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DISLOCATION-INDUCED LINEAR-ELASTIC
STRAIN DYNAMICS BY A CAHN-HILLIARD-TYPE EQUATION

Ni1cOoLAS VAN GOETHEM

In a single crystal containing dislocations, the elastic strain defined by a linear
constitutive law from the stress tensor can be written as the sum of a symmetric
gradient and a solenoidal tensor €9, called the dislocation strain. This latter
part of the elastic strain is related to dislocations since its incompatibility equals
the curl of the contortion. The aim of this paper is to derive a time-evolution
law for the internal thermodynamic variable €°, arising from the second law of
thermodynamics, and to discuss its mathematical setting. This encompasses a
discussion on the functional space used and about the equation’s well-posedness.
A fourth-order time-dependent nonlinear PDE involving the incompatibility op-
erator is found, which is similar in form to the Cahn—Hilliard equation, and
represents in this respect a tensor generalization for solenoidal fields.

1. Introduction and preliminary results

Let  be a simply connected smooth and bounded subset of R3. Let £ be a set of
dislocation lines in €2 and the dislocation density A € M(S2, M?) be given by a
Radon measure concentrated in £. As soon as dislocations are present, the strain €
cannot be a symmetric gradient as the following crucial relation, called Kroner’s
formula, shows [Van Goethem 2016b]:

[
ince =Curlky, kp:=Ap— EztrAg,

where [ is the second-rank identity tensor and A the dislocation density tensor
defined as Ay =1 ® b’Hi ¢ with t the tangent vector to the Lipschitz curve L,
Hi  the one-dimensional Hausdorff measure concentrated in £, and b the Burgers
vector, constant on the line. Moreover, inc is the incompatibility operator; i.e.,

inc F := Curl Curl’ F,
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where the curl of a tensor is taken columnwise. This operator is at the heart of the
present work since it will be shown to drive the time evolution of the dislocation-
induced strain. Note that the evolution of the dislocations are given by the so-
called contortion tensor k., which cannot be determined from the sole knowledge
of its curl except in particular cases in which it is divergence-free, as for pure edge
dislocations. For this reason, this work is not strictly speaking about the dynamics
of dislocations.

Classically in linear elasticity, overall equilibrium reads div Ae = 0 in  with A
the isotropic elasticity tensor. As a consequence, it is shown in [Van Goethem 2015]
that there exist two fields of interest: the displacement «# and F, an auxiliary tensor
that is solenoidal and symmetric. These fields satisfy Beltrami decomposition of
the elastic strain, namely

€ =VSu+incF.

In this paper, our aim is to derive an evolution law for the internal thermody-

namic variable
eV :=inc F,

which is called the dislocation-induced strain since it satisfies a regularized Kroner’s
relation ince€? = Curlk, i.e., has a smoothed dislocation density (namely, the
macroscopic contortion «) in the right-hand side. Furthermore, €” satisfies a time-
dependent evolution that turns out to be sufficient for the global mechanical dissi-
pation to be positive.

Specifically in this paper, we establish in a first step, study in a second step, and
eventually discuss the nonlinear tensor-valued equation

ad,€’ =inc(—Mince® — G(°)) in Q x [0, T] (1-1)

with G a nonlinear potential, « > 0, and M a positive-definite and symmetric fourth-
order material-dependent tensor. For simplicity, and for the sake of physical inter-
pretation, we assume that G depends only on e := tr e, the trace of the dislocation-
induced strain, which is shown to be directly related to and hence interpreted as
a density of point defects. To achieve this goal, the mathematical nature of the
incompatibility operator must be understood, and hence, a series of mathematical
results must be recalled as preliminary steps.

Observe that evolution law (1-1) has a form similar to the Cahn—Hilliard equa-
tion but for a tensor-valued unknown €°. Indeed, the Laplacian counterpart is
precisely the incompatibility operator since trinc F = Atr F', and hence, (1-1)
appears as a tensor generalization for solenoidal tensor fields of the classical scalar
Cahn-Hilliard equation. From a physical point of view, the scalar version of our
equation is related to the dynamics of point defects, which are required for the
creation and motion of dislocations and are related to the variation of matter density.
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Furthermore, e obeys the scalar Cahn—Hilliard equation, though with nonstandard
boundary conditions. A discussion about this equation, though derived by other
means and with a different purpose, can be found in [Van Goethem 2014]. The
purpose of this paper is to show that this equation is well-posed in an appropriate
functional space; some of its important properties are given. Let us emphasize that
particular care is given to justify the equation boundary conditions, which must be
mathematically sound and at the same time have a physical interpretation.

The notion of internal variable of state. We consider F a mathematical gauge
field arising from Beltrami decomposition of symmetric tensors and without any
particular physical meaning. However, its incompatibility, €® := inc F, is the
dislocation-induced strain since it is the only part of the elastic strain which appear
in Kroner’s formula. It is considered an internal variable of state (IVS) in the
sense given here by G. Maugin [2015]: “Internal variables of state are introduced
in thermomechanics in addition to the usual observable variables of state (e.g.,
deformation, temperature, electric, and magnetic fields). They are supposed to
account in a more or less crude way for the complex internal microscopic processes
that occur in the material and manifest themselves at a macroscopic scale in the
form of dissipation”.

Motivation. In our case, the observable variable of state (OVS) is the stress o, from
which the elastic strain € is deduced by a constitutive law (hence, the latter is also
an OVS). So far, u and F are vector and tensor fields involved in the decomposition
of €. In some sense, u is also observable, measurable, and controllable, depending
on its boundary conditions and on the introduction of a reference configuration,
which is an uncomfortable notion in infinitesimal elasticity. As a matter of fact,
we prefer to let the identification u be the displacement field as a convenient “vue
de I’esprit”.

The crucial point is that €” is an internal variable that is neither observable
nor measurable or controllable, in the sense of physicists. Only its existence as a
mathematical object and its effect in the form of dissipation is observed. Therefore,
the aim of this paper is to show that it naturally obeys a PDE and thus becomes
observable, measurable, and controllable in a mathematical sense. It should be
emphasized that there exists no consensual procedure in the literature to determine
the equation governing an IVS. Our plan is to derive such an equation in the sim-
plest and most natural possible way, while not contradicting (at least) or, better,
complying with (so far as possible) thermodynamics principles.

Structure of the work. The main part of this paper is about the derivation of the
incompatibility-governed time-dependent model for the dislocation strain. To this
end, considerations about the statics problem, and in particular about the choice



172 NICOLAS VAN GOETHEM

of the boundary conditions and their physical meaning, are found in Sections 3,
3.1, and 3.2, respectively. The evolution law is then found in Section 4, whose
mathematical properties, such as existence of solutions and energy bounds, are
given in Section 5. In the preliminary Section 2, the functional spaces needed to
mathematically handle the incompatibility operator are given. Several properties of
tensor-valued fields with bounded incompatibility are also recalled, without proofs,
to be found in a specifically dedicated paper [Amstutz and Van Goethem 2016]. A
discussion is given in Section 6.

Notation and conventions. Let E € S® and g € M, where M? denotes the space of
square 3-matrices and S3 of symmetric 3-matrices. Note that superscript ¢ stands
for the transpose of a tensor and superscript S for the symmetric part of a tensor.
The divergence and curl of a tensor E are defined componentwise as (div E); :=
0;E;j and (Curl E);; := €10 Ej;, respectively. The incompatibility of a tensor E
is the symmetric tensor defined componentwise as

(il’lC E)l'j = (Curl Curl’ E),'j = EikméjlnakalEmn = (Curl’ Curlt E),'j. (1—2)

Also, (E x N);j = —(N x E);j = —€jkm N Ej;,. Moreover, fQ Curl F- Edx =
Jo F-Curl Edx and [, inc F - Edx = [, F -inc E dx for smooth tensor-valued
functions E and F with compact support in 2. It is a key part of this paper (see
Section 2.1) to determine appropriate boundary conditions in order for this integra-
tion by parts to be valid for more general fields. We will also use the shorthand

a|b:=/a-bdx.
Q

The following theorem is crucial for the developments of this work.

Theorem 1 (Beltrami decomposition [Maggiani et al. 2015]). Let Q2 C R3 be a
simply connected domain with smooth boundary, let p € (1, +00) be a real number,
and let E € LP(Q,S?) be a symmetric tensor. Then there exist a vector field
ueWhr(Q, R? and a tensor F € LP (2, S®) with Curl F € L (2, S?), inc F €
LP(2, §3), divF =0in Q, and FN = 0 on 022, where N stands for the unit
normal to 0K2, satisfying

E =V3u+inc F.

Moreover, u can be taken with vanishing trace on 02, and such a pair (u, F) is
unique.



DISLOCATION-INDUCED LINEAR-ELASTIC STRAIN DYNAMICS 173

2. Preliminary results: functional spaces
Define
Heurt (S2; M) := {E € L>(S; MP) : Curl E € L*(2, M?)},
H(Q) :={E € H*(Q,S?) : div E =0}, (2-1)
Ho(RQ) :={E € H(Q) : E=Curl' Ex N =0o0n 9Q}.
These spaces are naturally endowed with the Hilbertian structure of H 2(Q, SY.

Some identities in the local basis. Let us consider the local orthonormal basis
(t4, t8, N) on 92 (for detail on such bases and their extension in 2, see [Amstutz
and Van Goethem 2016]). For a general symmetric tensor 7, one has in this basis

Tan Tap Tan Tap —Taa O
T=|Tga Tgp Tan |, TxN=|Tgp —Tpa 0],
Tna Ty Tnn Tng —Tna O
Tpp —Tap O
(TxNY xN=|—=Tug Tas 0]. (2-2)
0 0 0
By the same token,
0 0 0
(TX‘L'A)ZXTAI 0 TNN _TBN s
0 —Typ Tgs 2-3)
Tyn 0 —Tyy
(T x18) x 18 = o o0 o0 |,
—Tna 0 Taa
and
O o0 O
(TX‘L’A)t X‘L’B= _TNN 0 TAN y
Typ 0 —Tyup (2-4)
0 —Twny Tan
(TxtByxzA=[0 0 0
0 Tya —Tga
Similarly,
0 Tnp —Tga
(TxNY xt2=10 =Tya Tga |,
0 0 0
(2-5)
—Tng 0 Tag
(TXN)IXTBZ TNA 0 —Tan

0 0 O
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2.1. Green formula for the incompatibility operator. Let V be a vector field de-
fined on 9€2, and let V be any extension of V in 2 with appropriate regularity. The
surface divergence of V is defined on 92 by

divg V=divV — 0y V) - N. (2-6)
The following result holding for smooth boundaries is sufficient for our purposes
whereas, if the boundary had edges, an additional line-integral term must be added.

Lemma 2 (surface divergence [Henrot and Pierre 2005]). If V € whlQ, RY),
then

/ divg VdS(x) 2/ kV-NdS(x).
aQ aQ
Lemma 3 [Amstutz and Van Goethem 2016]. Forall U,V € C2(Q2, MP),
/U—Cuerdx:/CurlU-de—l— (UxN)-VdS(x).
Q

Q R

Denote by U’ = (U + U")/2 the symmetric part of a tensor U, and recall the
definition of incompatibility (1-2). The following result is about integration by
parts.

Lemma 4 [Amstutz and Van Goethem 2016]. Suppose that T € C*(Q, S°) and
ne H*Q,S?. Then

/T-incndx:/incT-ndx—i— THT)ndS)+ | To(T)-0yndS(x) (2-7)
Q Q 19) 194

with the trace operators defined as
To(T) := (T x N)' x N, (2-8)
Ti(T) := (Curl(T x N))> + ((Oy +«)T x N)' x N + (Curl' T x N)5. (2-9)
Remark 5. Only (dyn)7 matters in the rightmost integral of (2-7) since it can be
equivalently rewritten as [, 7o(T) - To(dnn) dS(x).

Remark 6. Let « X be the two principal curvatures of 9. It has been proved in
[Amstutz and Van Goethem 2016] that!
Curl(T x N)' ==Y "« ®(T x %) x ¥ 4 (Curl' T x N)". (2-10)
R

Taking an 7 such that N = 0 = dyn on 0€2, then the boundary terms in (2-7) can
be rewritten as

T(T)-ndS(x)= | Ti(T)r-nrdS(x). (2-11)
Q2 aQ

I The coefficient & in [Amstutz and Van Goethem 2016] can be taken to be vanishing.
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Now, assuming that (Curl’ T x N)S =0 and that 7o(T) =To(dyT) =0o0n 9K2, taking
into account (2-3), (2-9), and (2-10), the second Neumann boundary conditions,
due to (2-11), are

A
Ti(T)y = —TyyDN =0 on 32 where DN = (Ko KOB), (2-12)

with Tyy = TN - N. In summary, we have the implication
(Curl’ TXN)S=76(T) =To(ONnT)=TN-N=0 and nN=0 ondQ
— Ti-n(T)=0. (2-13)

Remark 7. The following alternative expression is also established in [Amstutz
and Van Goethem 2016]:

TUT) = — ZKR(T xR xR 4 ((—dy +1)T x N)' x N
R —Y T x N)' x T®, (2-14)
R

where Ty stands for the derivative along the R-th tangent vector T, for R = A or
B. Note that (2-14) is proved in [Amstutz and Van Goethem 2016, Lemma 3.19]
by taking & = 0 (since we consider smooth surfaces without umbilical points) and
noting that each term of (2-14) is symmetric.

2.2. Basic properties. The following lemma is easy to prove from the properties
of these functions.

Lemma 8. Every E € Hy(Q2) satisfies divCurl’ E = 0 in Q and Curl' E x N =
ONE x N =0o0n 0. Moreover,inc E | F = E |inc F for every E, F € Hy(Q2).

Proof. The first statement comes easily from the solenoidal property of E. As for
the second, compute componentwise (see [Amstutz and Van Goethem 2016] for
detail)

t
—[Curl’ E X Ny = ((ONE X N)' X N)ppy — ((Z R x 8RE> X N) , (2-15)
R mq
where dg means the R-th tangential derivative, which here vanishes identically,
proving the result. The last statement is a direct consequence of Lemma 4 and
Remark 5, and taking into account the density of smooth functions in Ho(€2). U

Lemma 9. Let Q@ C R? be a bounded open set with boundary of class €' and
F € Heun(2; M?) such that F x N = 0 on 8Q. Then (Curl F)N = 0 on Q.2
Moreover, (inc EYN =00n 0Q2 as soonas E = (0yE x N)) x N =0o0n 9.

2This expression is intended in a classical weak sense; see, e.g., [Van Goethem 2015].
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Proof. The first part is proven by taking an arbitrary ¢ € H?(Q2, R?) since by integra-
tion by parts and Lemma 3 ((Curl F)N, ¢)yq = (Curl F, D)= (F xN, Dg)yq =0.
The second part follows from the first part, the definition of incompatibility, and
the identity 0 = Curl’ F x N = 0 from Lemma 8. ([

For a proof of the next lemma, see, e.g., [Kozono and Yanagisawa 2009; von
Wahl 1992; Bolik and von Wahl 1997].

Lemma 10. Let F € Heyn (Q2; M) such that div F =0in Q and F x N =0 on 3.
Then F € H'(Q2, M?), and

IVF| 2 < CllCurl Fllp2q- (2-16)
The next result follows without major difficulty from Lemma 10.

Lemma 11. Forall E € Ho(2),
IE | 22y < C(IE |l 12y + ICurtl E|l12(q) + llinc E|l12(q))-

The following theorem is nonclassical but also easy to prove.

Theorem 12 (Poincaré). Let 029 C 0S2 be nonflat with H2(30) > 0. There exists
a constant C > 0 such that, for each u € HY(Q: R3),

lull 2@ < C(IIVM||L2<Q) +/ lu x NI dS>~ (2-17)
920

Theorem 13 (coercivity [Amstutz and Van Goethem 2016]). Let Q2 be a bounded
and connected domain with C' boundary, and let the nowhere-flat subset 32 C 92
with H2(02) > 0. There exists a constant C > 0 such that, for each E € Hy(R2),

IEll 2@ < Cllinc E||12(q)- (2-18)

3. Kinematics with dislocations

First, the complete equations deriving from conservation of momentum are pro-
vided. They turn out to be nonclassical since, in the presence of dislocations, an
auxiliary tensor variable appears as well as a dislocation-induced force in the right-
hand side of the equilibrium equation. Second, we discuss the chosen boundary
conditions from a mathematical and physical standpoint. Let us emphasize here
that from now on the forces will be regularized so that all fields are assumed smooth.
This will allow us to perform a thermodynamical study in a classical manner.

3.1. Governing PDEs. The elastic strain is given from the stress tensor o by € :=
A~lo, where A is the assumed constant elasticity tensor, i.e., A =2uly + Al ® [,
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where [ and [, are the fourth- and second-rank identity tensors, respectively,® with
w and XA the Lamé coefficients. Conservation of linear momentum reads
dv

—divAe = in 2,
r ivAe = f in

oN=g onodQ,

p (3-1)

where p is the volumic mass and v the velocity and with f € €°°(<2, R?) and
g € €3, R?) the volume and surface forces, respectively. By Beltrami decom-
position (see Theorem 1), there exists a vector # and a symmetric and solenoidal
tensor F such that

e=VSu+incF, (3-2)

whereby, recalling the solenoidal property of

€ :=inc F,

conservation of linear momentum is rewritten as

d
pd—v —div(AVSu) = Fp = f+AVir(inc F) in €,

S , (3-3)
(AV u)N = g — Atr(inc F)N on 0€2.

Therefore, u is called the generalized displacement field since it coincides with the
displacement field in the absence of dislocations, i.e., for €Y =inc F = 0. Moreover,
we set v = ‘ZJ—LI‘, the pointwise velocity.

The right-hand side of (3-3) depends on F, i.e., through tre®, for which an
equation must be found. To this end, we appeal to Kroner’s relation, proved in
[Van Goethem 2016b] and which reads inc € = inc € = Curl k., where the right-
hand side is a concentrated first-order distribution. However, in the present work,
which deals with thermodynamic consideration, the right-hand side will be regu-
larized by convolution with a certain divergence-free mollifier n, (this amounts to
considering a tubular neighborhood of the line of some fixed radius p, which is a
common practice in the dislocation literature). Thus, by (3-2),

incinc F =G, :=Curlkgxn, inQ,
F=0 on 092, (3-4)
(ONF XN xN=0 on %2,
where the boundary conditions are chosen in such a way that (3-4) has a unique
solution. Indeed, (3-3) and (3-4) are well-posed as discussed in [Van Goethem

2015]. Note that well-posedness in weak form is a direct consequence of coercivity
as proved in Section 2. Other boundary conditions of Neumann or mixed type will

3Componentwise, Uijr = %(‘Sikfsjl +38i10 k) and (I2);; = ;5.
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be discussed below. Furthermore, div G, = 0, and hence, there exists « called the
regularized contortion such that

G, = Curl«k. (3-5)
Note that such a model is also discussed in [Van Goethem 2016a].

3.2. Chosen boundary conditions.

Boundary conditions for the gauge field F. The boundary conditions of (3-4) are
of essential type (i.e., Dirichlet-like). Note that the first boundary condition on F
in (3-4) is required to satisfy the boundary conditions of Beltrami decomposition
(3-2) of Theorem 1. Furthermore, it has been shown in Lemma 8 that the second
boundary condition for F implies that Curl’ F x N = 0 on 9%, which in turn
implies that (inc F)N =0 by Lemma 9.

On the other hand, in order to determine the natural boundary conditions, a
Green formula has been computed in Section 2.1. In particular, the formula shows
that the second boundary condition on F may be replaced by a condition on the
tangential components of inc F. Specifically, the following equation with pure
Neumann boundary conditions has a solution [Amstutz and Van Goethem 2016]:

inc(Minc F) = Curl« in €2,
To(inc F) =0 on 02, (3-6)
TiGinc F)=0 on 092,
with M positive-definite and where 7y and 7; are the trace operators as defined in

Lemma 4. Note that 75(A) := (A x N)! x N stands by (2-2) for the tangential
components of tensor A (in a different order). So we will write

Ar :="To(A),

with subscript 7' standing for tangential. To be precise, as a consequence of the
Green formula, 7y (inc F') is the dual of (0n F)7 and 7 (inc F) is the dual of F. This
and the above remark imply that either (inc F)N or (inc F)7 might be prescribed
on the boundary but not both simultaneously.

Remark 14. Because (3-6) is given with Neumann boundary conditions, unique-
ness might only hold in a quotient space. Specifically, term |, 90 Curl’ F x NdS(x)
might not vanish in the right-hand side of the coercivity inequality. Hence, F is
fixed up to a gauge field F satisfying fasz Curl’ F x NdS (x) = 0. This kind of
detail is not of interest for the purpose of this work, but the curious reader may
refer to [Amstutz and Van Goethem 2016].

With a view of the time-evolution model, we would like to justify the chosen
boundary condition for €? := inc F as derived in the next section. To this end,
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we must find a set of mixed essential/natural boundary conditions on F and its
derivatives that imply 7;(inc F') = 0. First let us make a general remark. There
are six unknowns for a fourth-order operator, and hence, twelve complementary
conditions must be prescribed on the boundary (for the complete theory, we refer
to [Agmon et al. 1964]). This is the case if the symmetric F' and (dy F)7 are set to
zero, for instance, as for the homogeneous Dirichlet boundary condition. For the
pure Neumann case, 7 provides three independent conditions and 7; six, whereby
there exist three degrees of freedom unprescribed (whence the quotient space).
We assume that 7y(inc ) and only the normal components F'N are vanishing
on the boundary. Then, referring to the Green-formula expression (2-7) and (2-9)
with 7 = € = inc F, we observe that the central term in the right-hand side of
Ti(€%) simplifies to To(dye). By (2-9) and (2-10), it remains to consider the term
((Curl’ €°) x N)S and the first term on the right of (2-10). On the one hand, the term
(Curl’ €) x N is related to the dislocation rotation gradient since one recognizes
Curl’ € as the Frank tensor, satisfying for a general strain € (by Mitchell-Cesaro—
Volterra decomposition and path integrations; see, e.g., [Maggiani et al. 2015])

Vo = Curl’ e, (3-7)

where w is the rotation field. Thus, defining the divergence-free dislocation-induced
rotation @ by means of V' := Curl’ €, if we impose that »° be constant on 92,
then Vo® x N = Curl’ € x N = 0 on dQ. This is interpreted as a condition of
rigid dislocation-induced rotation of the crystal boundary.

Summarizing, by recalling (2-13), if one assumes F N = O (three conditions),
To(inc F) = To(dy inc F) = 0 (3 4+ 3 = 6 conditions), and »° = constant on 9
(two conditions), then the second Neumann boundary condition will be zero for a
nonflat boundary if we also assume the additional condition €)yny:=€"N-N=0
(the twelfth and last condition). Note that, as a consequence of €y =€)y n =0
on 9%, the trace of € vanishes, i.e.,

e:=tre’=0 ondQ. (3-8)
Obviously,
dge =0drtre’=0 for R=A, B on d%2. (3-9)

As resulting from the above considerations, from now on in this work, the fol-
lowing equation for F will be considered:

inc(inc F) = Curlk in €,
FN =0 on 082,
Toinc F) =0 on 092, (3-10)
(inc F)N-N =0 on 0€2,
To(Oyinc F) =0 on 0€2,
Curl’ (inc F) x N =0 on 9%2.
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Furthermore, by elliptic regularity* and the smoothness of «, the fields F and inc F
are also smooth.
Note that the third line of (3-10) implies that

O x N = —EXA‘EA®‘L'B +€gBIB®‘EA+€gB(IA®‘EA —13®1)=0. (3-11)

Boundary condition for the dislocation strain €°. We recall the following facts.
The elastic strain can be written as € = A~lo = VSu + €°, where ince = ince” =
Curl k. The tensor €’ = inc F is called the dislocation strain since it is the only
part of the elastic strain related to the dislocation density.

First note that the Neumann conditions 7y(inc F) = 0 and (inc F)N - N =0
in (3-10) exactly mean that (eg)r = 0 and (ep) yny = O, respectively. Thus, they
naturally impose Dirichlet boundary conditions for €” though incomplete since the
components (€gN) - T® remain unprescribed so far (with % the R-th tangent vector
to 9€2). We also impose (Curl’ €% x N =01in (3-10).

In order to chose the remaining boundary conditions for €°, we will require that
the following integration by parts be valid:

O = inc(Minc €?) | €. (3-12)

Minc e | ince
As a consequence of (3-10), we already know that €y =@One®)7r = (e0)ny =0
on 0L2. Therefore, recalling that 7o(M inc €9 - 9ye® = Mince®) - (One®)r =0 on
0%2, in order for (3-12) to hold, it suffices to impose, by referring to Green formula
(2-7) with T = M inc €°, that the boundary integrand 77 (M inc €. €"=00n0Q.
Furthermore, by (2-14), only the N R-components (for R = A, B) of 71 (Minc )
matter in this product since €7 = (eg) yy =0 on dQ. Then only the first and last
terms of (2-14) are nonvanishing, and (2-14) is equivalently rewritten by virtue of
(2-3)—(2-5) as

kB (Mince€®) gy + dr(Minc €®) grgr — dg+(Minc€®)gre, R=A, B, (3-13)

where 7 stands for the derivative along the R-th tangent vector T® and «® for the
R-th principal curvature, for R = A or B, and with A* = B and B* = A. Note that,
for a cylindrical boundary, the last two terms are recognized as a surface curl.

Let us remark that, by Lemma 9, (inc €®) N = 0 since (Curl’ €) x N =0 on 8,
and hence, if one assumes that M has the same symmetry as the isotropic elasticity
tensor, then (Minc €?) gy = 0 and the first term in (3-13) vanishes. In this case,
the boundary condition reduces to imposing a vanishing surface curl of Me®.

4The operator inc inc is A2 for symmetric solenoidal fields, and equation well-posedness is shown
in [Van Goethem 2015]. See also Section 2.
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Summarizing, the following boundary conditions will be prescribed for €°:
(€))7 = @ne")7r = ()yy =0 ondQ,
(Curl’ € x N=0 onag,
KB (Minc €®) gy + dr (Minc €°) g g
—dr=(Mince®)gg- =0, R=A, B, ondx.

Let us recall that the Dirichlet conditions (i.e., the first two lines in (3-14)) follow
from the chosen Neumann conditions for F', whereas the Neumann conditions are
chosen so as to permit the integration by parts (3-12). As for their physical meaning,
Curl’ €° is the dislocation Frank tensor, i.e., the rotation gradient generated by the
dislocations. Moreover, M inc €® = M Curl « is a dislocation flux as related to the
density of dislocation gradients and the crystal symmetries (given by the symme-
tries of tensor M) and material properties. The Neumann condition is satisfied if
for instance the dislocation density on the boundary is prescribed such that Curl «
is purely tangential and constant on the boundary.

(3-14)

4. Evolution law for the dislocation strain

The aim of this section is to derive an evolution law for €” from the second prin-
ciple of thermodynamics and by assuming that the evolution of the dislocation
density (i.e., A and hence «) is known (by means of transport-reaction-diffusion
PDEs?). To be precise, the model will be derived from a particular form of the
global Clausius—Duhem inequality. Let us stress that the obtained evolution law
is too simple to satisfy the principle in its full generality. In fact, our aim here
is to derive a simple model based on the principle, study its mathematical well-
posedness, and leave more elaborate models for future works. In this respect, our
aim is also to show that the incompatibility operator naturally appears in the model
as soon as high-order dislocation density terms are considered in the free energy.
Note that evolution laws are often postulated from the statics equations, but this
procedure is questionable since the resulting dynamics does not necessarily comply
with thermodynamic principles.

4.1. Model assumptions.
Assumptions on the free energy. Let the Helmholtz free energy be given by

W = U(e, k, Curl k) = W, (€) + Waigio (€, i, Curl k), (4-1)
where a quadratic law in « and Curl « is postulated:

Wisio(€°, &, Curl k) = INk - & + M Curl k - Curl k + Vgisio (€°) (4-2)

5For point defects, such a law was studied in [Van Goethem et al. 2008].
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with M and N positive-definite fourth-rank tensors. In this work, we will restrict
ourselves to symmetric tensors N of the form

N = 28l4, (4-3)

where B > 0 is a constant scalar and (l4); 1 = %(Sik(Sﬂ +6i18x). Note that N and
hence 8 have the dimensions of a force since «, as A, has the dimensions of an
inverse length while M has the dimensions of a force times a surface.

Let us emphasize that high-order dislocation models involving strain derivatives
in the form of € and its curl are not new; see, e.g., [Berdichevsky 2006].

Assumption of rigid dislocation-induced rotation. We assume that the dislocation-
induced rotations are constant along d€2, that is, V' x N = Curl’ € x N = 0.
Nonetheless, variations of rotation may occur as induced by purely elastic loading
since Curl’ VSu x N # 0.

Additional remark. The relation inc € = Curl x yields
k= Curl’ €® + Vg (4-4)

for some vector ¢ satisfying, by the identity dive® =0,
Lo.1(p) = div V3¢ =div k5, (4-5)

where we have chosen ¢ = 0 on dQ2. Note that this latter choice yields that
Curl’ €” x N =0 on 92 implies that « x N = 0 and hence Curlkx N =inceN =0
on 0€2, by Lemma 9.

4.2. Thermodynamics considerations. The notions invoked in this section are clas-
sical in thermodynamics. References can be found in, e.g., [Lemaitre and Chaboche
1988; Ottosen and Ristinmaa 2005]. The idea is to derive an evolution law that
would at least satisfy the second principle of thermodynamics globally in €2. The
pointwise (otherwise termed local) isothermal Clausius—Duhem inequality reads

0<D=0-Vi—W
=0-(€—inc F)—8W-é =8, W -k —8cur WV -Curl & —8,0W-€°
= —o-inc F+é(a_5666)_&(\1}&510'/&_8Curlfc\ljdislo'curl/%_Seowdislo'éo

(the - symbol stands for the time derivative, i.e., € := 0;€(x, t), and Vu for the
gradient of the velocity field). It is classically deduced that o = 6. W, and hence

0<D=—0-inc F — (Nk - & +M Curl k - Curl &) — 8 0Vgiso - €°. (4-6)

Introduce the global mechanical dissipation as

@::/ Ddx.
Q
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The isothermal global form of the second law of thermodynamics (or the global
Clausius—Duhem inequality) in € reads®

2 > 0. 4-7)

Inequality (4-7) will allow us to derive the sought evolution equation for the dislo-
cation strain. Recall the notation

a|b::/a-bdx.
Q

By the symmetry of o, Theorem 1 yields a unique (¥, S) satisfying o = V3¢ +inc S
with ¥ =0, S =0, and Curl’ S x N = 0 on 92 (the same remark as for (3-4)
holds for S). In particular, one has incinc S = inc o, where we remark that the
dependence of S upon €” must not be linear. Furthermore,

o-inc F = V5 -inc F +inc S -inc F, (4-8)
which by integration by parts (justified by Lemma 8) yields
o|inc F=incS|inc F=S|incinc F=S|incé =S |incé’ =inc S |€°. (4-9)

Moreover, by Beltrami decomposition again, the symmetric tensor 8.0vgiso can be
decomposed as
SeoWdislo = VSTI + inc Ko (4-10)

for some vector-valued 7 (here taken with = 0 on 9€2), where K,o is a symmetric
divergence-free tensor whose dependence upon € must not be linear too. Hence,
recalling the solenoidal property of €°, 8.0¥qislo | €* = inc .0 | €°. Thus, by (4-4),
(4-6) and (4-7) can be rewritten as
0<2=—incS. | € — (N(Curl' €” + Vo) | (Curl' ¢° + V)

+Mince” |incé® +inc Ko | €°), (4-11)
where the dependence of S upon €° has been emphasized by the subscript.

Let us now consider the second term of the right-hand side. By the symmetry
property of N and since ¢ = ¢ = 0 on the boundary,

N Curl’ € | (Curl’ €° + V@) = NCurl’ € | Curl €° — div(N Curl’ €°) | ¢. (4-12)
Obviously, div Curl’ €® = div Curl €® =0, and hence, integrating N Curl’ € | Curl ¢°

by parts by recalling (4-3) and Lemma 3 allows one to rewrite (4-12) as

(4-12)=Binc e’ | €24+ B Curl ® | Curl é®+28 | (Curl’ €®)S x N-€%4dS, (4-13)
Q2

The global form expressed in full generality would require a positive integral in any time-
dependent control volume in 2.
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where the integrand in the boundary term can be rewritten as —(Curl’ €°)5- (€% x N)
and hence vanishes by (3-11). Now, by definition of the Frank tensor (3-7),
B Curl€” | Curl €% = B Curl’ €° | Curl’ €° = BV | V&'.
Therefore, (4-13) can be rewritten as
Bince’ | €+ V| V. (4-14)

From the right-hand side of (4-11) and by div Curl’ €® = div Curl €® = 0, one is
left with

NV | (Curl’ €+ V@) =NVS¢ | V¢ =28V5¢ | V3¢ (4-15)

with ¢ the unique solution to 4-5).7
Summarizing, (4-11) is rewritten as

0<92=—BVa? |V’ —28V5¢ | V5¢—Bince’ | ¢* —inc(Minc e’ +H,o) | €°

d
= —Eé"ﬂ(eo,/c)—inc(MinCEO+,360+|]'[|eo) | €9, (4-16)

where the nonlinear term with respect to € is the symmetric and solenoidal tensor
Heo := Koo + Seo
and with a stored quadratic dislocation energy &3 defined as

B
2
Let us remark that, if the free energy is independent of «, that is, if § = 0, then
ép =0 and (4-16) immediately yields

E3(e%, 1) = 2 (Vo | Vo' +2V3¢ | Vi¢). (4-17)

—inc(Mince® + Be® +Hoo) | €2 =2 > 0.

4.3. Time-evolution of the dislocation strain. Let us now consider a certain time
scale, which is lower than that of dissipative phenomena associated with the evolu-
tion of dislocations (the law for «) but high enough not to invalidate the hypothesis
of local state [Lemaitre and Chaboche 1988]. We will consider a thought exper-
iment with a certain number of pure edge dislocations in such a way that ¢ =0,
whereas the norm of V' can reach arbitrarily high values. Thus, one can render
—%é”’ (€, k) arbitrarily negative, and in order for the global dissipation & to remain
positive in (4-16), the term inc(Minc €° 4 B€® +H_o) | €° must be nonpositive. For
this reason, the following evolution law for €? is postulated:

0=aé®() +inc(Minc €2(t) + G(€°(1))) (4-18)

TThus, it linearly depends on div K5,
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for some material-dependent coefficient & > 0 and with the solenoidal tensor-valued
nonlinear term
9(€) :=Hoo + Be® = G(®) — L,

where [ stands for a symmetric (not necessarily divergence-free) tensor indepen-
dent of €. We introduce the generalized dislocation force as the symmetric and
solenoidal tensor

G:=incl.

Moreover, the boundary conditions (4-19) and the initial condition €%0) = 68 at
t = 0 are prescribed.

Specifically, the sought time-dependent boundary-value problem for the dislo-
cation strain reads, by recalling (3-14),2

ad,e” +inc(Minc e’ +G(e”) —G=0 inQx[0, T,
(€)r = @One")r = (")xn=0 ondQx[0,T],
(Curl ) x N=0 ond2x|[0,T], (4-19)
KB (Minc €®) gy + dr (Miinc €°) g+ g
—dr+(Mince®)gg- =0, R=A, B,ondQx[0,T].

Furthermore, the following energy relation also holds:
d .02
Eéjg (e, k) <alé”|”. (4-20)

In particular, the energy &3 decreases in time as soon as the dislocation strain is
stationary.

5. Well-posedness of the evolution

5.1. Weak forms. Recall first the notation a | b = (a, b);, where the right-hand
side stands for the scalar product in L? (of scalars, vectors, tensors, etc.). The
weak form associated with (4-19) reads: for all ¢ € [0, T], find E(¢) € Ho(£2) such
that

dE
ozz(t) | F+Minc E(t) |inc F +G(E(?)) |incF =G| F =0
forall F € Ho(2), (5-1)
where M is a fourth-rank symmetric and positive-definite tensor, G is a symmet-

ric tensor-valued nonlinear term (not necessarily divergence-free), G represents a
tensor-valued generalized force, and o > 0, and such that

E0) = Ep e L*(Q; S%).

8The dot and the partial time derivative symbols are equivalent. Recall that, in linearized elasticity,
material and partial time derivatives do coincide.
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By integration by parts, and recalling Lemma 3, (5-1) can be rewritten as: find
E € Hp(2) such that

dE
a— | F+MincE |inc F+CurlG(E) |Cutl' F—G| F =0

dt
for all F € Ho(2). (5-2)
The bilinear form associated with the linear part of the PDE reads
a(E, F)=Minc E |inc F. (5-3)

Its coercivity in H 2(Q) is an immediate consequence of Theorem 13.

Note that in the case of the dislocation model of Section 4.3, G (60) =H.o + ,Beo.
Recalling (4-18) and assuming for simplicity that H.o = H(x) is independent of €”,
the weak form associated to this linear model can be written as: find E € Hy(2)
such that

dE ~
az | F+Minc E+ BE)|incF —G| F=0 forall FeHy(R) (5-4)

with G := G + incH. In this case, the equation is a linearization of the general
Cahn—Hilliard system.

Now, if G is assumed to be an objective tensor, it can be written in terms of its
invariants, the first of which is the trace of E.

Assumption on the nonlinearity. The nonlinear term is assumed to be written as a
polynomial in the trace of E plus an affine term in E.

Assumption 15 (nonlinear term). Let E € S3. It is assumed that

G(E) = BE — 39(tr E)ly (5-5)
with 8 > 0 a constant scalar and ¢ a scalar-valued polynomial defined as
2p—1
)= p', p=2, (5-6)
i=1

where p2,_1 > 0. In particular, G(E) is a symmetric second-rank tensor.

Remark 16. The divergence of the nonlinear term in (5-5) must not be zero since
divG(E) = —%(p’(e)Ve = 0 unless ¢ is trivially independent of e. However, re-
ferring to the dislocation model of Section 4.3, div¥(E) =divG(E) —divL =0
and hence divl = %go/ (e)Ve. Without going into details (see, e.g., [Scala and
Van Goethem 2016; Fosdick and Royer-Carfagni 2004]), L then plays the role of a
constraint reaction to ensure the condition div¥ (E) = 0, and one could take L of
the form L = CVSw for a certain elasticity kind of tensor C and w an associated
vector field.
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Furthermore, one has (Curl G(E));; = B(Curl E);; — %eijw/(tr E)oy tr E. It fol-
lows that

Curl G(E) | Curl' E = BCurl E | Curl' E +¢'(tt E) | (Vtr E)2. (5-7)

5.2. Energy estimates. For simplicity, the estimates will be done taking o = 1.

Theorem 17. Under Assumption 15, let E be a solution of (5-1). Then

d
EHE(z)niz <CIE®DII3> (5-8)

for some C > 0. Moreover,

dE

2
— <ClEol%. (59

L2(0,T;H~2)

2
IEN L. 7:02) FNENT20.7. 2y T+ H

These estimates also hold for E a solution of (5-4).

Proof. By (5-6), the polynomial 212:‘” ;2 piv' is bounded from below by a constant.
Hence, by (5-7), there exists ¢ > 0 such that

Curl G(E(1)) | Curl' E(t) = =B Cutl EQ)|[3, — ¢V tr E@)]|3,.

Denoting C(E(1)) := B||Curl E(0)|[7, + |V tr E(t)[7, > 0 and letting F = E in
(5-2), one has

E%”E(t)”%z +Minc E(¢) | inc E —C(E(t)) — G | E(¢)

d
< E%”E(’)”%Z +Minc E(¢) |inc E(t)+Curl G(E(¢)) | Curl’ E(t) -G | E(t) =0,
and hence, there exists Cg > 0, a constant independent of E, such that
d 2 . .
EElIE(t)IILz +Minc E(t) | inc E(¢)
<SCEM)+G|EW) < Ce(IVED 7.+ IE®) ] 12).

The interpolation inequality and general Cauchy inequality [Evans 2010] yield

d . .

E%IIE(I)IIiz +Minc E(2) | inc E(t) < c(IE@ 21 E@)l g2 + I E@)]]12)

4e +-c
= cell EOlgp + = —IE@I7 (5-10)

for some constant ¢ := cg > 0, a constant independent of E. Furthermore, positive-
definiteness and coercivity (see Theorem 13) of M yield Cyy || E || gz <Minc E | inc E
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for some constant Cyg > 0. Thus, it follows from Theorem 13 and by choosing &
small enough that
4e+c

iy E 2<dlE 2 L CIE®|>, < LiE@®)|? 5-11
Ezll (t)||L2_E§|| O+ CIEM72 < P SIEDI72 (5-11)

for some C(¢) > 0 (in the sequel, the dependencies of the constants on G and M
are omitted for conciseness). As a consequence of the differential form of the
Gronwall lemma [Evans 2010, §B.2.j] and (5-11), we deduce that

E(t <C|E 5-12
max @]z < CllEol 2 (5-12)
for some constant C > 0. Moreover, by (5-10) and time integration in [0, T'],
t d 5 _ t 5 A t 5
fo TAIE@)7:ds +c/0 IE()I132 ds < C[O IE@)I2.ds  (513)

for some C > 0. Hence, by (5-12),

t
%nE(t)niz—%||E(0)||§2+c/ IE(5)|1%, ds < CCT||Eoll 2, (5-14)
0
and thus,
T 2CCT +1
VER g 7o) = /0 IEO: di < =T G-19)

To conclude, take any V € HOZ(Q; M?) and let F =V in (5-2).

Set V = V5 + VA, the symmetric-skewsymmetric decomposition of V, and
VS = VSvu 4+ VO, the Beltrami decomposition of its symmetric part, with V0 €
Ho(£2). Then, by means of some integration by parts,

dE
I | V+MincE |incV +G(E) |[incV -G |V
dE
=— Vo4 MincE |inc VO +G(E) |inc VO -G | V©
=0.

Thus, we have for some constants Cy, Cé >0

2p—1

<ClUENgVIig+ D CHENLIV g,

‘dE v
dt P

and hence, by (5-12) and (5-15) and with a nonrelabeled constant C > 0,
T
dt || 20r:m2  Jo

dr < C(||Eo||iz+ > ||Eo||;2), (5-16)

i=0

dE
dt

H2
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where H%(Q) := (HZ(2; M?))". The proof follows from (5-12), (5-14), and (5-16)
since, for the second statement, it suffices to take ¢ = 0. ([l

5.3. Existence and uniqueness of the weak solution. 1t is now well-known that
the energy estimates of Theorem 17 and classical decomposition in discrete sub-
spaces of H?, the so-called Galerkin approximation (see, e.g., [Evans 2010; Temam
1997; Roubicek 2005]), yield the following theorem. Note that compactness is
recovered in H2($2; S*) while the divergence-free properties also pass to the limit.
Therefore, the solution belongs to Ho(2) by the second statement of Lemma 8.

Theorem 18. There exists a unique weak solution E of (5-1) and (5-4) in Hy(2).
Moreover, E € €(0, T, H™2).

Note that continuity in time is an immediate consequence of (5-9).

6. Discussion

6.1. Tensor version of Cahn—Hilliard. The derived equations are similar in form
to the well-known Cahn-Hilliard equations, but here the variable is a divergence-
free tensor E. Recall the strong form of (5-1) in Q:

dE
aE(t)—i—inc(M incE(t)+9(E())) =0. (6-1)
Recall the identity trinc A = Atr A — divdiv A. Then Assumption 15 yields
trinc4(E)=Atr(G(E)— L) =—-AtwlL+BtrE—ptrE) (6-2)

since trinc A = A tr A for solenoidal fields A. Assume also that M = 2/1|]4+)~L|]2 Qs
for some i > 0, and set B := 2({t + A).
Let us introduce
e=trE

and compute the trace of (6-1). By (6-2),
ae'(t) =trinc(—Minc E(¢) — 9 (E(1)))
= A(=BAe(t) = e(t) +¢(e()) + L), (6-3)

or more simply,

ae (1) = A(—=Bhe() +(e(t), V(o) :=g(e)—Be+rtrl, (6-4)

which is recognized as the classical scalar version of the Cahn—Hilliard equation
for e with the nonlinear term 1. Note that, in the classical derivation of the Cahn—
Hilliard equation, 8 should depend on a small parameter related to a scaling in
the free energy. In terms of our model, the part of the strain that is relevant for
the variations of dislocation density, i.e., E = € (by the relation Curl ¥ = inc €°),
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has a trace e and therefore is interpreted as dislocation-induced variation of matter
density. It is remarkable that e obeys the law (6-4).

Regarding its boundary conditions, it is already known by (3-8) that e = 0 on 9€2.
We also assume that Ae =0 on 0$2 and the initial condition e(0) = tr Ey. It is well-
known that (6-3) is well-posed (see [Elliott and Stuart 1996] for this particular
choice of boundary conditions) though the solution might only be unique up to
some gauges since dye is not fixed.

Moreover, % Joedx=— [,q By AedS(x) + [50(¢'(€) — B)dye dS(x) clearly
follows. From a physical viewpoint, this property simply reflects the inflow of point
defects. In fact, any variation of e is due to the change in interstitial and vacancy
densities. In some sense, e might be viewed as a point-defect density: positive in
the case of an excess of interstitials and negative if vacancies exceed interstitials.
Furthermore, assuming that e depends on the temperature 7, one has a leading
boundary inflow proportional to the normal temperature gradient, i.e., given by
(¢'(e) — B)e'(T)ayT. Hence, the point defects will be conserved: dd—t fQ edx =0
as soon as the normal temperature gradient vanishes at the boundary. Otherwise,
point defects will be introduced or removed from the boundary. Furthermore, the
fact that e = 0 on 02 means that point defects are only present inside 2. Note
that point defects on the boundary is somewhat nonsensical since an excess/lack
of atoms indeed changes the boundary location. Recall also that dislocations are
nucleated by the collapse of point-defect clusters. Hence, determining their density
is crucial for dislocation modeling.

Note also that e is the potential yielding the bulk dislocation force Ve in (3-3).
Therefore, the work done by this force only depends on the variation of point-defect
density at the path endpoints. Specifically, the displacement is a solution to

,08314 — diV(AVSu) =f+AVe inQx][0,T],
{ (AVSu)N =g —reN ondQ x [0, T]
as coupled with the point-defect density
de(t)+ A(BAe(t) +y(e(r)) =0 inQx[0,T],
e=Ae=0 ondQx][0,T], (6-6)
e(0)=ey in Q2 x[0,T],

where the bulk force term in the right-hand side will be explained in the next sub-
section. It represents a dissipative force related to point defects as a source or sink.

(6-5)

6.2. Comment about the forcing term. Note that tr [ in (6-3) stands for an external
time-dependent field in Gurtin’s formalism of microforce balance [1996].

Let us rewrite (4-10) as 8.0 Vdgisio = P€ + PP where the symmetric gradient PC is
impactless on the mechanical dissipation. Accordingly, let ¥ gis10 = wdcislo + 1//5810,
where the first term is a conservative contribution while the latter is dissipative.
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One has div [P’D div 80 W doyo = 82, ¥ i, Ve = 0, which implies that ¥ must
be affine in €°. Hence,

w(ﬁslo(eo) =inc Ky - ? + Co

for some constant tensor Cy. Now, from the expression of the dissipation term
of (4-11), inc I | €° = Ko | inc €® = Ky | Curl £, one recognizes K as a thermo-
dynamic force.

Now, letting

l)[/dci‘slo(eo) = WC(trEO) + &C(V trEO),

with ¥ (e) = [; (v) dv — 3Be® +trLe and Y€ (Ve) = $BVe - Ve, (6-6) can be
rewritten as the classical parabolic diffusion equation of the form
de(t)+divj =0 in Q2x[0, T]with j:=—-Vpu
and pu 1= 8. (¥ (&) + ¥ (Ve)),
e=Ae=0 ondQ2x]|[0,T],
e(0)=ey inQx][0,T].

(6-7)

6.3. Gradient flow. Let us assume the existence of a scalar /# such that

H () +eF) — (%
€

(inc%(€%), F) = lim
e—0

for every F € Ho(£2). Note that, for a nonlinear term of the form (5-5), one has
H (%) =—(G, €*)+3B(Curl’ €*, Curl €%) — 1 ¢ (tr €)1, where ¢ = ¢'. By defining
the incompatibility energy as

&€ :=/ %Minoeo-inceodx+<%”(eo),
Q

it is obvious by integration by parts that the Gateaux derivative of & at €’ € ()
in the direction F' € Hy(2) reads

(grad)? £(e°), F) /

inc(Minc €°4+%(€%))-F dx = f (Minc €°+%(°))-inc F dx.
Q Q

Thus, for a general €% € H(S), one defines the ’H*I-gradient
(gradZo,l &%), F) = / (Minc e’ +%(€?)) - inc F dx,
Q

where H~! := (Ho(R2))'. Due to the Riesz theorem, the linear and continuous
map grad, ’ b éa (€9) is assomated with a umque F° € Ho(R) such that incinc F° =

inc(Minc € +%(eo)) SO (grad &%), F) fg inc FO-inc F dx. By analogy
with the scalar Cahn—Hilliard system, let us call — inc FO the “chemical potential”.
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Furthermore, || grad L EE3,_, = llinc FO|I7, = (Mince® + g(e()) inc F0),2,
and hence, our model evolutlon equation can be written as the ~!-gradient flow

1 1
ded=—— grad”o & = ——inc(Minc e’ + % (¢")). (6-8)
o
Now, (6-8) implies that
<grad“"° &, €% = (inc(M inc €’ +% (%)), €% = M inc €’ +%(€%), inc €%) ;>

dt
1 . 1 1
-3 (oz|e°|2 + — llgrady?, o@n;l(m) = ——llgrad}, E131q) <0,

and hence, (4-16) can be written as
d 0 0
05-@:_5(&,3(6 7K)+g(€ )):gdislo"i‘-@incomp

with the dislocation-induced dissipation term Zgigjo := —‘%é"ﬂ (€, k) vanishing as
soon as the free energy is independent of « while the incompatibility-induced dissi-
pation term Zincomp := (1/a)|| grad & ||2 ) = d 27 & 1s due to the dependence
of the free energy on Curl ¥ = inc eo Thus the 1ncompat1b111ty -induced dissipated
energy in [0, T'] is decreasing since

T
gincomp = /(; -@incomp dt = 5’(0) —&(T) = 0,

and hence, stationarity means that minimization is reached. Therefore, the system
should progress toward a stable equilibrium state, a global minimizer of &. This is
the basic justification for minimization schemes in a quasistatic setting. Note that
maximizing the incompatibility-induced dissipated energy is equivalent to minimiz-
ing the incompatibility energy &(T'). Set 8 = ¢ = 0. Then for long-time behavior,
one can simply consider the variational problem

/(lencE incE—G-E)dx
EeH*CH(Q)

as done in [Amstutz and Van Goethem 2016].

6.4. Concluding remark. This work represents the first step towards a deep under-
standing of time evolution of dislocation networks at the mesoscale. Its principal
aim was to shed light on the importance of the incompatibility operator in the study
of dislocations and to propose an evolution in time of the dislocation-induced strain.
This required first introducing and/or recalling some properties of this operator as
well as its appropriate functional space. The evolution law is based on thermo-
dynamical principles and on the postulate of maximal dissipation adopted for the
model internal variables. It turns out that, as a consequence of the second law
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of thermodynamics, the evolution takes the form of the tensor formulation of the
Cahn—Hilliard system

ade’ =inc p, (6-9)

where 1 := —(Minc €® +%(€°)) is called the tensor “chemical potential” with M a
positive-definite fourth-rank tensor with the dimensions of a force times a squared
distance.

Moreover, the classical scalar Cahn—Hilliard system is recovered for the trace
of the dislocation strain, called e, which is interpreted as the density of point de-
fects since it allows one to change the solid density by adding or removing single
atoms. Remark that this fourth-order equation for e is not classical at all since
point defects are classically modeled by second-order reaction-diffusion equations
[Van Goethem et al. 2008]. Furthermore, Ve also appears to play the role of a
conservative bulk force in the displacement equation. Note also that the thermody-
namic derivation of the model equations leads to a nonlinear term whose explicit
expression is not known. For simplicity, we have considered a general polynomial
term in the trace of €°, i.e., in e. Of course, more elaborate choices can be made
with a view of a general model, but note that the physical sense of the other two
invariants of the dislocation strain is not clear.

A crucial quantity we have introduced is the incompatibility energy

&(E) ::/(%MincE-incE+%ﬂincE-E—%(j)(trE)—G-E)dx
Q

with 8 > 0 a scalar with the dimensions of a force and the scalar ¢ and solenoidal
tensor G with the dimensions of a surface force density. Furthermore, ¢ is a non-
linear potential depending on e = tr E and related to point defects. We have shown
that the time evolution of the incompatible strain € is given by (6-9), which in
turn yields the energy equation

d
a6 + llgrady?, S5 gy =0

for some o > 0. Therefore, solutions for large times, €2, should approach the
minima of the incompatibility energy, namely
&)= inf &(E),
EeH*CH(Q)

which may therefore be considered the associated quasistatic variational problem.

This work and the formalism introduced are expected to clear the way for more
involved, complete, and realistic models for the evolution of dislocation networks
at the mesoscale. In particular, the interface dynamics in a model of point defects
and dislocations in single crystals will be discussed in future work.
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