generalized convergence theorem, growth conditions (A5)-(A7) and Lemma 3.4 shows
kv = Kb + K3 + K3, — 0 as M — oco. We would like to emphasize that we need the bounded-
ness of Vuys in L*(Qr; R"*") and the boundedness of 0;¢xr and 9,25 in L?(Qr) with respect to M. 1
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4. STEP: PASSING TO M — oo. Using Lemma 3.2, Lemma 3.4 and (13), (14) and (15) we establish (ii),
(iii) and (iv) of Definition 2.2. Moreover, Lemma 3.5 implies

g(uM(t),CM(t),ZM(t))+/ 70[6152?]»[+ﬂ|at2M|2+€|até]M|2dIdS
Qy

t
+/ (Swyr(s), war(s)) ds — E(u’, &, 2°)
0
ta
< / Wycel(e(uj/[ +b—by) s zm) : €(0ib) dads
o Jo
tam
-I-E/ / |Vuy, + Vb — Vb, |2 V(uy, +b—by,) : Vobdads + k.
0o Jo

The energy estimate (vi) from Definition 2.2 follows from above by using the known convergence
properties and weakly semi-continuity arguments.

It remains to show (v) of Definition 2.2. To proceed, we cite the following lemma from [HK11| which
provides a tool to drop a restriction in the space of test-function for a variational inequality of a specific
form.

Lemma 3.6 ([HK11, Lemma 5.3|) Let f € LP(Q;R"™), g € LP(Q) and z € WHP(Q) with f-Vz >0
and {f =0} D {z =0} a.e.. Furthermore, we assume that

/Qf-VC—&-ngJCZO for all ¢ € WP(Q) with {¢ =0} D {z = 0}.
Then
/ fV¢+g¢dr > / [g]*¢da  for all ¢ € WHP(9).
Q {z=0}
We are now able to prove the remaining property.
Lemma 3.7 It holds

/Q(EIVZ(t)\”_2 +1)Va(t) - VC+ (WE(e(u(t), elt), (1)) — a+ B(9,2(t)))¢ da

> —(r(t), <), (20)

for all ¢ € WHP(Q) and for a.e. t € [0,T), where r(t) € L'(Q) € (WhP(Q))* is given by
r(t) = =X {a(0=0) [WE (e(u(®)), e(t), 2(t)] . (21)
Proof. First of all, we take any test-function ¢ €  LP(0,T;W'P(Q)) with

{¢ = 0} D {z = 0}. Lemma 3.3 gives a sequence {(a;} C LP(0,T;W"P(Q)) with ¢y — ¢ in
LP(0,T; WHP(Q)) and 0 > v¢p(t) > —2zar(t) where v depends on M and t. Therefore (16) holds for
¢ = Cu(t). Integration from 0 to 7" and passing to M — oo gives
/ (e|V2P2 +1)Vz - V( + (T/Vgl(e(u), ¢,z) —a+ [(0z))( dedt > 0.
Qr
In other words,

/Q(5|Vz(t)|p_2 + 1)Vz(t) - V¢ + szl(e(u(t)), c(t), z(t))¢ dz

+ / (—a+ B@=(t)C dz > 0
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holds every ¢ € W P(Q) with {¢ = 0} D {z(t) = 0} and a.e. ¢ € [0,T]. To finish the proof, we need to
extend the variational inequality to the whole space W' (Q).

Setting f = (e|Vz(t)[P~2 +1)Vz(t) and g = WS (e(u(t)), c(t), 2(t)) — a + B(d¢z(t)), Lemma 3.6 shows
for every ¢ € WhP(Q)

ET=0P2 4 19200 V6 + (W elule)) c(0). (0)) = -+ B(@r=(0)C o
> [ ) ), 2(0) ~ a+ B Cda
z(t)=0}
> [ ). e, (0] e de.
z(t)=0}

Now, variational inequality (20) follows by setting

r(t) = =X {a(0=0} WS (e(ult)), e(t), 2()]".

Remark 3.8 Lemma 3.7 gives more information than (v) from Definition 2.2. It provides a special
choice for r(t) given by (21).

4 Existence of weak solutions of (S)) - polynomial case

In this chapter, we show that an appropriate subsequence of the regularized solutions ¢. for £ € (0, 1] of
Definition 2.2 converges in “some sense” to g which satisfies the limit equations given in Definition 2.3. Beside
that, the initial damage profile z° in this chapter is in H!(£2). We approximate 2 € H'(Q) by a sequence
{20} in WHP(Q) such that 20 — 2% in H'(Q) as e \, 0.

Using the energy inequality and Gronwall’s inequality, we establish again the following energy estimate.
Lemma 4.1 It holds
t t
Ec(ue(t), ce(t), ze(t)) + / / —a;ze + B0z |* + €]0sce|? dr ds + / (Swe(s),we(s)) ds
0 Jo 0
< C(E(ud, e, 2) +1)

for a.e. t € [0,T] and every e € (0,1].
Since & (u?, c?, 20) < E.(uf, 0, 20) < & (uf, P, 20), the left hand side is also uniformly bounded with respect
to a.e. t € [0,7] and every ¢ € (0,1]. By using standard compactness theorems and uniform convexity

properties of W¢! (see (A3)), this results in the following convergence properties (cf. [HK11]).

Lemma 4.2 (Convergence properties of ¢.) There exists a subsequence {ei} with €, \, 0 as k — o0
and an element (u,c,w, z) = q satisfying (i) of Definition 2.3 such that for a.e. t € [0,T]
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(i) ue, — w in L*(0,T; H'(;R™)), (iii) ze, = z in L>=(0,T; H*(Q))

YerVue, — 0 in L*(0,T; L*(Q;R™)), P YERVze, — 0 in L(0,T; LP(9)),
Ug, (1) — u(t) in HY(Q;R"), 2e, (t) = 2(t) in H(),

Us, — U G.€. 10 O, Ze, — % a.€. in Qr,

ul —u’ in H'(Q;R"), Ze, — 2 in HY(0,T; L*(Q))

JerVul — 0 in L*(Q;R™),

€

(i) ce, = c in L=(0,T; H'(Q;RY)),
ekOice, — 0 in L2(Qp;RY),
ey (£) = cft) in (4 RY),
Ce,, — C a.e. in O,

as k — oco. We additionally obtain for Cahn-Hilliard systems
we, — w in L*(0,T; H'(Q;RY))
and for Allen-Cahn systems

. —w in L*(Qp; RY),
Ce,, — ¢ in H(0,T; L*(Q;RY)).

We

as k — oo.

As usual, we omit the index k in the subscripts.

Remark 4.3 We would like to mention that the arguments in [HK11, Lemma 6.14] cannot be adapted to
prove strong convergence properties of Ve and Vz. due to the more generous growth condition (A5) as well

as the usage of Lemma 3.3 where the compact embedding WP (Q) — C%*(Q) for p > n is exploited.

We are now able to establish existence of weak solutions of (Sp) in the polynomial case.

Proof of Theorem 2.5. Whenever we refer in the following to (7)-(11) the functions u, ¢, w, z and r are
substituted by u,, ¢, we, z. and r.. Moreover, Lemma 4.2 is used without mentioning in the following.

(i) Let ¢ € L2(0,T; H(;RY)) with 9,¢ € L2(Qr; RY) and ((T) = 0. Integration from t = 0 to t = T of
(7) and integration by parts yields

T
/ (ce — ) - 0y¢ dads = / (Swe, ) ds.
Qr 0

Passing to € \, 0 shows (ii) of Definition 2.3.

(ii) Let ¢ € L?(0,T; H (S RY)) N L (Qr; RY). Integration from ¢ = 0 to t = T of (8) and passing to
e\, 0 yields

/ w- ¢ deds = / PTVe: V¢ + (PWEPl(e) + PWE (e(u), ¢, 2)) - ¢ dads.
QT QT

Note that

/ €0sce - (dxds
Qr

< ellorell L2y €] L2 (@ myy — 0

as € \, 0. This shows (iii) of Definition 2.3 with W = Wenpel,
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(iii)

Let ¢ € W5 (€ R") be arbitrary. Passing to & \, 0 in (9) yields for a.e. t € [0,T]

/Q W (e(u(t)), e(t), =(1)) : e(¢) dzr = 0, (22)

by noticing

< el Vue @)l 5o ¢l @) — 0-

/ e|Vue (t)[2Vaue(t) : V¢ da
Q

A density argument shows that (22) also holds for all ¢ € H,(€; R™). Therefore, (iv) of Definition 2.3
is shown.

The characteristic functions x..—o} are bounded in L*°(Qr) with respect to € € (0,1]. We select a
subsequence such that X{z., =0} X xin L>(Qr) as k — co. We omit the index k in the notation.
Integrating (10) from ¢t = 0 to t = T" and passing to € \, 0 shows

/ Vi V¢ + (We(u), e, 2) — o + B(02))C da > / AW (e(u), e, 2)] T Cdads  (23)
Qr Qr

for all ¢ € LP(0,T; W P(Q)) N L= (Qr). We also use the fact that

/ e|V2. P72V 2, - V(¢ dads
Qr

< el Vel I V<o) — 0-
It follows
[ 720 V¢ + el ctt) 20)) = @ + 5(02(0))C
> [ O et cft). 2] ¢ da

for all ¢ € H () N L>®(Q) and a.e. t € [0,T]. Set r := —x[W%(e(u), ¢, 2)]". For every £ € L>([0,T])
with £ > 0 a.e. on [0,T] and every ¢ € HL(€2) N L>(£2) we also have

0> / ' ( /Q r()(C - zsos))dx) ety dt = /Q (¢ =z )ednat
— . r(¢ — 2)édadt = /OT (/Q r(t)(¢ — 2(t)) dx) £(t) dt.

This shows [, 7(t)(¢ — z(t)) dz < 0 for a.e. t € [0,T]. We obtain the inequalities (v) of Definition 2.3.

Weakly semi-continuity arguments lead to

liren\iglf (gg(ug(t), ce(t), ze(t)) + /

Q

t
|0y z| + BlOrze|? + €]0rce|? dads + / (Swe,we) ds)
0

> E(ul(t), c(t), z(t)) Jr/ a|Orze| + 8102 +/0 (Sw, w) ds.

t

Testing (9) with ¢ = u? — b(0) and (iv) of Definition 2.3 with ¢ = u® — b(0) yield
E/ |Vul|* do = 5/ |Vul[2Vul : Vb(0) dz
Q Q

- [ W), 0,20 efu? ~ b(0) s
Q
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as e\, 0.
Therefore, we can pass € \, 0 in (11) and obtain (vi) from Definition 2.3. |

5 Higher integrability of the strain tensor

To prove existence results for chemical free energies of logarithmic type, a higher integrability result for
the strain tensor based on [Gar00, Gar05b| will be established. We adapt the higher integrability result for
solutions of the elliptic equation of the form

{div(W,e;(e(u), ) on O, }
We(e(u),c)- 7V =0*-7 on (0Q)r

to our setting with non-constant Dirichlet boundary data b and the additional damage variable z in (Sp). In
the sequel, we will use the assumption D = 9.

The proof of the higher integrability result is based on the following special cases of the Sobolev-Poincaré
inequalities and on a reverse Holder inequality.

Theorem 5.1 (Sobolev-Poincaré type inequalities) Let 1 < p < n. There ezxists a constant C > 0
such that

(i) for all rectangles Q C R™ and all u € W1P(Q):
1

<]£2 |u_]éu|p*>p* e <]£2 |Vu|p>; (dam0)

(ii) for all rectangles @ = [[i— (ai,b;)) C R™ and all w € W'P(Q) with u = 0 on
{(:vl,...,xn,l,an) la; <a; <bj,i=1,...,n— 1} C 9Q (in the sense of traces):

1
3

(]{2 )" <c (]é |w|p)‘1“ (diamQ)

Theorem 5.1 can be obtained by considering the corresponding inequalities on the unit cube (0,1)™ (for
instance the case 1 < p < n was proven by Sobolev [Sob38] while Nirenberg [Nir59] gave a proof to p = 1)
and then using a scaling argument.

Theorem 5.2 (Reverse Hélder inequality, see [Gia83]) Let Q C R™ be a cube, g € LE (Q) forag>1

loc

and g > 0. Suppose that there exist a constant b > 0 and a function f € L], .(Q) with r > ¢ and f > 0 such
that

q
][ gldx <b ][ gdx +][ fidx
Qr(z0) Q2r(20) Q2r(z0)

for each zp € Q and all R > 0 with 2R < dist(zo,0Q). Then g € L; (Q) for s € [q,q + ¢) for some e >0
and

1 1 1
][ g®dx ] <ec ][ gldx | + ][ fide
Qr(z0) Q2r(z0) Q2r(o)

for all zy € Q and R > 0 such that Q2r(xo) C Q. The positive constants ¢,e > 0 depend on b, q, n and r.
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Theorem 5.3 (Higher integrability) Let b € Wh°(Q;R"), z € L*°() with 0 < 2 < 1 a.e. in Q and
c € LF(Q;RN) for a p > 4. Then there exists some p € (2,1/2] such that for all u € HY(Q;R™) which
satisfies u|p = b|p and

/ W;l(e(u),c, z):e(()dz =0 for all ¢ € HB(Q;R”), (24)
Q

we obtain u € WHP(Q;R™) and
IVull Lo (urnxny < C(||VullL2@irnxny + ||C||2sz(Q;JRN) +1). (25)

The positive constants p and C' are independent of u, ¢, z.

Proof. The proof is based on [Gar00, Lemma 4.4 and Theorem 4.3] and uses a covering argument. Due
to the non-constant boundary condition, we need to apply a more general Sobolev-Poincaré inequality (see
Theorem 5.1 (ii)) than in [Gar00].

(i) HIGHER INTEGRABILITY AT THE BOUNDARY.

Let x¢ € 992. Then there exists an Ry > 0 and a bi-Lipschitz function 7 : Q — R"™ with the open cube
Q := Qg,(0) such that xo € 7(Q) and

Q@) CQ,
Q™) CR"\ Q.

where Q" := {z € Q|z, > 0} and Q™ := {z € Q|z, < 0}. Define the transformated functions
a,be HY(QV;R"), &€ HY(QV) and 7 € L™(Q") as

(@,b,8 2)(@) := (u,b, ¢, 2)((x)).
To proceed, let yp € Q and R < %dist(yo, 0Q) and define for each R’ > 0 the sets

Q% (o) == {x € Qr (yo) | 2 = 0}.

We distinguish three cases:
Case 1. We first consider the case Q% (yo) # 0 and Q3 5 (yo) # 0.
2

The bi-Lipschitz continuity of 7 ensures
dist(7(0Q5(y0)) N T(0Q%(y0)) N Q) > RC,

where Cy > 0 is independent of R and yg. Let £ € C§°(2) be a cutoff function with the properties:
(a) £=01in 2\ 7(Q2r(¥0)), (c) £=11in7(Qr(y0)) N,

(b) 0<¢<1inQ, (d) [Vé| < &R
Testing (24) with ¢ = £?(u — b), using the computation

e() = €%(u) — E%e(b) + £((u — 0)(VE)' + VE(u —b)"),

and (A1), we obtain
[ ewdtew,e.2) s efw)da
Q
= / §2W21(e(u),c, z) re(b)dx — 2/ §Wf’el(e(u)7c, 2): ((u—b)(VE) dw (26)
Q Q
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By (A3), (A4) and (A2) we also have the estimates
nle(u)]* <Wel(e(u), ¢, 2) : e(u) + C([c[* + 1)le(u)],
(WS (e(u), ¢, 2) : ((u—b)(VE)'| < %(le(U)l + e[ + 1)fu = b],
(W (e(u), ¢, 2)  e(b)] < (le(u)] + [c]* + 1)[e(b)].

Therefore, can be estimated to
/52 |2dx<0/§2 (Je* + 1)le |dx+—/§ (w)| + [c|* + 1)|u — b d
+0/§2 (W) + |c* + 1)|e(b)| da.
Young’s inequality yields

01/§2§2|e(u)|2dx§C/Q§2(\c|4+1)dx+%/§l|u—b|2dx. (27)

We choose j1 = JCQJR(yo) @dz. The calculation e(§(u— p)) = Ee(u) + 3 ((u—p)(VE)' + VE(u—p)t) leads

to
[ etetu—nas <2 ( [ eetars [ - upivepar). (28)

Combining (27) and (28), applying Korn’s inequality for H!-functions with zero boundary values and
using (a) and (b) gives

/ |V(§(u7u))|2dx§0/ (|C\4+1)dx+£2 lu — b|? dx
Q (Qin(v0)) R2 ) (@in o))
C

+ —/ lu — p|? dz.
R ) (@i nwo))

Because of V(£(u—p)) = EVu+ (u—p)(VE)! we derive by (a) and (c) the following type of Caccioppoli-
inequality:

c
/ |Vu|2dx<0/ (el* + 1) dz + 2/ lu— b2 da
(@ (0)) (Qn(0)) B2 ) (@Qfn(wo))
c
+ = / |u — p|? de.
B2 )i wo))

Integral transformation by 7 implies

C -
/ Vil de < C (é* + 1) de + 2/ i — B2 da
Qo) Qn(w0) B2 JQin (o)
C/ o,
— |t — p|® da.
B J ot o)

The condition Q5 ,(y0) # # and D = 9 imply that @ — b vanishes on 9(Q3r(yo)) NR™1 x {0}
2

Therefore, we obtain by applying both variants of the Poincaré-Sobolev inequality in Theorem 5.1 for

p=2n/(n+2)

+

i i c o .
L wardr<o [ (@) e gL @in(w) F dinn@fa(w)”
Yo 2r (Yo
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"fr2 n+42
(/ Vi — V|t dx) + (/ Vil 7tz dx) . (29)
Q3r(v0) QFr(v0)

Note that if n = 1 we cannot apply Theorem 5.1 because of p = 2n/(n + 2) < 1. In this case, we
can work with the inequalities in Theorem 5.1 where p is substituted by 1 and p* is substituted by 2.
However, we will only treat the more delicate case n > 2 in the following.

The estimates diam(Q3(yo)) < CR and L™(Q35(yo)) > R™ (because of QF(yo) # 0) show

£"(Q3 (o))~ diam(Q3p(y0))* < C. (30)
Now, dividing (29) by £L™*(Qr(yo)) and using (30) and

n+2

1 1 1 "
R (Gan(yo) = ¢ (mm)
gives

! c
O ol Vial?d S — 244 1)d
£(@r(y0)) /QE(.%) Vil = L7(Q2r (o)) /Q;—R(y())(|6| i

1 2n
ot / Vil da
(C"(QQR(ZJO)) Qi (yo)
n+2

n
2n
n+2 dx
n+2

2n_ "
ne dx) < HVbH%OO(Q)'

n+2

n

1 By
ol -—> Vb
+ (L’"(Qm(yo)) /QZ’R(yo) |

Observe that

1 _
- - Vb
(E”(QzR(yo)) /QZFR(yo) |

Define the following functions on Q:

(2) = |Vﬂ($)|n27:2 for z € QT,
70 forz e Q\ QT

and

f(z) = C(lel* + ||Vb||200(9) + )7 forxeQT,
0 forx e Q\QT.

We eventually get

n+2
n

nt2 nt2
]Z g dx S]l f~ de+C ][ gdx . (31)
Qr(yo) Q2r(yo) Q2r(yo)

Case 2. Assume QF(yo) # 0 and Q5 p(yo) = 0.
2
The bi-Lipschitz continuity of 7 implies

dist(7(0Qz r(¥0)), T(0QR(Y0))) > RCh,

where C; > 0 is independent of R and yo. Therefore, we can choose a cutoff function £ € C§°(£2) which
satisfies
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(a) £=01in Q\ T(Q%R(l‘o)), (¢) £=11in 7(Qr(xo)),

(b) 0<&<1inQ, (d) Vel < &ER7L
Testing (24) with ¢ = (?(u — p) and p = st (20) U dz yields as in the previous case
jR

C
/ |Vu|*dz < C/ (|e|* 4+ 1) dz + —2/ lu — p|? da.
7(Qn(w0) 7(Qg p(0)) B2 2@y pao))

Consequently,

n+2
n

][ |Va]2dz < C (l&*+1)dz +C ][ V|75 da
Qr(z0) Q%R(fﬂo) Q%R(fﬁo)
Therefore, the inequality (31) is also satisfied in this case.
Case 3. Assume QF(yo) = 0.
In this case, inequality (31) trivially holds.
In all three cases, the reverse Holder inequality (see Theorem 5.2) shows g € L (Q) for all s €
[”T“, ”TH + 8) and some € > 0 depending on Ry and n.
(ii) HIGHER INTEGRABILITY IN THE INTERIOR.
This case follows with much less effort and is only sketched here.
Let xy € Q arbitrary and R > 0 such that Q2r(x0) C Q2. We take a cutoff function £ € C§°(2) with
(a) £=01in Q\ Q2r(20), (c) £ =1in Qr(zo),
(b) 0<E<1inQ, (@) V¢l < 3
Testing (24) with ¢ = (?(u—p) and p = szR(%) u dzx yields with the same computation as in the case

(i):

C
/ Vul?de < C (|c|4—|—1)dx+—2/ - pf? dz
Qr(zo) Q2r (o) R Q2r (o)

Poincaré-Sobolev inequality implies

n+2

n

][ |Vu|?*dz < C (le/* +1)dz 4+ C ][ |Vu|n%2 dz
Qr(wo) Q2r(x0) Q2r (o)

Applying Theorem 5.2 with g = |Vu|737f2‘, q¢="%2 and f = C(|c|* + 1)7+= finishes the proof. |

n

6 Existence of weak solutions of (5)) - logarithmic case

The challenge here is to establish the integral equation (iii) in Definition 2.3 because the derivative of the
logarithmic free chemical energy (A8) becomes singular if one of the ¢x’s approaches 0. We only sketch
the proof in this section since all essential ideas can be found in [Gar00, Gar05b]. We use a regularization
method suggested in [EL91] and also used in [Gar00, GarO5b].
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The energy gradient tensor is assumed to be of the form T' = v Id with a constant v > 0. Define a C?(RY)
regularization with the regularization parameter § > 0 as

N
1
WCh"S(c) = HZ ¢5(ck) + §c - Ac,
k=1

with

x log(x for d >4,
¢6(x) — g( ) 5 " =
rlog(d) — § + 55 for x <.

Elliott and Luckhaus showed that the regularization W9 is uniformly bounded from below.

Lemma 6.1 (cf. [EL91|) There exists constants 6o > 0 and C > 0 such that

Whd(e) > —C  forallceX, § € (0,0).

Let g5 denote a weak solution in the sense of Definition 2.3 with the free chemical energy We" = W%, By
applying Lemma 6.1 and using Gronwall’s inequality in the energy inequality (vi) of Definition 2.3, we can
show a-priori estimates analogous as in Section 4 except the a-priori estimate of ws.

In the Allen-Cahn case, we have d;cs = —Muw; and, consequently, the boundedness of cs in L2(£; RY) and
ws € TY. pointwise lead to boundedness of ws in L2(£;RY).

However, in the case of Cahn-Hilliard systems, we can use the following lemma.

Lemma 6.2 (|[Gar00, Lemma 4.3]) There exists a constant C > 0 such that for all 6 € (0,dg)

/OT <]{2 P (cs(t) d:l?) dw<c

The proof of this lemma is similar to [Gar00, Lemma 4.3], since all arguments can be adapted to our case.
Therefore we will omit the proof.

This lemma and the integral equation

/ wa(t) da = / PIWD (e5(8)) + PW (e(us (1)), e5(t), 25(t)) da
Q Q

together with the already known boundedness properties shows

/OT (]{)wg(t) dx>2dt <C

for a constant C' > 0. Therefore ws is bounded in L2(0,T; H*(2)) by Poincaré’s inequality. In conclusion,
we can extract a subsequence {gs, } such that we have the same convergence properties as in Lemma 4.2.
We omit the subscript k.

Proof of Theorem 2.6. The remaining crucial step is to show that the limit c satisfies ¢, > 0 a.e. on Qr
forallk=1,...,N and chh"s(c(;) — Wehlog(¢) in L' (Qr) as € \, 0. Then the rest follows as in Section 4.

To this end, we need an additional boundedness property.

Lemma 6.3 There exists constants ¢ > 1 and C > 0 such that for all 6 € (0,09) and allk=1,... N

||(¢6)/(C§)||Lq(ng) <C.
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We omit the proof of this lemma, since by utilizing Theorem 5.3 the arguments are analogous to [Gar00,
Lemma 4.5].

Note that

lim (¢°)' (ck) = log(c®) + 1 if limgw g ck = c* > 0,
o 0 else.

holds pointwise a.e. on Q27 and for all kK =1,..., N. Together with Lemma 6.3 we obtain

and

>0 a.e. on Qr

(¢5)/(C§) — log(c®) + 1 a.e. on Q7.

This and Lemma 6.3 further shows

(¢5)’(c§) — log(ck) +1in LY(Qr)

by Vitali’s convergence theorem. Finally, we can pass to d \, 0 in the equation

/ ws - ¢ dadt :/ yVes : VE+ IP’W’CCh"S(c(;) ¢+ IF’W’il(e(u(;), s, 25) + Cdadt
QT QT

and obtain (iii) from Definition 2.3. The remaining properties can be easily established as in Section 4.

Theorem 2.6 is proven. |
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