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type equations for phase field variables resulting from a gradient flow of an appropri-
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methods are developed, and simulations are performed in order to study local minima
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1. Introduction

Evolution laws decreasing the interfacial energy of a multi-phase system appear
frequently in physics and materials science. In this article, we study cases in which
some of the phases fulfill volume constraints. Such a situation occurs, e.g., in shape
evolution of crystals with surface attachment limited kinetics* where the material
is rearranged in order to decrease the crystalline surface energy. Another example
is the determination of foam structures by prescribing the area or volume (in two
or three space dimensions respectively) of the foam bubbles and minimizing the
length or area of the separating lines or hypersurfaces. A related problem is the
famous honeycomb conjecture!?. Let us more precisely state the situations we want
to investigate.

Consider a domain in the two or three dimensional space that is subdivided into
M € N sub-domains. The sub-domains, denoted by Q,, « = 1,..., M, need not to
be connected and will be interpreted as different phases throughout this paper. The
interfaces separating the phases are assumed to be smooth hypersurfaces. Given
two indices o # 3 the interfaces between the corresponding phases are denoted by
I'n3. We postulate a system energy of the form

Fsr = Z/ ’YQI@(Va,g)de_l. (1.1)
a<f Lap

Here, the vector v, denotes the unit normal on I',g pointing into Q2g. The surface
energy densities y,g are positive functions of the unit normal and, therefore, allow
to take anisotropy on the phase interfaces into account. Finally, dH%~! stands for
the integration with respect to a (d — 1)-dimensional surface measure.

Minimizers of the system energy (1.1) and the evolution according to an L2
gradient flow of the above energy are of interest where, in addition, the phases
1,..., A for some number A € {1,..., M} are due to additional volume constraints

|Q| := volume(Qy,) = My, a=1,..., A, (1.2)

with appropriate numbers M, € (0,]]). As we will see in the following section,
the gradient flow leads to a weighted mean curvature flow in the sense of Ref. 17
with additional forcing terms ensuring the volume conditions for the phases. This
motion is coupled to angle conditions for the interfaces in triple points or lines, i.e.,
in points where three phase interfaces meet.

In this article we present a model for such a system which is based on the phase
field approach. To every phase we assign a phase field variable ¢, (z), a =1,..., M,
representing the presence of the corresponding phase in some point & € ). This
means that the variables fulfill ¢, (x) € [0,1] and sum up to give 1, i.e., the vector
of the phase fields is demanded to lie on the Gibbs simplex M

M
b(z) e M .= {C:((l,...,gM)eRM‘Zgazl, gazo,azL...,M}.
a=1
(1.3)
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Observe that the corners of ¥ precisely are the points where one of the components
equals 1 and the others vanish, i.e., the corners correspond to the pure phases.

The system energy of the diffuse interface approach is defined to be the following
Ginzburg-Landau functional:

Fer(®) = [ (cal@.V6)+ Zu(@))dr (1.4

The function w is a multi-well potential with global minima in the corners of M.
Hence, for a state function ¢ it is energetically advantageous to take values close to
the minima of w. This leads to a separation of the domain into different phases. But
there may be transition regions where ¢ changes from one minimum to another.
The potential a penalizes gradients, the simplest choice being a(¢, V) = [V|?.
Therefore, it prevents ¢ from changing in a too thin transition region. Indeed, it
turns out that the thickness of the transition region is of order £ which is a small
length scale appearing in (1.4). The volume conditions (1.3) now read

)
/%zMa, a=1,..., A (1.5)
Q

Again we are interested in (local) minimizers of the above energy and consider
the gradient flow of (1.4) with respect to a possibly weighted L? inner product.
The dynamic problem leads to a system of Allen-Cahn equations for the phase
field variables which corresponds to a diffuse interface version of weighted mean
curvature flow. Non-local terms that can be seen as additional forcing terms enter
the parabolic differential equations and change the speed of the phase interfaces in
such a way that (1.5) is satisfied during the relaxation.

For the case of two phases, i.e., M = 2, the phase field approach to the considered
problem has been discussed in Ref. 16. Using matched asymptotic expansions and
multiple timescales, it is shown that the description with moving hypersurfaces,
i.e., the sharp interface model, comes out in the limit when the diffuse interface
thickness, which scales with €, converges to zero. In certain situations this limiting
behavior could even be rigorously established?. But effects on the e-scale that vanish
in the limit can indeed influence the long time behavior of solutions to the diffuse
interface model?!.

In contrast to the above references we face arbitrary numbers of phases. We
present several methods to incorporate the non-local terms. The developed algo-
rithms are based on finite difference methods to approximate solutions to the non-
local parabolic equations. For calibration reasons with respect to surface energies’
we are strongly interested in multi-well potentials w of obstacle type, i.e., w is real
valued only on £ but set to oo if the argument ¢ does not belong ™. One task is
then to ensure that the forcing terms are present only within the interfacial regions.
Moreover, it is a nontrivial task to find the correct strength of the additional forces.

In an ad hoc method we let the phase interfaces move according to the gradient
flow of (1.4) and then, in a second step, compute the change of volume and add
values equilibrating it. The use of the obstacle potential necessitates to iterate the
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equilibration procedure of the second step. Another idea is to apply the Newton
method to compute the necessary forces. Because of the obstacle potential the
function of which the roots are to be found is not differentiable, but it turns out
that it provides enough regularity so that a semi-smooth method in the sense of
Ref. 15 converges. For the analytical results certain regularity assumption on the
gradient energy a are necessary. They are not fulfilled in the case of crystalline
surface energies leading to crystalline curvature flow!”. But numerical tests revealed
that the developed methods are still applicable.

The models will precisely be stated in the the following section. In particular, the
decay of energy is analyzed. In the third section the procedures are stated and inves-
tigated. The main result concerns the convergence of the Newton method. Finally,
the last section deals with numerical simulations using the developed algorithms.
Tests and applications concern the evolution of two spheres, clusters of bubbles and
the construction of tessellations on a prescribed periodicity cell.

2. Modeling

Throughout this section, let ¢ R? with d € {2,3} be a connected open set with
piecewise smooth boundary and external unit normal v, on 992, and let I = (0,7)
with 7 € (0, 00] be a time interval.

2.1. Sharp interface model
2.1.1. Notation and governing equations

The domain 2 is subdivided into M time dependent sub-domains Q,(t), a =
1,...,M, separated by moving interfaces I'yg(¢) with unit normal v,g pointing
into Q3. Here and in the following the time dependence of the phases and the phase
interfaces will not be stated explicitly any more. The phase interfaces end in points
belonging to the sets T, g5 := fag ﬁf&; NTsq oOr Lageat 1= fa@ N oNQ. The following
equations and identities are restricted to times ¢ € I when we are in the following
situation: the phase interfaces I',g are smooth and, hence, measurable with respect
to the surface measure H%~!, and to arbitrary indices o, 3 there is a chain of indices
a =1n1,M2,...,M, = B such that each set I'y,,.,, has positive He'-measure. The
fact that the domain € is connected certainly enables to weaken the last assumption
but we do not want to discuss this issue here in detail.

To describe the energy of the system we introduce surface energy densities v,z :
S§4=1 — (0,00) where S¢~1 C R? is the (d — 1)-dimensional unit sphere. By one-
homogeneous extension, i.e., setting vo5(rv) := rya5(v) for allr > 0, v € S471 the
surface energy densities become functions on R%. They are assumed to be convex
and smooth (except in zero), and for consistency reasons we assume that g, () =
Yas(—v). To avoid wetting effects we suppose that

Yo (V) + V85 (V) > Yas(v) for mutually different «, 5,9 and all v € g1,
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To have volume constraints for the phases with indices « = 1,..., A means
that the constraints (1.2) are fulfilled. The numbers M, are positive and fulfill
22=1 M, < |Q| in the case A < M and 22=1 M, = |Q] in the case A = M
respectively.

The evolution of the system is defined by a gradient flow of the energy (1.1)
with respect to a weighted L? inner product, taking the constraints (1.2) with the
help of Lagrange factors pqo, a = 1,..., A, into account. In the following, we state
the resulting equations. The derivation is sketched in the appendix.

The phase interfaces I', 3 move according to the laws

MagVag = —Vs - (D'Vaﬂ(’/aﬂ)) + (g — Ha)- (2.1)

Here, vqg is the normal velocity in direction v,g, and the m,g = mg, are positive
kinetic coefficients. A kinetic anisotropy can easily be taken into account, i.e., each
Mag is a function of v, so that the velocity of the phase interface I'y 3 is enhanced
or restricted in certain spacial directions. The operator V- stands for the surface
divergence, and D, denotes the derivative of 7,3. We have set

o =0 ifa>A (2.2)

for shorter presentation. The Lagrange factors can be considered as bulk forces act-
ing on the phase interfaces and influencing its motion, whence they will be referred
as forcing terms in the following. They can be computed from the constraints (1.2)
which is shown in the next subsection. The terms —V - Dy, are commonly called
weighted mean curvature!”, whence (2.1) can be understood as weighted mean cur-
vature flow for the phase interfaces with additional forcing terms due to the volume
constraints.

The equations of motion (2.1) are supplied with boundary conditions in points
where the phase interfaces meet the external boundary of €2 or end in triple points
belonging to the sets T, 35. As shown in the appendix, they follow from the definition
of the evolution as gradient flow of (1.1), but they can also be considered as due
to mechanical equilibrium and are commonly known as Youngs’s law (cf. Ref. 12
and Ref. 9 and the references therein). The external unit normal to I';; in a point
x € Thps is denoted by T, (i,k) € Aups := {(a, 8),(58,9), (6,c)}. The condition
in  now reads

0= > —(Dyvir(wir) - Tir)vik + Yir (Vi) Tir- (2.3)
(i,k)EAaps
In the case d = 2 the condition is the same and can be derived by identically
extending the local situation into the third dimension. The condition implies that
certain angles are formed.

Similarly, there are angle conditions in points where an interface meets the
external boundary, i.e., in the sets I'ng ez

0="7aVap)Vap * Veat) + (DVap(Vap) - Tap)(Tap  Veat) (2.4)

where again 7,3 denotes the external unit normal to I',g on 'y eqt-
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The forcing terms in the motion law (2.1) act against volume changes of a phase
due to a local interface motion by a force acting globally on the whole boundary of
the phase. It is worth to remark that, because of the kinetic coefficients mqg, the
influence of the forcing on the normal velocity depends on the type of the phase
interface. If the kinetic coefficients mqa3(vqg) are anisotropic it even depends on
the directions of the interfaces.

2.1.2. Computation of the forcing terms
For shorter presentation, let us set

Lo =0, maa =1, a=1,...,M.
Condition (1.2) yields for all 3 =1,..., A that

0= 0| = Z/ —Vap)dHI! (2.5)

=Z / Ve (Dvap(as)) gt 4 (s L gt
— Tos Mag | Mag

For a, 6 =1,..., M let us introduce the abbreviations
M
Vs - (Dyap(Vap)) 0 a1
= dH* ",
=3 / s
1 d—1
Gap = —dH = 9Ba =0,
Tap mafg

M
hgs ==Y gps,
5=1
hﬁa = —9Ba if 7& ﬂ
and let us set
H = (hpo) gty K= (kg)i_y.

Then (2.5) corresponds to the linear system Hpu = & (remember that p, = 0 if
a>A), ie

Zhﬁaua = Zgga Mo —Hﬁ, ﬂ: 1,...,A. (26)

Observe that in view of (2.5)

M
0=20/Q =) 0| = Zf%— Z 1pgas + Z uagaﬁ—zf%
=1

ps=1 B,a=1 B,a=1

Lemma 2.1. Consider a situation as described at the beginning of Subsec. 2.1.1.
If A < M the system (2.6) has a unique solution pi1,...,uas. In the case A = M
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there is a unique solution p € span{ly/}+ where 1y = (1,...,1) € RM provided
that k - 1M =0.

Proof. Let us start with the case A = M. Obviously, the vector 1,; then lies in
the kernel of H. Since H is symmetric it follows that the image of RM under H is
a subspace of span{1,/}+.

Given p € RM a short calculation shows that

M
p-Hp = % > Gaplpa —pp)* > 0.
a,B=1

Any two line indices « # 3 of H are algebraically connected since, by assumption,
there is a chain of indices (o« = 71,92, ...,1n, = () such that for each pair |T';,,,,,| >
0, whence g;,,,, > 0. Therefore, if u - Hp = 0 then necessarily pq = piy, = -+ =
pg. Since this holds true for all pairs of indices we have that p - Hp = 0 implies
1 = -+ = up which is equivalent to p € span{1;;}. The matrix H is therefore
strictly positive when restricted to the space span{1,;}*. We conclude that H :
span{1;/}+ — span{l,/}* is bijective. Since by assumption & € span{ly}*,
altogether, this determines a unique vector p € span{1,,}* solving the linear
system (2.6).

In the case A < M the volume conserved phases never occupy the whole domain
since 22=1 Q0] = Zgzl M, < |€]. Consider a maximal set B C {1,..., A} of alge-
braically connected indices. By assumption there must always be some hypersurface
of non-vanishing surface measure between a conserved phase and a non-conserved
phase, i.e., there is a pair of indices (o, 5) € Bx {A+1,..., M} with gog > 0.
Therefore, at least one strictly diagonal dominant line exists in the block of the ma-
trix H belonging to the indices B. Hence that block is weakly diagonal dominant.
Thanks to the connectedness it is invertible. But since this holds true for all such
blocks we obtain that (2.6) is uniquely solvable. |

The Lagrange multipliers may be interpreted as pressures. In the case A = M
the pressures are only determined up to a constant. If A < M the pressure in
the non-conserved phases are set to zero, and this fixes the pressure in the overall
system.

2.1.3. Decay of energy

In order to show that the motion described above implies an energy decay we need
the following transport identity for a moving surface I'(t) with some smooth surface
density «y (cf. the appendix of Ref. 11 for a derivation):

d
—(/ 'ded_l) = / (0°y — A/vn)de_l +/ yvar - TrdHY2.
dt \ Jre) I'(t) or(t)

Here, v denotes the scalar normal velocity, x the curvature, vgr the vectorial normal
velocity of the boundary OI' (considered as a moving surface of dimension d — 2),
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and 7r the external unit normal to I" on OT'. The normal-time derivative 9° in some
point x on T is defined to be the derivative when following the curve ¢(t) that is
implicitly given as the solution to ¢(0) = x and ¢/(t) = v(c(t))v(c(t)) with the
unit normal v. Moreover we will need the following formula of partial integration
on surfaces (e.g., cf. Ref. 5)

/ (Vs ¢+ ¢ vr)dH" = | (- TpdH 2
r ar
for a smooth vector field ¢ on I', with the same notation as above for the remaining

quantities.

Lemma 2.2. The motion law (2.1) together with the boundary conditions (2.3) and
(2.4) and with the system (2.6) implies the decay of energy in time, i.e.,

— <
dt]:SI 0-

Proof. Using 0°vag = —Vsvag, kag = —Vs - Vag (cf. Ref. 5 for these identities),
Vor,; - VaB = Vas, and the motion law (2.1) we see that

d
TS = / 0°Vap(Vap) = VaphapVop(Vas)dH
a<lf

+ Z/ Yap(Vap)Vor,, - TapdH* >

aploras
a<f o
+ Z/ ’YO‘BTO"B VAT d dH?
a<f
/ V. Dygy e 008 H i = b gy (2.7)
a<p Tap o Map ’
+ Z /81" YaBTap — (D'Yaﬁ 'Taﬁ)Vaﬂ) . Uapaﬂde_Q. (28)
a<f ap

For the last identity we applied the above formula of partial integration to the first
term.

Let us first consider the boundary part. The set 0T’ 3 consists of the set I'og ezt
and the sets Tyhgs, 0 # @, 3. On 'y et the condition (2.4) implies that v4sVas +
(DYap Tap)Tap is tangential to 98 so that its rotation —(DVas Tas)Vas+VasTas
by 90° degree in the plane spanned by 7,3 and v,s is normal to 9f2. But since
I'a,e2t moves along OS2 its vectorial normal velocity is tangential to 9€2, hence

(’Yaﬁ(’/aﬂ)"' ap = (DVap(Vagp) - Taﬂ)”aﬂ) “Vora; =0 on Lagear.
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Using the condition on triple lines (2.3) and the fact that the velocities var, ;, Vors,
and var,, coincide on Togs (to avoid a splitting of these sets, the velocities will be
denoted by vags) we now obtain that the boundary terms in the line (2.8) vanish:

> / ( — (DVap(Vap) - Tap)Vap + 'Yaﬂ(’jaﬂ)"'aﬁ) " VT,
a<f Olagp

Z / —(Dvir(Vik) - Tar)Vir + %’k-(Wk)ﬂk) “Vags-
a[f(s

a<pB<s (4, k?)EAaﬁé

=0 by (2.3)

It remains to consider (2.7). But, using (2.5), it holds that

_vs'Da Vq + - Mo _
Z(_Nﬁ+ﬂa)/ (DYap¥ap)) + 15 = Ha gyia—1 _

o Pas Mop

Hence, noting that Dy, (Vga) = —Dvas(Vas),
1
1) =-3 3 [ (o) mag ' <0
22 ),

which shows the desired result. O

2.2. Diffuse interface model
2.2.1. Notation and governing equations

We define the sets HEM := {¢p € RM|Y_ oo = 1}, TM := {¢ € HEM|¢, > 0Va},
and TESM := {d € RM|Y"_ d, = 0} = span{1,;}+. Observe that the tangent space
on HXM in some point ¢ € HY can naturally be identified with TS,

The gradient potential is a twice differentiable function a : HZM x (TRM)4
[0,00) that has the structure

a(d,VP) =D Aap(@up):  Gop = ¢aVs — 5V da,

a<p

where the functions A,g : R? — (0,00) are two-homogeneous. The multi-well po-
tential w : HYM — [0, oo] has M minima which value zero and which precisely are
the corners of XM i.e., the vectors e, = (8a3)s With the Kronecker symbol &,5. To
allow for different mobilities for the different interfaces we make use of a function

w: HEM 5 (TEM)? o (wo,w;) C R

with 0 < wg < wy. We remark that also in the diffuse interface model anisotropic
kinetic coefficients can be taken into account® since the local orientation of the
diffuse interfaces is given in terms of the gradient of ¢ on which w depends (see
below).
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The evolution of the multi-phase system is defined to be a weighted L? gradient
flow of the energy (1.4). We consider solutions ¢ = (¢1,...,¢a) : I x Q — HXM
to the system

cw(p, V) 0t =V - ave, (9, VO) —cay, (¢, V)
—Lwg, (@) — fald) = A (2.9)

subject to initial values
ot =0) = ¢l : Q- HEM, (2.10)

with periodic boundary conditions or natural boundary conditions

ave (O, VP) Vezy =00n0Q, a=1,...,M, (2.11)
and subject to the volume constraints (1.5),
/¢a(t,~):Ma:/¢(“”), a=1,...,A, Vtel. (2.12)
Q Q
For 0;¢ € TEM being fulfilled there is the Lagrange factor
| M
A= i Z eV-avg, — a4, — éw,m(qb) — fa(o) (2.13)
B=1

The forcing terms f, are chosen in such a way that condition (2.12) is fulfilled.
Analogously to (2.2) we set

fai=0 ifa> A (2.14)

Possible forms of the f, are discussed in the following subsection.

If the multi-well potential is of obstacle type, i.e., w(¢) = oo if ¢ & XM, then
evolution problem is described by a variational inequality!. For almost every t € I
and for all functions ¢ : Q — XM a solution ¢ satisfies

0< [ (409906 (¢~ 9)+050(6.76) : V(¢ - 9)
Q
+(0.0(6,V9) +w,(0) - (€~ @)+ [(@)(C— @) (215)

where the colon operator : (R**™)2 - R, A: B = Zi’j A;;B;j, appears.

2.2.2. Choice of the forcing terms

Let us consider the case of a smooth multi-well potential w. With the abbreviations

T = eV - AV, —EQp, — %w7¢w, (216)

L T 5 _i l L fa(¢)
R, ‘_/7w(¢,v¢)’ R, := R, M;Rﬁ, F, '_/in@b,vqﬁ)
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we derive from the condition (2.12)
- 14
Oz/ﬂgat(ba:Ra_Fa'i_M;Fﬂa ()[:1,...,14. (217)

In the case A = 1 the only equation of (2.17) becomes 0 = Ry — %Fl
which uniquely determines F;. If A = M we may choose F, = R, since then
by Ziwzl R, = Ziil F,, and the definition of R, the sums in the conditions (2.17)
drop out.

Let us now consider the case 1 < A < M. Subtracting the identity (2.17)
for some o € {1,..., A} from the one for some 5 € {1,..., A}\{a} yields F3 =
R — Ry + F,. Replacing the Fj in the identity (2.17) for a then gives after a short
calculation

_ 1 &y
Fa_(Ra+M_A;RB) if1< A< M. (2.18)

In the following, h : R — R denotes a monotone increasing interpolation function
mapping [0,1] to [0,1] such that h'(p) > 0 whenever p € (0,1). Let us define

fazﬂah/((ba), Oé:L...,A.

for appropriate values p, € R. The idea behind this definition is that a possible loss
or gain of volume of a phase due to the term r = (rq,...,75) is counterbalanced
by adding terms to the corresponding phase field variable in the interface-regions
to the surrounding phases. The fact that h'(p) > 0 whenever p € (0,1) is essential
for that procedure. The balancing is performed independently of the indices of the
neighboring phases.

Setting Hy, := [, h'(¢a)/w(¢, Vo) the discussion above yields that the non-local

terms
(MRy)/(M - 1)Hy), if A=1,
po =19 (Ra+ 3575 S5_1 Rs) /Hay,  if1< A<M, (2.19)
R./H,, if A= M,
for a =1,..., A are necessary and sufficient in order to guarantee (2.12).

We remark that, in the case of an obstacle multi-well potential w, the above
formula for the i, needs not to be true (already (2.17) is not true). We found no
explicit formula for the forcing terms in that case.

2.2.3. Remark on the sharp interface asymptotics

It is possible to relate the diffuse interface model to the sharp interface model
as the thickness parameter ¢ of the diffuse interfaces converges to zero. For this
purpose, methods developed in Ref. 16 for the case of two phases and in Ref. 8
for an arbitrary number of phases but without volume constraints were combined.
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The method is formal in the sense that suitable asymptotic expansions in € in the
domains of the phases and in the interface-regions are assumed to exist. Matching
them yields the equations governing the sharp interface model from the equations
of the phase field model. Since the asymptotic analysis did not require essential new
ideas and techniques we omit the details.

2.2.4. Decay of energy

To investigate whether the energy (1.4) decays we will make use of the abbreviations
(2.16), furthermore setting

1 & . 1 &
To 1= Tq — i ng and  fo 1= fo — i Z fa, (2.20)
B=1 B=1
ie, 7= (r,...,7p) and f= (fl,...,fM) are the projections of r = (r1,...,7ar)

and f = (f1,..., far) to TSM respectively. Observe that if a > A then f, = 0 but,
in general, f, # 0. Using 0;¢p € TYM and (2.9) a short calculation shows that

d 1 |72 7 f
%fGL = E/Q ( e + o ) (2.21)

Let us now assume that the interpolation function h is the identity. Then f, =
[t s constant in space, and the conditions (2.17) give that fa Jo % = /g % for the
indices a = 1,..., A. Using that f € TS is the projection of f € RM and (2.14)
we find that

f-f/gi:f-f[)izifafa/fzi=ifafa/gi

Il
B
e
S~
£ |
Il
M=
P
S~
g g%
Il

<~
S~
IS
I
A
S~
IS

Therefore, adding 0 = < [, f- (7 — f)/w to (2.21) yields

dt

In the general case of any interpolation function h it is not clear whether this
still holds true. But we remark that in the sharp interface limit as € — 0 the energy
decay property has already been shown in Subsec. 2.1.3.

= _ 7|2
ifGL:—E/L 7| <0 if h(r)=r.
g Ja w

3. Numerical methods
3.1. General remarks on the numerical algorithms

The differential equations or the variational inequality in Subsec. 2.2.1 describing
the evolution of the multi-phase system are numerically solved using finite difference
methods. The procedure is carefully described in Ref. 9. In space the domain ) is
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supposed to be cubic, and we have a uniform mesh with grid constant Axz. The
number of nodes is denoted by A. The value of a field at some node x;, i €
{1,..., N}, is indicated with a lower index 4. In time we use an explicit method,
the discrete time step being denoted by At. The values of a field at the time nAt
is then denoted by an upper index n € {0,..., N, := 7 /At}. To summarize, we
will write

Dia ~ Pa(nAL, ;)

where ¢(t, @) = (¢1,...,0nm)(t, @) is a solution to the evolution equations.

We assume that every phase involves an interface to another phase and that
the grid constant Az is small enough to resolve all the interface-layers of thickness
scaling with €. In particular, we assume that for every a and every n there is a grid
point x; such that ¢, € (0,1).

3.2. Methods for smooth multi-well potentials

In this subsection the function w : HSM — [0, 00) is a smooth function, in applica-
tions typically a polynomial. The terms of (2.9) are discretized as described in Ref.
9. In particular, we obtain discrete versions of the terms r, and 7, defined in (2.16)
and (2.20) respectively. Defining initial values on the grid by

o = 00 (24) (3.1)
the discrete system to solve reads

bl _gn , 1 & ,
A L poh'(05,) + Vi ﬁz_lﬂﬁ'h (bi5) (3.2)
fora=1,...,M,i=1,...,N, and for the time steps n =0,..., Nmaz — 1.
Also the boundary conditions (2.11), whenever applied, are discretized as in Ref.
9. The volume constraint (2.12) reads

N N
(Ax)* > o = (An)* > 40, vn. (3:3)
=1 i=1

In formula (2.19) we already stated how the coefficients p, must be such that
the volume condition is satisfied. Setting

. oo ’ . i=1wlﬂ7 . ’ MB:l o
we obtain the following version of (2.19) in the discrete setting:
(MRy) /(M — 1)HY), ifA=1,
=< (R + 5 4, By /HD, 1< A<M, (3.5)

Rr/HE, if A= M.
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3.3. Volume equilibration method

In this subsection we consider multi-well potentials w of obstacle type so that the
evolution is described by the variational inequality (2.15).

3.3.1. General projection method

A numerical method to solve the variational problem is presented in Ref. 9. It
consists of solving a system of equations as for smooth potentials w and, after, a
projection of the phase field vectors to the Gibbs simplex Y™ in each grid point.

n+1

Thus, given some values p" ", in every time step we first compute the vectors

¢?+1 172 from the equations

¢’I-’L+1,1/2 _4n
wn i o fn +1h + - n+1h/ 3.6
% At i :U/

fora=1,...,M and i=1,...,N, and after we set
oyt =P (PR, =1, N, (3.7)
where PM : RM — ¥M i5 the projection characterized by
(PY(p) —p) (v =PY(p)) 20 Vvex".

Observe that the p, appear implicitly in (3.6) in contrast to (3.2). Indeed, since
we want that the additional volume constraints (3.3) are satisfied the g1 will have
to be adapted.

In the following we present an iterative ad hoc method to realize the volume
constraints without explicitly computing p"*1.

3.3.2. Numerical equilibration of the volume change

In every time step we first take the influence of the r-term on the phase field
variables into account, i.e., setting u"*! = 0 in (3.6) we compute for all nodes i

GO = M (g1 +ft o) (3.8)

K3

Up to the scaling factor (Az)?, the deviations from the desired volumes are given
by drth0 =3 (00 — 9 ), a =1,..., A. We now compute for a =1,..., A

(104

n A n+1, n .
nn+1 1. (da+1’0 + Ml_A ZB:I d5+1 O)/Zi h/( ia) if A< M,
R A SRS if A=M

and, setting n2*t1! = 0 if a > A, we calculate then for a = 1,..., M

¢Zj1 1/2 _ ¢n+1 ,0 77a+1 1h/ Z n+1, 1h/ )
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The n7th! are chosen in such a way that the ¢?+1’1/  fulfill the volume
constraints (3.3) (compare their definition with (3.5)). But since it may be that
¢?+1’1/ 2 ¢ Y™ in some nodes i we perform a loop over the nodes and compute the

;H—l,l — ,PM(¢?+1,1/2)

vectors ¢ . This may destroy again the property that the vol-

ume constraints are fulfilled. We therefore iterate the above procedure computing
, +1,2 .
the ot g2 s gnth2 " until

 ax, | 1* /(Az)?|  is small enough.

If the function w(¢, V@) is not constant the motion due to the r-term of certain
phase interfaces and, eventually, even in certain directions of the phase interfaces is
enhanced compared to others. In the above method the equilibration of the volume is
performed independently of the type of the phase interface and the local orientation.
Indeed, the factors w!* resulting from w(¢, V@) only appear in (3.8).

Advantages of the above method are the easy implementation due to the logical
decoupling of the correction procedure from the update of phase-field values and
the (compared to the other methods) lower memory requirements since storing the
kinetic coeflicients w; is not necessary, especially when a high number of phases is
present.

3.4. Semi-smooth Newton method

As in the previous subsection we consider multi-well potentials of obstacle type re-
sulting in a variational inequality of the form (2.15). Again, at every time step we
perform (3.6) and (3.7) but now we will present a different way to obtain appro-
priate forcing terms p?*!. In particular, we address the fact that different kinetic
coefficients of the phase interfaces cannot be taken into account by the volume
equilibration method presented in the previous subsection.
Consider the function
N
PR SR, S ()= (At (08 () -0kl (39)
i=1
for the time step n — n+1 where ¢! () = PM(¢?+1’1/2(LL)) and the gZ)?;l’l/z(u)
are computed as in (3.6) with the u”*! replaced by the components of p. A zero of
£t means that the volume constraints (3.3) are satisfied. The idea is to use the
Newton iteration to compute u"*?!, i.e., we perform an iteration of the form

“n+1,k+1 — Mn+1,k N (Dfn+1(un+1,k))—1fn+1(Mnﬂ,k)' (3_10)

Unfortunately, the function £"*' is not everywhere differentiable because of the pro-
jection, whence it may be not clear which value should be assigned to D f(pu"+1:%).
But we will show that f is semi-smooth enabling to apply a semi-smooth Newton
method. Let us briefly state that f is semi-smooth in p if f is locally Lipschitz at
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p and if for any h € R4

lim Bh' exists.
BeOf(pu+th'), ' —h, t\0

Here, the generalized derivative 0f appears. If Dy denotes the set on which f is
differentiable then it is defined by
af (u) = co{ lim Df(u’)} (3.11)

p'—p,p' €Dy

where co(S) denotes the convex hull of a set S.
As initial value for the iteration we chose u%°? := 0 and p
in our simulations.

ntLO0 .= " respectively

3.4.1. Properties of the projection

In this section we state some properties of the projection PM : RM — £M By
PM the space RM is divided into a finite number of open polyhedra where PM is
linear, and on the flat surfaces separating the polyhedra PM is continuous but its
derivative DPM jumps.

Definition 3.1. Let ¢ be a regular point of PM. Define
R(¢) == {B e {L,....,M}(PY(9))s # 0},
(@) = [R(9)],
S(¢) =={1,.... M}\R(®).

Given a regular point ¢ with 1, 32 € R(¢) then, close to ¢, PM is the identity
in direction eg, — eg,. One can conclude the following lemma:

Lemma 3.1. Let ¢ be a regular point of PM and let R(¢p) = {ﬁk}z(jl). The deriva-
tive of PM in ¢ in direction d € RM is

DPM(¢)d = projection of d to span{es, — es,,. .. €8 a1~ CBray ) (312)

In particular, if d = e, = (dag)é”:l with the Kronecker symbols dop and if « € R(¢)

then
0, if 6 € S(¢),
DPM(¢)-ea = U251 ifd=a, (3.13)
e if 5 € R(¢)\{a}.

Let now ¢ € RM be a point where PM is not regular. Then there is a closed
ball Bs(¢) with sufficiently small radius § > 0 around ¢ such that the cut with
each of the adjacent polyhedra is a ball segment with tip in ¢». More precisely, given
any adjacent polyhedron H and any point h € (Bs(¢) N H)\{¢} then also the set
{6+ Tﬁh‘ € (0,6)} belongs to Bs(¢) N H. Therefore, given some h € TESM
with ||h|| < &, the linearity of P* in every polyhedron implies that the directional
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derivatives in direction h in the points ¢ and ¢ + h agree. But this means that the
criterion (v) of Theorem 2.3 in Ref. 15 is fulfilled. As a conclusion of that theorem
we get

Lemma 3.2. The projection PM : RM — $M s semi-smooth.

The generalized derivative OP™M of the projection is defined as in (3.11). If ¢
is a regular point we have OPM(¢p) = {DPM(¢)}. In the other case IPM () is
the convex hull of a finite number of matrices, namely, the values of DPM in the
polyhedra adjacent to ¢.

3.4.2. Local convergence

Assume that there is a solution p*! to the equation f"*'(u) = 0. Theorem 3.2
of Ref. 15 yields local convergence of the Newton iteration to p”*! if we show
that f™*! is semi-smooth and locally Lipschitz, and that the elements belonging
to Of" () for all p close to u™*! are regular matrices. Since PM is Lipschitz

n+1,1/2

i () is linear in p the first and second necessary

and semi-smooth and since ¢
property of " follow immediately.

Lemma 3.3. Let u"*! be a solution to the equation "' () = 0 and assume
that A < M. For all p in a small neighborhood of u"*' any B = (bcxﬁ)éﬁzl €

—0f" () can be divided into blocks which are M-matrices.

For the definition of and facts on M-matrices we refer to standard literature on
numerical methods for partial differential equations. By the sum condition (1.3) the
omitted case A = M is equivalent to the case A = M — 1.

Proof. Let u™*! and B be given as in the assertion. The chain rule leads to
A
of " () = (P} (@12 (W) Dl 2 ()

5=1
where we have that (‘3M¢?+1’1/2(u) = —&Lp'(¢7 )(ea — +:1ar). Observe that
OPM ()15 = 0 for all ¢ since 1, L TM. 1

Let us first consider the case that ¢?+171/ %(w) is a regular point. By definition
R(@! %) = R@TTH), r(@] %) = r(¢7 ), and S(ep ) = S(g7H).
If a € S(¢p) ") then we have by (3.12)

(DPM (¢ ?)eq), =0 Vo€ {1,...,M}. (3.14)

If a € R(¢p]H") then with (3.13)

0 if 5 € S(p ),
r(pnThh— .
(DPM (7 )eq), = § " o =0, (3.15)
— if 5 € R(¢ M)\ fa}.
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This leads to
(DPM (@72 (1)), o7 T2 (1))

)
0 if 6 € Sy (),
At r(or ™ (w)—1 .
=~ (¢%) SeEiy  i=a (3.16)
i — if 6 € R(¢] ™ (m)\{a}-

(o] ()

In the other case, any element P = (psa)y%, € 5‘73M(¢?+1’1/2(u)) is a convex
combination of projections (compare the remark below Lemma 3.2) so that ps, is
a convex combination of identities as in (3.15). For the following, we may restrict
our attention to regular points. It is easy to see that the subsequent argumentation
is still valid in the case of convex combinations.

The factors —SLh/(
of node i to the dlagonal elements by, are always non-positive while the other
contributions on non-diagonal elements are always non-negative.

By the assumption stated at the end of Subsec. 3.1 there is some node i such
that ¢ (u"t1) € (0,1), whence h/(¢7 (u"t1)) > 0. From the sum condition
S, Bt =1 we see that there needs to be another index § with @5 (u"+1) €
(0,1). By the Lipschitz continuity of P we conclude that r(¢!"""(u)) > 2 for
all g in a small neighborhood of p*1. In view of the contribution (3.16) of node

n ) are always non-positive. Therefore, the contribution

i to the column « of B this implies that the diagonal entries of B are strictly
negative. Moreover, the contribution to the entry bs, means that the lines § and «
in B are algebraically connected. The maximal connected blocks of B are therefore
irreducible. For shorter presentation, we now assume that B in total is irreducible.

We will show the weak column sum criterion from which we can conclude that
B is an M-matrix. Let the line index § run from 1 to M in (3.16). The number
of entries set to SLh/ (L) /7(; o't () is just 7(7 T () — 1. Summing up the
entries over ¢ we 6btaln zero. We conclude that for every o € {1,..., A}

baal = Y [bsal- (3.17)
1<6<A
dFa

It remains to show that this inequality becomes strict for some index «. But since
A < M there is some phase « with some transition region to some non-conserved
phase B > A, i.e., there is some node i with

(DPM (@1 2()) 3, 62 (40) = W (07 /(@ () < 0

1
This contribution is missing on the right hand side of (3.17) so that the inequality
becomes strict for that o. O

Altogether, thanks to the previous lemma and the facts on PM stated in Subsec.
3.4.1 the function f defined in (3.9) is semi-smooth. With Theorem 3.2 of Ref. 15
we obtain the following result:
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Theorem 3.1. Replacing D f(u"T4*) by some matriz B € 0 f (u"T1*) the Newton
iteration (3.10) is well defined and locally superlinearly convergent.

3.4.3. Remarks on the numerical implementation

In the case that p"thF

sponding iterative ¢,
p"tF is not a regular point of PM | we make the cheapest choice by extending Def.
3.1 and formula (3.12) to that case, i.e., we set Df(u"+1F) = (Zi\il f(;a,i)gfa:l,
where fso; = 0 in the case a € S(¢! M (u+1k)) and in the case a €
R(¢?+1’k+1(u"+1’k))

is not a regular point of f or, equivalently, the corre-
nHLEFL/2 Lk computed from (3.6) with g+ replaced by

Ar 0 ifoeS(@IT T (ur ),
Joas = =W (0L) { 5L ifo=a,
’ TS ERE@T )\ {a}

with 7 1= (@[T (urt Ry,

Observe that the right hand side only depends on the projected points
(ﬁ?“’kﬂ =pM (¢?+1’k+1/2). By that computation also the index sets R((bf“’kﬂ),
S((ﬁ?“’kﬂ), and the numbers r((],’)?ﬂ’kﬂ) are known. Moreover, the values £F and
1 (¢F,) have been used earlier. That’s why the computational effort to assemble the
matrix D f" ! (u"+1*) is of the order O(N) and, hence, optimal.

In order to solve the linear system (3.10) we used a standard QR decompo-
sition algorithm. An iterative method seemed to be inappropriate because in the
considered applications the number A of conserved phases was always small (four

or lower).

4. Applications
4.1. General remarks on the parameter choices

If not otherwise stated we made the following choices for the parameters and po-
tentials in the simulations presented in the subsequent sections.

The simulations were carried out on regular grids with a spacing of Az = 0.02
and a diffuse interface parameter of € = 0.06. The time step width At of the explicit
scheme was 4 - 1075 for 2D and 3 - 105 for 3D simulations.

To initialize the phase fields we first considered values in {0, 1}, i.e., we had jump
discontinuities and sharp interfaces between the phases. A smoothing operation
was then applied that preserved the initialized volumes (Az)? 3", ¢iq. It essentially
consisted in performing some time steps of a discretized heat equation for the ¢,,.

We used the gradient potential

a(@, V) = gapldaVds — 5V al’

a<f
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and the smooth multi-well potential

w(¢) = Z ggaﬁ¢i¢% + Z gaﬁ6¢i¢%¢§ (41)

a<lf a<fpB<é

with gos = 1 and gogs = 6. As discussed in Ref. 9 and 7 the above potentials

correspond to isotropic surface energies Yo3(V) = gag. The kinetic coefficients are

set to one, mag = 1, and to realize this we always made the choice w(¢, V) = 1.
Sometimes we used the obstacle multi-well potential

w(¢) _ % Za<ﬁ gaﬂ¢a¢ﬁ =+ Za<g<5 gaﬂ6¢a¢ﬁ¢6a ¢ € EM,
00, b TM.

in combination with one of the iterative schemes. Then we set the tolerance rate to
1075 for the fraction Y, (o7, — ¢%,)/ >, @Y, of the volume difference and the initial
volume, o = 1,..., A. We here already remark that for both methods, the volume
equilibration method (Subsec. 3.3) and the semi-smooth Newton method (Subsec.
3.4), usually one iteration step was necessary in each time step to achieve that
tolerance. Moreover, the computational time was comparable for both methods.

In the figures presented in the following the level sets ¢, = 0.5 are shown for
some or all of the indices a € {1,..., M }.

4.2. Survival of the fattest

Situations where the solution to the sharp interface model is explicitly known or can
easily be computed provide appropriate tests for the numerical methods presented
in the Subsec. 3.2, 3.3, and 3.4. Exemplary, let us consider two phases (1 and 2)
of conserved volume which are initially arranged as follows. Phase 2 occupies a
domain consisting of two separate balls surrounded by a connected domain of phase
1. With v12 = 1 and wy2 = 1 in (2.1) the boundaries of the balls move according
to an isotropic curvature flow, modified by the additional terms in the evolution
equation ensuring the volume conservation. In particular, the balls maintain their
shape, and the evolution can be described in terms of their radii r1(¢) and ra(t).
The motion law (2.1) implies that these functions satisfy the ordinary differential
equations

1 2 ) 1 2

b= A
1 r+1ro 9 r1+ 1o

(4.3)

until one of the balls vanishes.

Solving (4.3) numerically with an explicit Runge-Kutta method (see below for
initial radii) yields an approximation of the surface energy evolution E ,n:(t) :=
27 (r1(t) + r2(t)) that can be compared with the discrete version of (1.4)

N
Fais(n ) = (Ar)! S (cal@], (Vaed™)o) + ~u(@?)) (1.9

i=1
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where (Va,@")i = (i1 — ¢ 1)/2 Ax stands for the central difference operator
and the {¢;'}; are solutions obtained from the presented algorithms.

The simulation domain (0,4) x (0, 2) was chosen and the balls were centered in
(1,1) and (3,1) with initial radii r1(0) = 0.4 and r2(0) = 0.6. Only one smoothing
step was performed but the discontinuities were quickly smeared out during the
first time steps, and interface-layers with a thickness of the order ¢ appeared. We
performed simulations for € € {1/2/10,1/10,1/(v/2-10)} with grid constants Ax €
{0.02,0.01} and time steps At =4 -107° and 10~° respectively.

The evolution for the smooth multi-well potential (4.1) and for the obstacle
potential (4.2) with the iterative procedures turned out to be similar. Fig. 1 indicates
that the energy (4.4) converges as € — 0, here shown for the obstacle potential in
combination with the Newton method. Similar behaviors were found when applying
the other methods.

Obstacle Type Potential, Newton Method
T T T T T

>
=
@ 6.1F
c
@
6l
59r
581 — eps=0.14 Y
- - eps=0.1
-~ eps =0.07
5.7 T L L I L I I
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

time t

Fig. 1. Convergence of the system energy with decreasing e, simulation results for Az = 0.01.

The simulation for ¢ = 0.1 and Az = 0.01 was compared to the solution to the
sharp interface model, whose evolution started at time ¢ = 0.01 when nice smooth
diffuse interface layers had formed from the initial jumps. The initial values for (4.3)
were set as follows. We measured the energy (4.4) from the phase field simulations
at t = 0.01 separately on the two domains (0,2) x (0,2) and (2,4) x (0,2), each of
them containing one of the two balls. Dividing each energy by 27 we got the radii
71 ~ 0.388,72 ~ 0.598 of two circles of the same total surface energy in the sharp
interface model, which were used as initial values at time ¢ = 0.01.

Fig. 2 shows a good agreement in the energy evolution of the sharp interface
model and the phase field model (Newton method). A clear deviation from the sharp
interface dynamics only arises at time of about ¢ = 0.2, when the ball of phase 2
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with smaller initial radius reaches a radius in the range of the interface width e.

Obstacle Multi-Well Potential, Newton Method
6.4 T T T T

5t

4.8[] — exact solution i
- - eps=01

0 0.04 0.08 0.12 0.16 0.2
time t

Fig. 2. Comparing the evolution of the energy for the sharp interface model and the phase field
model.

4.3. Bubbles
4.3.1. Three bubbles in 2D with volume conservation

In a domain of 200 x 200 grid points three bubbles with square shape and equal
area of 80 x 80 grid points were initially set as shown in Fig. 3a. The bubbles
were represented by 3 different phase-field parameters embedded in a fourth matrix
phase. Fig. 3 shows the evolution of the interfaces. A configuration of three identical
circular segments with planar intersections meeting at an angle of 120° is finally
reached (chart ¢) in accordance with condition (2.3).

4.3.2. Three bubbles in 2D, only two of them with volume conservation

We studied the case of three adjacent bubbles where only two of them were subject
to a volume conservation. The equilibration method in Subsec. 3.3 with the obstacle
potential (4.2) with g,g5 = 6 was chosen. The initial configuration is shown in Fig.
4a where the squares have a size of 61 x 61, the rectangle of 61 x 122, and the whole
domain of 200 x 200 grid points.

Due to its convexity and interface curvature the bubble with non-preserved phase
volume shrinks and disappears. In Fig. 4d the final configuration of a double bubble
is reached which consists of portions of three intersecting spheres. This configuration
was shown to be the minimal energy surface in R? (see Ref. 6) and R? (see Ref. 13).
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Fig. 3. Evolution of a system of three bubbles with preserved volume. The pictures represent the
shape at times 0.0, 0.0825, and 1.185 (a - ¢)

The curvature of the partition sphere follows the relation'

1 1 1

B m (4.5)
with R denoting the radius of the intersection circular segment and r; and 7o the
radii of the bubbles. We extracted radii 71, 72, and R from the simulation data by
fitting circles to the ¢ = 0.5 contour lines, 7; being the radius of the greater bubble.
Replacing 71 and 7y in (4.5) by 7, and 7, we get an expected radius R’ for the
intersection circular. It turned out that the fraction R/ = 3.16 was a little bit
to small compared to the expected fraction R’ /71 = 3.31 but we remark that the
problem of fitting spheres with big radii is ill-conditioned.

Eaisblwle

Fig. 4. Evolution of a system of three bubbles, one of them with non-preserved volume (upper
right one at a). The pictures represent the shape at times 0.0, 0.105, 0.3075, and 1.50 (a - d)

Additionally, we compared the above used obstacle potential with the volume
correction method of Subsec. 3.2 for the smooth potential”

w(@) =D 90505(1+8 Y ds) + Y 6020505
a<p S#a,B a<f<s
Here, the initial configuration corresponds to the situation in Fig. 3a, the upper right
phase not being due to volume conservation. The bubble contours after simulation
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time ¢ = 0.353 and 0.555 are depicted in Fig. 5. Only for intermediate states small
deviations in the shape can be seen, especially for the boundary of the vanishing
grain in chart on the left in Fig. 5. The resulting shapes on the right in Fig. 5 are
almost indistinguishable for both methods.

— method 1 — method 1
method 2 method 2

Fig. 5. Comparison of volume preservation methods for a smooth (black line) and non-smooth
potential (gray line). Starting with the configuration of Fig. 3a with only two bubbles due to
volume constraints, the results are shown at time t = 0.3525 (left) and 0.555 (right).

Concerning the computational efficiency, the iterative procedure has a slight
drawback to the direct method for the smooth potential during the first time steps
which is associated with a strong rearrangement of phase volume (5 to 10 iterations
were necessary to achieve a tolerance ratio of 107%). But this was compensated
during the long run, where often a single iteration step was sufficient.

4.3.3. Double bubbles in 3D

The simulations in 3D were started with two adjoining bubbles with cuboid geom-
etry on a domain of 150 x 75 x 75 grid points and were terminated after reaching a
stationary shape. The final configurations for three different bubble volume ratios
of 1.0, 0.484 and 0.252 (a - ¢, from left to right) and intersection profiles are shown
in Fig. 6.

The evolution of a more exotic double bubble is shown in Fig. 7, a - c. The
grid size is 70 x 90 x 90. The disk shaped first phase has a radius of 60 grid points
and width of 16 grid points. The second phase, wrapped around the disk like a tire
around a wheel rim, has also a width of 16 grid points and a thickness of 7 grid
points. The simulation results in a stationary torus/dumbbell configuration (chart
c¢). The volume relation of the torus/dumbbell bubbles is 0.54. After choosing a
greater fraction (e.g. 0.91) by thickening the second phase the torus bubble merges
to a simply connected shape cutting the dumbbell into two parts.

We studied the stability of the torus/dumbbell. The simulation was restarted
using the configuration of Fig. 7 ¢ as initial state. A small amount of Gaussian
distributed noise in the diffuse interface region of each phase field parameter was
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P ® D
DO O O

Fig. 6. Three different double bubble configurations with intersection profiles through the symme-

Qo 6
@

0 O

Fig. 7. Evolution of the torus-dumbbell configuration.

added to perturb the system. This resulted always in a thinning of the toroidal ring
at one point and a swelling at the diametrical opposed side (see Fig. 8) until the
ring tore apart and formed a simple double bubble as in Fig. 6. The torus was in
no case found to be stripped off the dumbbell in direction of the symmetry axis,
as one might intuitively assume. We remark that in such situations the phase field
approach is advantageous compared to sharp interface methods (e.g., cf. Ref. 2)
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since topological changes of the phase arrangement are captured in a natural way.

Fig. 8. Effect of perturbation with interfacial noise for the torus/dumbbell system of Fig. 7 c. A
snapshot after deformation and tearing of the torus is shown.

4.4. Tessellations

An intuitive application of volume preservation in the phase-field framework is the
study of tessellations. A tessellation is a periodic arrangement (a periodic tiling) of
polygons in 2D or polyhedra in 3D which fill the plane (or space) completely. Our
goal is to obtain tessellations by solving the following

Tessellation Problem: Given a rectangular or cuboidal period-
icity cell in 2D or 3D, respectively, find a partition into a fixed
number of sub-domains with given area/volume such that the sur-
face energy of the type (1.1) is minimal.

The idea is to define an initial space partitioning and to let the system relax
to an energetically favorable state. Contrary to the bubble simulations discussed
before, no additional surrounding 'matrix’ phase is present to embed the geometrical
objects. It is necessary to state that the dimensions of the periodic simulation
domain influence the resulting structure. The simulation parameters of Subsec. 4.1
were used except a higher interface width by setting ¢ = 0.1.

4.4.1. Tessellations in 2D

On a domain of 200 x 200 grid points 4 phases were initially filled in adjacent
sectors of equal area (see Fig. 9a). Keeping the periodicity at the borders in mind,
4 different quadruple points initially exist in the simulation domain, one in the
center, one at the edges and two at the horizontal and vertical boundaries.

The quadruple points are unstable versus splitting in two triple points. To in-
duce this splitting a perturbation was necessary which was realized in two different
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ways. First, a small amount of Gaussian distributed noise was added to the dif-
fuse interface profile for each interface. The noise amplitude for this simulation and
the following was chosen small enough not to increase the numerically determined
surface energy significantly. Fig. 9 shows the temporal evolution for one simulation
run, where a tiling of hexagons with 120° inner angle occurs (chart c¢). Due to the
fixed square dimension of the domain, it is elongated vertically by a factor of 2//3
in comparison to the ideal hexagonal tiling.

Fig. 9. 2D tiling of a square domain with 4 cells of equal area. The triple point separation is
initiated by a small amount of noise on all diffuse interfaces. Contour line plots are given for
simulation times 0.0, 0.0825, and 1.185 (a - c)

As a second method the perturbation of the quadruple points was realized by
initially filling neighbored grid points in different quadrants with the same phase-
field parameter. In this way the direction of the quadruple point splitting is fixed
in advance. All combinations of directions in agreement with the periodicity were
tested, leading to the four different tessellations depicted in Fig. 10. The left col-
umn indicates the enforced initial splitting directions. The temporal evolution of
the surface energy for these four cases is given in Fig. 11. Scaling the energy of
the hexagonal tiling in Fig. 10a to unity, the value for the surface energies of the
configurations b - d were calculated to 1.028, 1.039, and 1.066.

The minimum energy configuration (chart a) is the same hexagonal structure as
found after perturbing the interface with noise (see Fig. 9), and we conjecture that
this is the solution to the above stated tessellation problem. The configuration with
second lowest value is a combination of two regular pentagons with curved sides
and two heptagons (adjoining in the center of chart b) with two sides only minor
developed. This geometry resembles the Cairo pentagonal tiling consisting of 4
identical irregular pentagons. Giving to all quadruple points the identical splitting
direction the distorted hexagonal structure in Fig. 10c establishes. The highest
energy configuration is a combination of square-like objects in chart d, with convex
and concave sides (the concave objects are in fact degenerated octagons). As in
the case b the curved polygonal sides arise to establish the 120° angles according
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Fig. 10. The morphologies found in the 2D tessellation of a square domain with 4 cells, ordered with
increasing surface energy from a - d: hexagon, pentagon/heptagon, distorted hexagon, and con-
cave/convex squares. The quadruple points were perturbed on a grid cell scale with the initialized
phase interface orientation marked as bold lines.

to the force balance condition (2.3). Due to the larger interface width used in the
simulations, this configurations was only temporarily stable and switched after some
time to the pentagon/heptagon configuration (cp. Fig. 11, dotted line).

4.4.2. Tessellation in 3D

For the simulations in 3D a computational domain of 100 x 100 x 100 grid points
was chosen. First, four squares in the form of tetragonal prisms were initiated with
equal volumes. As expected an arrangement of hexagonal prisms establishes, with
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Fig. 11. Plot of the surface energy vs. time for the four tiling simulations from Fig. 10 a - d.

a cross sectional view as in the 2D case (Fig. 9c).

Second, the simulation domain was divided into 8 equal cubes and initiated with
different phase-field parameters. The relaxation into the minimum energy configu-
ration is shown in Fig. 12 at different time steps. Here, only the lower four grains
are shown to allow for a better insight into the structure.

t=0.0 t=0.1275 t =1.0275

Fig. 12. Transformation of the initial checkerboard tiling into a pattern based on truncated octa-
hedra as shown in Fig. 13. Only the lower 4 grains are shown.

A solution to the problem of partitioning the 3D space into equal volumes with
minimum energy was proposed 1878 by Lord Kelvin'® (we remark that a structure
with less symmetry but with 0.3 % lower surface energy was found by D. Weaire
and Phelon??). The building block is Kelvin’s famous tetrakaidecahedron, a poly-
hedron with 14 sides. The tetrakaidecahedron results from a Voronoi partitioning
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Fig. 13. Building block of the 3D cuboid tiling: A octahedron truncated at the edges in two different
portions, revealing 2 small, 4 large square and 8 distorted hexagonal faces.

of the bce crystal lattice and can be constructed by cutting the edges of an octa-
hedron at a distance of %\/ﬁ I, with [ being the edge length of the octahedron. The
hexagonal sides are not planar but slighly curved. In our simulation, a differently
truncated octahedron emerges as a result (Fig. 13) with two larger square faces
along one octahedral direction and four smaller faces in the perpendicular direc-
tions. The hexagonal faces are elongated but centrosymmetric. We conjecture that
this form is the solution of the following problem. Partition the flat 3-torus into
eight equal volumes with minimal interfacial area. The upper half of this cell (Fig.
13) strongly resembles the solution found for the minimum surface problem in a
bee’s honeycomb!?: two arrays of ideal hexagonal faces on both sides of the honey-
comb are opposed, and the problem consists in finding a minimal contact surface.
In the bee’s honeycomb the prisms are capped by three rhombi, whereas a better
solution found by Fejes T6th!? is a combination of centrosymmetric hexagons and
small rhombi, derived from a truncated octahedron.

To reproduce this problem, a 3D simulation domain of 100 x 100 x 116 was
chosen in order to make it possible that regular hexagons form on the faces. The
periodic boundary conditions on two sides normal to the developing honeycomb
were exchanged by Neumann boundary conditions. All other simulation parameters
including the initial configuration were kept unchanged. In Fig. 14 (left) a top-
view of the resulting interface structure is given, where again only the lower cells
are shown. A single cell, depicted in Fig. 14 (right), clearly resembles the Té6th
solution. Only a small rhombic distortion of the small squared faces is observed
here. Some of the elongated hexagonal faces in the contact surface were examined
geometrically and show a ratio of the long perimeter vs. the (perpendicular) height
of 1.48 (Té6th solution: 1.5).

4.5. Anisotropy in the surface energy: Platonic solids

As a final application with a relation to grain growth the effect of an anisotropic
surface energy was studied. Here, a faceted surface energy density was set as
a(p, Vo) = (maxi<p<n {(paVds — ¢5Vda) - 1k })? which results in crystalline
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Fig. 14. Left: top view of the lower four cells of the 3D honeycomb structure using a numerical
grid of laterally 116 x 100 points and vertically 100. Right: a single cell showing two elongated
hexagonal and two small square faces.

shapes with flat faces and n edges in direction of the vectors 7. As an example, we
chose the edge vectors ny, to be the corners of the tetrahedron, the hexahedron, the
octahedron, the dodecahedron, and the icosahedron, and studied the shape evolu-
tion of a spheroidal crystal into each that platonic bodies. In the simulation domain
of 100 x 100 x 100 grid cells an initially spherical grain was set with a radius of 30
cells. The volumes of both phases, the grain and the matrix phase, were preserved
and the simulations carried out until no more change in the surface energy was
recognizable.

In Fig. 16 the final shapes of all edge vector configurations are depicted after
12000 time steps. The transition time of the sphere into the final polygons decreases
with increasing number of edges: for the solids a - e respectively 3000, 2750, 2000,
500, and 500 time steps were necessary to reach the final energy within 1 % of its
final value. The edges along the regular polygons of their surface (triangles, squares,
or pentagons) then exhibit a curvature whose radius scales with the diffuse interface
width e.

Appendix A. Derivation of the motion laws

In this appendix we briefly sketch how the motion laws (2.1) and the conditions
(2.3) and (2.4) are obtained from an appropriate gradient flow of the energy (1.1)
taking the constraints (1.2) into account.

An admissible configuration is a subdivision Sq := {4, ..., Qar} of Q into sub-
domains with the properties as described at the beginning of Subsec. 2.1.1. The
manifold of such admissible configurations is denoted by IN. Variations are based
on deformations of the domain 2. We define the tangential space on IN in some
element Sq to consist of objects w = {wap : Tap — R}lacp where wyg is the
deformation of I',g in normal direction v,g. We set wog := —wgq if o > [ for
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@ 9 3 O

t=0.0 t=0.0075 t=0.0225 t=0.0525

Fig. 15. Evolution of a sphere at specified simulation time into a dodecahedron. A faceted
anisotropic surface energy density was used.

Fig. 16. Platonic solids as final configurations in the simulations with faceted anisotropic surface
energy, a - e: tetrahedron, hexahedron, octahedron, icosahedron and dodecahedron.

simplifying the presentation. To avoid splitting of the sets T,,35 the wqg have to
fulfill the following conditions. If w,gs is the deformation of a point belonging to
Toss5 then
Waps * Vap = Wap, Waps: Vs = Wgs, Waps:* Via = Wia-
For two deformations w = {wag}ta<p and u = {uas}a<pg we define the product
(u,w) = Z MaflasWas dH
a<p Fap

with positive weights mag which will become the kinetic coefficients in (2.1). Let
us write the constraints (1.2) in the form

Ca(Sq) = |Qu| = My =0, a=1,...,A,
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and let pq,...,ua be Lagrange multipliers for those conditions.

Given an admissible configuration Sq, its evolution 0;S¢q is an element of the
tangential space Ts,IN on IN in Sq, and it is defined by a gradient flow of the
energy Fgr(Sq) subject to the conditions Cy(Sq) =0, a=1,..., A:

(@uSayw) i= (S22 (Sa)w) - Zua< o) (A1)

has to hold for every w € Tg,N.
The computation of the variation of Fgr(Sq) in direction w is analogous to the

computation of its time derivative in the proof of Lemma 2.2. We obtain (compare
with (2.7) and (2.8))

(5.7:51 i1
{ 550 (gﬁ / (Vs - DYop) wagdH
+ Z / YaBTag — (D’Yaﬁ : Taﬁ)”aﬁ) 'waruﬁde_z.

a<p T ap

The variation of C, in direction w is given by (compare with (2.5), this is the change
in volume when deforming the interfaces Fag of Q4 by waps in direction v,3)

5C
<5SQ Z / b o

Altogether, writing 0;Sq = {vag} the deﬁmtlon (A.1) becomes

/ magvagwagd"'{d 1
a<f

— Z/ (V D%ﬁ) wagde 1 ZZ/ uawagde !

a<p’Ta a=1p=1
+ Z / ’Ya,@Taﬁ - (D’Yaﬂ . Taﬁ)llaﬁ) . ’LUaFaﬁde_Q. (A2)
o/ 0Tas

Let us first look at the last line. In points belonging to a set 'y ¢t the de-
formation war,, can be any vector tangential to 0. After rotating the vector
YapTap — (DVap - Tag)Vap by 90 degree in the plane spanned by 7,5 and vas we
obtain (2.4) as a necessary condition. Having this established the last line becomes

Z / —(Dvik(Vir) - T )Vik + ’Yik(Vik)Tik> cwe s dHT?
a<fpB<é Taps 7, k EAagg

which yields the force balance (2.3). With the convention (2.2) a short computation
shows that

_ZZ/ “awaﬁ—Z/ (g — Ha)Wap.

a=1p8=1 a<f
Thus, (A.2) finally yields the motion law (2.1).
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