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ABSTRACT. This paper addresses the numerical approximation of mi-
crostructures in crystalline phase transitions without surface energy. It
is shown that branching of different variants near interfaces of twinned
martensite and simple austenite phases leads to reduced energies in finite
element approximations. Such behavior of minimizing deformations is
understood for an extended model that involves surface energies. More-
over, the closely related question of the role of different growth condi-
tions of the employed bulk energy is discussed. By explicit construction
of discrete deformations in lowest order finite element spaces we prove
upper bounds for the energy and thereby clarify the question of the de-
pendence of the convergence rate upon growth conditions and lamination
orders. For first order laminates the estimates are optimal.
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1. INTRODUCTION

The mathematical model of phase transitions in crystalline solids leads to
the minimization of a non-quasiconvex functional over a space of admissi-
ble deformations. Following the work of [1, 2] we consider the variational
problem: Find u € A such that I(u) = inf,c4 I(v). Here,

A= {v e WP (;R") : v(z) = Fxforall x € 8Q},

where  C R”, n = 2,3, is a bounded Lipschitz domain, F' € R™*" is a
given homogeneous deformation gradient and serves as the boundary data.
Forv € W'P(Q; R™) the energy functional 7 : W'?(Q; R") — R is defined

by
I(v) ::/QWQ(VU) dz.

W, is a temperature-dependent, continuous energy density such that, for all
G € R™*", there holds

01|G‘p — Cy S WQ(G) S CQ('G‘p + 1)
1
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with constants ¢, ¢ > 0 and p > 1. Different choices of W, model various
phase transitions in crystalline solids. We refer to [17] for the Ericksen-
James energy density that describes a cubic to tetragonal phase transition
and restrict ourselves to temperature independent energy densities of the
form

Wo(G) = W(G) = dist(G, {Fl, .., Fx})?, G € R>™,

with a positive integer N and given (compatible) wells F, ..., Fy € R**",

It is due to non-quasiconvexity of T that the variational problem does in
general not admit solutions and infimizing sequences reveal the most im-
portant information of the physical situation. A conforming finite element
scheme replaces A by a finite-dimensional subspace A;, and the resulting
minimization problem admits a solution. For a family of finite element
spaces (Ap)p>o there holds limy, ¢ inf,, c 4, I (vy) — infyeq I(v), ie., fi-
nite element schemes yield infimizing sequences. Our main result concerns
the decay rate of the energies and its dependence on the number N > 2 of
wells and the exponent p > 1. We assume throughout this work that F' lies
in the lamination convex hull {F; : j = 1, ..., N} (cf. [19] and Section 4
for a definition of K'¢) of {F} : j = 1,..., N} so that inf,c 4 I (v) = 0.

The a priori analysis in [17] for N = 2 states
inf I(vy) < Ch'/?,

UhE.Ah
independently of p. Here, A is the maximal meshsize of the underlying
triangulation and throughout this paper C'is a generic, h-independent con-
stant. It is shown in [9] that this estimate is sharp for p = 1 in the sense that
there exists a triangulation of the domain Q := (0,1)? C R? and matrices
Fi, F, € R?*? such that inf,, c 4, I (vn) > Ch'/2. In case that N > 2, the
analysis in [14] shows

1

A, Tow) < OB,
where L > 1 is the lamination level which is related to F' and Fi, ..., Fiy
(cf. Section 4). In all cited works, finite element minimizers are constructed
(iteratively) by a lamination process and appropriate cut-off functions to
satisfy the (averaged) boundary condition.

In physical experiments one observes branching of different variants near
interfaces [22], and this effect has been analyzed in the continuous case in
[12] for energy densities that involve a surface energy term. Forn = 2
we show that finite element deformations which exhibit similar branching
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structures on mesh dependent scales give rise to significantly reduced ener-
gies. In particular, we find an explicit dependence of branching structures
on growth conditions.

Theorem 1.1. If n =2, F € {Fy, ..., Fyx}' with lamination level L, and if
h is sufficiently small we have

P 1—-p L
] < p+L p+L
(1.1) Jnf I(wy) < C bt (1+1og(h ¥ )) .

It is assumed that a similar estimate holds for n = 3. We draw the follow-
ing conclusions from our analysis: (i) We observe that the scale induced by
the finite element space may be regarded as a scale arising from a surface
energy. (ii) Finite element minimizers exhibit multiscale phenomena with
branching structures close to the boundary and interfaces. (iii) The result is
in agreement with the widely accepted conjecture that growth conditions are
related to the amount of energy stored in interfaces between different phases
and that they affect the geometry of branchings near interfaces. In particu-
lar, branching structures of constructed deformations disappear for the case
p = 1 which fits with the known constructions mentioned above. (iv) The
case of incompatible wells that has been analysed in [7] corresponds to the
limit L — oo.

In the case of two compatible energy wells our construction may be sum-
marized as follows. We choose a coarse lamination in the interior of the
domain of scale O(hY/®+1)). In a boundary layer of thickness O (h?/(P+1)
we choose a fine lamination of scale O (h?/®+1). To interpolate between
the coarse and the fine lamination we introduce a branching or refinement
region of thickness O(1). In this refinement region the deformation gradient
is not an element of { F, F,} but is close enough to the wells. The growth
condition for the energy density enters the estimate through the distance of
the deformation gradient to the wells in this region and thus determines the
geometry of the branching. We then employ a sharp cut-off function in the
boundary layer to satisfy the boundary conditions. Finally, we use a nodal
interpolation operator and prove the estimate (1.1) for the resulting discrete
deformation.

The techniques of [9] to prove inverse estimates for p = L = 1 may be
generalised to the case p > 1 and show that our estimate is sharp for simple
laminates in the sense of the following theorem. The idea of the proof is
to use a special criss-cross triangulation and then to count the number of
triangles on which the discrete deformation gradient does not equal one of
the two wells. This number is estimated by changes of the gradient from
one well to the other along lines that are orthogonal to the direction in which
oscillations occur. We refer to [9] for details.



4 SOREN BARTELS AND ANDREAS PROHL

Theorem 1.2. There exist Fy, Fy € R**?, F = (F| + F3)/2, and a trian-
gulation 7 of Q = (0, 1)? such that, for each v, € A}, satisfying

I(vy) < C it (1 + 1og(hé’T’i’))

there holds

1
I(v,) > C" bt (1+1og(héT’?)) PO

We stress that our analysis is of theoretical interest: It is unlikely that a
numerical scheme will find a correct minimizer. Using a priori knowledge,
branching has been observed in numerical experiments in [16]. For the
efficient computation of generalized formulations and their relation to the
original problem we refer to [3, 4, 5, 13].

The rest of the paper is organized as follows: In Section 2 we introduce
some notation and definitions and prove a basic lemma that shows our en-
ergy estimate (1.1) for simple laminates (N = 2) and allows for iteration
(N > 2). The application of this lemma to a three well problem is per-
formed in Section 3 to illustrate one iteration step. In Section 4 we show
estimate (1.1) as the main result of this work.

2. BASIC LEMMA

In this and in the following two sections we assume that  C R? is a
convex, piecewise affine, bounded Lipschitz domain. Moreover, we assume
that 7 is a regular triangulation of €2.

Definition 2.1. Forw C R* and n,n* € R*, |n| = |nt| =1, n-nt =0,
the diameter of w in direction n is defined by the minimal distance of two
half-spaces, given by points z, z, and the normal n, that exclude w, i.e.,

dy(w) = inf{dist(Hl,Hg) H;={z €R": (~1)i(z — 2;) - n < 0},
HiNnw=02cR, j= 1,2}.
The maximal length of a line segment in w parallel to n' is defined by
(W) :=sup{[s| : s € R,z €Ew,x+ sn" € w}.

Remark 2.1. The quantity s~'d,, (w) describes how many line segments par-
allel to n* and in distances s > 0 can be arranged in w while £, (w) is the
maximal length of such line segments (cf. Figure 1).
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Lemma 2.1 (Basic Lemma). Let w C R? be a convex bounded Lipschitz
domain with piecewise affine boundary. Moreover, let 7 be a regular trian-
gulation that covers w and let A be the maximal diameter of elements in 7.
Let FF = \F} + (1 — \)F; for Fy, F, € R?*? satisfying F; — F, = a®n
for a,n € R?, |n] = 1, and A € (0,1). Assume that n* € R? satisfies
In*| =1and n-nt = 0. If h is small enough there exists y, € S*(7)? with
yn(xz) = Fz for all z € 0w and such that for o € [0,1], v € [0, @], and
§ € [, 1] with $=2 > 2% and h®, b7, A’ < diam(w), there holds

/ dist(Vyn(z), {F1, F>})? da
< C(|8w|h5 + dyp (W) (BP0 4 plHTm Jog(h70))
+dy (W)l (w)hl—a).

Remark 2.2. The three terms on the right hand side of the estimate of the
lemma reflect energy contributions that arise from a boundary layer, branch-
ing structures, and internal layer interfaces, respectively. Notice that only
the second contribution shows dependence on the growth parameter p > 1.

As a direct consequence we obtain an improved energy estimate for sim-
ple laminates.

Theorem 2.1. Under the assumptions of Lemma 2.1 (withw = Q and 7 =
T) there holds

/ dist(Vys(z), {F1, Fo})P dz < C h?/®F (1 4 log(h'~P/(PFD)),
Q

Proof. Choosing o = 1/(p+ 1), 6 = p/(p + 1), and v = 0, the assertion
follows from Lemma 2.1. O

Remark 2.3. The logarithmic term vanishes for p = 1. This reflects the fact
that no branching is needed then and we recover the results of [17].

Proof of Lemma 2.1. Let € [0,1], v € [0,,and 6 € [, 1]. Fork € Z
define

wy:={r Ew:kh* <x-n < (k+ A)h*},
wp={r€w: (k+Ah* <z-n<(k+1)h*},

and wy, := wi U w? (cf. Figure 1).
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dn (w)

FIGURE 1. Decomposition of w and quantities d,, (w), £,,+ (w).

Step 1: Construction of laminates in the interior of w. For z € w, we
define a deformation ¢y, with x; being the 1-periodic extension of the char-
acteristic function of I C (0,1) on (0,1) to R, by

Uo(z) := Fiz —a / X(01) (t/ha) dt.
0

The mapping 7, has the following properties.

(i) There holds 5, € W1 (w).

(i) There holds Vijo = Fi — x(»,1)(22) a®n = Fy inwg and Vo = Fy in
w? for each k € Z with w} # (0 respectively w? # 0. Thereby, w is divided
into at most 2d,, (w)h~® convex subdomains wi, j = 1,2, in which V7 is
constant. The separating interfaces have a maximal length ¢, . (w).

(iii) For all m,m* € R?, |m| = |m*| = 1, m-m* = 0, withm f|n
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there holds ¢, (wi) < Ch® (where C depends on m and n) and d,,, (w;,) <
dm(w), j = 1,2 and & such that w] # 0.

The properties (i) and (ii) follow directly from the definition of g,. Since
each domain wj lies between two hyperplanes which are orthogonal to n*
and which have a distance h® from each other and since m* J{ n' we have
L1 (wWh) < Ch, i.e., we have (iii).

We will first modify g, in a neighbourhood of dw and then apply a sharp
cut-off function so that it satisfies the boundary condition. Finally, we prove
the asserted estimate for y,, := Z,y, the nodal interpolant of .

Step 2: Construction of branchings for “twinned martensite - simple
austenite” interfaces. For A C R? let

dpi(z,A) = inf ¢

teR:z+tnlcA

denote the distance of z € R? to A C R? in the direction of n' (if it exists)
and let ¢ be the unit tangent to dw. For each connectivity component I, 4,
r = 1,2, of ow N dw;, we define a function g, , in a neighbourhood of T,
as follows.

(@) Assume that I, is affine, t|r,, /| nt, and £,. (wy) > 5h7. The
domain

B, g = wi N {ac cw:dy(z, Ty < R + 2h7},
is assumed to be connected and we decompose it as follows. Let
wi = {z € Byy : dpr(z,Thp) < B}

Here, K € N, z € [0, 1) satisfy K = log,(h® ™) + 2. Forj =0, ..., K set
K—j K—j+1
_ By 5 By
Wi,k = {.Z' € Br,k : Z W < dnL(fE,Fr’k) —h S Z W}
=1

=1

LS
wr_,,i = {x € By he + Z 9 < dnJ_(.Z',FT,k)}
=0

(cf. Figure 3). For 0 < s < 1 the intervals I;(s) and I5(s) are defined by
(cf. Figure 2)

A A 1—A
Ii(s) = syt (1- 3)5 + (0, ——),
A A 1—A
n(s) =s(1-3) +(1=)(1-5) - (—7,0).
An important fact for the subsequent construction of branching laminates
is that I;(1) = 2(I;(0) U I»(0)). With the help of I; and I, the mapping
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l(s) v 1)

A2 172  1-A/2 1

FIGURE 2. Intervals I;(s) and Iy(s) for the definition of
branchings near the boundary.

gr,k : Br,k — R? is, with

DY , ,
di(z) = HdnL (m, ow] ;. N &uﬁl)

for values 0 < j < K, defined as follows,

a / X(’\’l)(ﬁ) ds, T € wy,
pon 2s ;
Urp(z) = Fiz —< a / Xll(dj(w))ulz(dj(x))(%) ds, T E€wy,
Ozc-n 2KS
a / X_[l(l)u_b(l)(ﬁ) ds, x € wfk“.
L 0

Figure 3 illustrates, how the function g, , is constructed with the help of
1, I, and with scaling and periodification to obtain a self-similar pattern
for g, (cf. the construction in [12]).

(al) There holds g, € W (B,.).

(@2) Forallz € w?,, j =0, ..., K, we have

Virk(®) = FI — X1,(4;(2)0na(d; (2)) (22 - n/(2h%)) a @ n
)‘ a— j a
+ §h 7(X[2(dj(z))(2‘7$ . n/(2h ))
+ XIl(dj(ﬂ?))(ij . n/(2h°‘))) a@® nL.

The mapping jj,,x divides w? , into at most 3 - 27 convex domains w’y, £ =

1,..,L; < 3-27, of measure ~ h*h?/2% in which Vg, is constant. The
joint boundaries have a maximal length Ch7/27.
@@3) For all m,m* € R?, |m| = |m*| = 1, m-m* = 0, withm f|n

there holds £,,,. (w) < Ch®/2 and dy, (wl7y) < ChY/29,j =1,..., K and
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h6
hV/ZK
K+1
r,k
wK
r.k
hY/23 , _
hY/2? 2N
\/ ' S ‘,//%%i Wy
h'/2 =\ 2
(*)r,k
1
(*)r,k
hY
0
wr,k
Ky
2n- s h/2m
m=0
-1
wr,k

hL'X

FIGURE 3. Partition of B, , and branching of the domains
in which Vg, = F; (blank) respectively Vg, ~ F,
(shaded).

£ - 1, “eey L]
(a4) There holds |, x(z) — Fx| < Ch*/25X < Ch’ forall z € wl.
(a5) There holds §,k|a, ,nw = Tolos, nw @Nd o = Gr IN W
The assertions (al), (a3), (a4), and (a5) follow from elementary manipu-
lations. To prove (a2) we remark that for 7 C (0,1) and

u u/d
G(z) =a / Xj@)+1(s/d) ds = da / Xw)+1(s) ds
0 0
there holds
VG(z) = —dxf@)+1(u/d) a @V f(z).
Then (a2) follows since Vd; = 2in*/h".
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We may now define a continuous mapping 7, € W% (w) by setting, for
T € w,

~ . gr,k(x) if z € Br,ka
h(x) = { Jo(z)  otherwise.

(b) If I, . fails to be affine but ¢|r, , fnt and £, (wy,) > 5h7 then wy, can
be divided into finitely many subdomains & such that I, , N daf, is affine
so that we have situation (a) for each of those subdomains after introducing
a new coarse lamination of scale O(h®) in each &f. We assume that the
lamination matches the lines that separate the domains &%. We then modify
7, to a continuous function g, € Wh*(w) as in ().

(c) Assume that there exists a subset of T, on which ¢ || n*-. Then, since
wisconvex, I,y N{z e R :z-n=kh*} =0orl, ,N{z eR®:2z-n=
(k + 1)h*} = (. Without loss of generality we will consider the latter
case which is sketched in the left plot of Figure 4. Since we may assume
£, (wg) > 5hY we may proceed as follows. We introduce a boundary region
wpL of thickness k° as depicted in the left plot of Figure 4. In the remaining
part of w; we introduce one lamination of scale O(h®) such that the lines
separating wy \ w2’ from wy,_; and wP’ are matched by the laminates. We
then define a branching of the laminate as in (a). Finally we modify ¢, to a
function g3 € W1 (w) as in (a) and such that §3(z) = Fz forall z € wpr.

(d) Assume now that /,. (wx) < 5h7. Note that the number 5 is not
essential in the analysis so that by decreasing it appropriately we may as-
sume that this case only happens when wy 1 (1) = @ for some m and such
that the domains w1, ..., Wetm (OF Wg—1, ..., Wg—m) SALISTY 4,1 (wkt) ~
bt (Wryjs1) + %, 5 = 1,...,m — 1. We then define @;, := U7 w4, and
partition @, as follows. Let M := log,(h"~%) +& M € N, £ € [0, 1], and
defineforj =1,..., M,

j-1 j
ol = {x € w: kh® —|—Zh7/2£ <z-n<kh*+ Zh”’/QZ}.
=1 £=1
Since we may assume that d,(&r) = O(hY) (note that 09 is piecewise
affine) we may also assume that

M
wpt = {x Ew: /~ch°‘+Zh7/2“Z < xn}

=1
is non-empty and satisfies £, (wPE) ~ h7/2M < CR® and d,(wPE) ~
h®. The decomposition of &, is depicted in the right plot of Figure 4. In
each a; j = 1,..., M, we introduce a lamination of scale Ch*/2% with
5 = :—:g € [0,1] and a constant C' > 0 so that the lines separating &7
from &} ' and &/ are matched by lamination interfaces. We then define
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a branching towards the boundary as in (a) (or (b)) but with scales h? /27+¢
and he/275+E ¢ = 1,..., K;, with K; = log,(277°h*7?%) + ¢;, instead of
RY/2¢ and he/2¢, £ = 1,..., K. Notice that the branching region refines a
lamination of scale O(h*/2%) to a lamination of scale O(h*/275+Ki) =
O(h?). Finally we modify 73 in @y, to a function 7, € WH*(w) as above
and such that g, (z) = Fz for all z € wp".

k-1 51

y
=
/7{/ h/4S
// h,
Vo8
\) y oy y
LA AT

FIGURE 4. Partitions of wy if ¢| n* (left plot) and if
£,1 (wg) < 5h7 (right plot).

Step 3: Definition of the global continuous and discrete deformations.
We now have to modify 7, such that it satisfies the boundary conditions.
Let p € C*(w) satisfy p = 0 in a boundary layer of thickness O(h), p = 1
outside a boundary layer of thickness O(h%) and |Vp(z)| < C/h° for all
x € w. Define, forall z € w,

y(@) = (1 = p(z))Fz + p(x)ga(z).

Then y € Wh>(w) satisfies y(x) = Fx for all z € dw and we extend y to
Ur \ w by Fz. Lety, := T,y denote the nodal interpolant of y which, by
choice of p, also satisfies the boundary condition. There holds y,|7 = y|r
if ' € 7 and Vy|r is constant. Since we assume that 7 is regular we also
have that ||VZ,v|| pe(ury < C||V ]|z (ur) forall v € WhHe(Ur) N C(07).
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Step 4: Estimation of the energy of the discrete deformation. To estimate

/ dist(Vyn (2), {F1, By})P da

we divide the integral into several contributions.
I. Forall z € wK+1 and z € wP" (i.e., in a boundary layer of thickness

h%) we have, by choice of 3
IVy(z)| < [(Fz = §a(2))Vp(2)| + [p(2) (F + Via(2))]
< C(h™°|(Fa = ga(@))| + 1),
hence
dist(Vyn(2), {F1, Fo}) < [Vin(2) — Vy(@)| + |Vy(2)| + min |F|

< C(1+h~|(Fa — ju(2))))-

Since the union of all domains wf,jl and wp’ defines a strip along dw of
width h°, property (a4) ensures | Fx — g4 ()| < h® while §(z) = Fz in wBl
as defined in (c) and (d) of Step 2 so that

/( K BL)diSt(Vyh(x)a{F1;F2})pd$ < C|owlh’.
Uw U(Uwy;

I1. In the branchings defined in (a) of Step 2 the energy in wﬁ’k u..u wfk
can be estimated as follows. In a distance > h from the line segments in
whose neighbourhood Vy is not constant there holds by (a2) of Step 2,
Vyn(z) = Ve € {F1, F2} + O(h*7). In an h-neighbourhood of the
line segments, there holds, since o > ’y, |Vyn(z) — F| < C,j = 1,2.
The K interfaces separating domains w’ ».» have a maximal length A and
contrlbute in an h-neighbourhood to the energy. In each of the domains

T,k, j = 0,..., K there are 27 line segments of length A7/27. For one

domain B, we have, using | Uj,...x wl | < Chot7,

.....

/ dist(Vyn(2), {F1, By} )P dz
Br,k

< 0/ RPO=) dg 4 CZz“lhm/Qf + CKhh®
£=0
< C(h(”“)”‘ ®=D7 4 Khh + Khh®).

Since there are at most C'd,,(w)h~* many domains B, as in (a) and since
v < « it follows that

/ dist(Vyn(z), {F1, F2})P d
UB; i
< Cdy,(w) (h}?a*(pfl)”r 4+ pltr-a IOgZ(hOﬁ&)).
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I1. There are at most d,,(w)h~* many line segments in the interior of w
(i.e., away from the branching regions) that separate domains w; and w?. In
their h-neighbourhood Vy is non-constant. Since those line segments have
a maximal length Z,,. (w) they lead to an energy contribution

/ dist(Vyn(z), {F1, Fy})P dx < Cd,(w)l, (w)h' 2.
{wEw:ngBT,k}U(UwT_,;)

IV. The boundary regions defined in (c) of Step 2 can be estimated as in
I.-111. Note that the number of such domains is independent of A.

V. Assume now the situation from (d) of Step 2. Ineach &;, j = 1,..., M,
there are h”h~*27(=1) many line segments of length /7 /27 which contribute
to the energy in an A-neighbourhood. Moreover, from the branchings in wi
we obtain a contribution (cf. 11.)

p1—@9i(s=1) ppla=7)9pj(l=s) pr+ag—j(s+1)

Note that by assumptionwe have 1 > s > (p—1)/psothatp(1—s)—1 < 0,
The line segments in the branching regions lead to an energy

h’y—a2j(s—1) 10g2(2—sjha—6)h1+72—j
and we have log,(27*/h*~%) < log,(h*~°). The summation over the do-

mains @j, ..., 0" and noting that the boundary layer w* contributes an
amount |0w|h® shows

M
/ dist(Vyn(z), {F1, Fo})P do < C|Ow|h? + C Y h=o2/6=)
W =
X (hp(a—v)2pj(1—8)h7+a2—(1+s)j + 10g2(htx—5)h1+72—j 4 h1+72—j)
< Clow[h® + ChY (o=@~ 4 log, (h*~°) M7~ 4 pIT7—2),

Since b < Cd,(w) and K7 < C4, . (w) the right-hand side is bounded by
the same quantitiesas in I., I1., and III.

The summation of the contributions in I.-V. proves the assertion of the
lemma. O

3. APPLICATION TO A THREE-WELL PROBLEM

The explicit dependence of the energy estimate in Lemma 2.1 on various
quantities related to w allows for an iterative application. Layers within
layers without branching (or transition layers) are depicted in Figure 5. We
will proceed analogously but with appropriate branching at the boundary
and at interfaces between different variants.

Theorem 3.1. Suppose that F' = A(pFiy + (1 — p)Fio) + (1 — A)F;, for
Fy1, Fio, F, € R?*? and p, A € (0,1). Moreover, assume that F, — F, =
a®nfora,n € R? and |n| = 1, where F} = pFy; + (1 — p)Fy, such that
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there exist b, m € R?, |m| = 1, m [ n, with F; — Fi5 = b®m. If his small
enough there exists y, € S'(7)? satisfying y,(z) = Fz for all z € 9Q
such that there holds

/ dist (Vyn(z), { Fi1, Fio, F5})? do < Ch?/®2) (1 4 1og(h<1—P)/<P+2>))2.
Q

Proof. We start as in the proof of Lemma 2.1 and define with F, F5, (o, v, 6)
= (a1, 71, 01), and w = Q a function g by performing Steps 1-3 in the proof
of Lemma 2.1. To each subdomain w C 2 outside the boundary layers
wit or wffk“, and such that V|, = F;, we want to apply Lemma 2.1 with
appropriate scales (as, 2, d2) (if necessary choosing the coarsest scale of
the branchings in w as (h®2/27 k72 /27) for some j > 0), Fi1, Fio, and p.
This defines a mapping yy, |, satisfying y,(z) = Fix for all z € dw. Since
§(z) = Fix + a for all z € w and some a € R? the mapping

w(z) +a forz € w,
<fﬂ>:{§<§>) for e € 0\ .

n

is continuous. The nodal interpolant of ¢ then satisfies VZ,y = Vy, in
w\ {z € w: dist(z,0w) > Ch}. To estimate the energy of this mapping,
we have to give an upper bound for the energy coming from those subdo-
mains in which we modified 7. From the part of €2 that we do not modify we
get the contributions of Lemma 2.1 (with exponents (a1, 71, 61) and domain
2). We now estimate the energy coming from subdomains w as above.
Step 1: Domains w away from the branchings. The mapping 7 in the
proof of Lemma 2.1 defines at most d,,(2)h~** many domains w; such
that d,,(wp) < C and £,,:(wi) < Ch* in which Vg = F;. Lemma
2.1 then defines for each such domain w;, a function Yn|w1, such that for
a1 < vy < ay < 09 there holds

/ dist (Vyn(z), {Fi1, Fi2})" dz < Ch™* max{d(wy), |0w|}
Uwé
« (h‘52 + (hpar(pfl)% 4 pltre—a logQ(har‘h)) + h17a2+a1)'

Step 2: Domains in branching regions. In the branchings close to the bound-
ary of  there are domains w’y, j = 0, ..., K, with K = log,(h® %) + &
and ¢ = 1,...,L; < 3.2, inwhich Vj = F; and d,, (w}) < Ch™ /2,
b (Wh) < Ch /2 and |0wly| < Ch /2. To such domains we ap-
ply Lemma 2.1 with scales (h®2/27, h" /27 h%). We have to ensure that
hez /23 > Ch%, j = 1,..., K. Since 2K < Ch®1~% this is guaranteed if
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a1 — 01 = ap — d5. We then obtain mappings yh\wj,ﬁ such that

/ dist(Vys(z), {Fi1, F12})p dz < Ch™ /2

VR4

rk

x (h% + hpo2= (00w j97 4 pltn2me2 og (97T pe202) 4 plreater),
Note that 0 < log, (2 7h2%2) < log,(h®2~%). The summation of all such

domains shows, since there are at most d,,(2)h=** many domains B, , in
which branchings between F; and F; are needed,

K

/Uw% dist(Vyn(z), {Fi1, Fi2})" dz < Ch™™ Z2j+1h71/2j

j=0
X (h‘52 + hpaz—(P—l)'m/Qj + hlH27%2 Jog, (R %) + hl—a2+a1>

< CKh" ™™ (h‘52 + hpe2=PmDn 4 plimmer o0 (pe2702) 4 hl—a2+a1) .

Step 3: Domains within corner domains. We now estimate the energy stem-
ing from replacing a gradient F; by a laminate in corner domains as consid-
ered in (d) in the proof of Lemma 2.1. Here, a domain w in which a gradient
equals F; satisfies

|ow| < CR™/27%k d (W) < Ch™ 20Tk
and
i (W) < Chor[259Fk

forj =1,..,M <logy(hm~)and k = 1,..., K; < logy(27%h* %) <
log,(h®1%). The lamination in w using gradients F}; and F}, is then on
a scale h/29+* and he2/257+* and the branching starts on that scale and
refines the lamination by successively dividing A2 /257+% and k72 /29+F by
2 until ho2 /2s7+k+m — po2 Since p —ps —1 < 0and s = % <1we
obtain a contribution

[ dist (T (o), {Fir, Fa})” da
< Chn 2k [héz + ppo2=(p—1)129i(p-ps—1)9—k
+ hl—l—'yg—ag ]Og2(2—5jha2—52)2j(s—1) + hl—a2+a1:|

< Ch7l/2j+k
% (hJQ 4 hpaz—(p—l)’yzQ—k 4 hl—l—’yz—az log2(2—sjha2—52) + hl_a2+al>
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We now have to sum all such domains w. Noting that in each domain &}

there are 2+ ,fjl many branching regions and laminates we find

| o 2si S5
/delst(Vyh( )s {FllaF12}) dr < CZ 27 ho1 (Z k21+’“

% (h62 + hpaz— (p—1)72 + h1+72 as logg( sghaz—dz) + hl a2—|—a1)>
< ChM=*tlog,(h™—0r)
x (h% 4 ppo2=(p=7 4 pline=or g, (980 paa=02) 4 pl-oater)

Step 4: Estimation of the total energy. The two lamination processes lead
to a total energy

/ dist (Vyh(x): {Fi1, Fia, FQ})p dx
Q

<C [ml log, (h—%")
x (hdz—m + hpa2—(P—1)72—a1 + pltm—er—a 10g2(ha2—52) + hl—ag)
+ h61 + hpozlf(pfl)'n + hl—i—'ylfal IOgQ(hm*Jl) + h}lfal]

For j = 1,2wechoose o; = j/(p+2),7, =(j —1)/(p+2),and §; =
(p+7—1)/(p+2) and check that the assumptionson s and ap —dy = a1 — 4
are satisfied to conclude the proof. O

Remark 3.1. In the previous proof we chose the first lamination such that
we have gradients F in the branching regions and then replaced F; by
another lamination. Some care has to be taken if one also wants to replace
F5 since in the branching regions the deformation gradient is not exactly
equal to F,. Instead, one has a gradient F, + F, with F, = O(h* ).
One may then replace F, by a lamination and add F, after that process
again. The resulting energy is then estimated with the help of the triangle
inequality to obtain the same bound.

4. APPLICATION TO HIGHER-ORDER LAMINATES

We now perform the iterative lamination process for arbitrary lamination
orders. We will assume that the boundary data lies in the lamination convex
hull of { F1, ..., F'} in the following sense.

Definition 4.1. The homogeneous deformation F' € R"*" lies in the lami-
nation convex hull of {1, ..., Fiy } if there exist a positive integer L, E;; €
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FIGURE 5. Iterated lamination in 2 (without branching or
transition layers) using three different gradients.

R™*™, Qjk € '[0, 1], ajr € R, Nk € R", |nj,k| =1,75=0,1,2,...,,L,
k=1,2,..,27, such that F = E,; and

Ejk = 0j,xFjr126 1+ (1 — 0jk) Ejy26,
Eji106 — Ejr1,06-1 = ik @ N,
EL,k: € {Fla i3 FN}

To apply Lemma 2.1 we will also assume that two successive normals in
the construction of the boundary data F' in the lamination convex hull of
{Fi, ..., Fx} are not parallel.

Theorem 4.1. Assume that ' € R?*? lies in the lamination convex hull of
{F}, ..., Fx} and assume that if F" is constructed as in Definition 4.1 for
j=01,..,L—1,k=1,2,..,2% the normal n; is neither parallel to
Njy126-1 NOF 10 iy 0. If A is small enough there exists y, € S'(7)?
satisfying y,(z) = Fz for all z € 09 and such that

inf I(vy) < ChP/@HD) (1 4 1Og(h(1—p)/(p+L)))L_

vp €EAp

Remark 4.1. Improved estimates for the approximation of volume fractions
and Young measure support as well as for convergence of v, in L? follow
from the theorem. We refer to [18, 11].

Proof. As in the proof of Theorem 3.1 we define a deformation ¥, by
successively replacing a deformation gradient E; , by ;11 ox—1 and Ej 1 o
with the help of Lemma 2.1. If we ensure «,,, —,, = a1 — 1 and ,,, — 6, =
v — 6 form = 1,...,L we may set s = %= ¢ [0, 1] and assume that

d1—m
in a domain w with d,,,_, ,(w) < Ch*r=2 or d,, , ,(w) < Ch*-1 /2% and

by, (w) < Chot1 [2Fs+K" for k' + k" = k, where k < logy(hoL-17%%-1),
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we replaced a gradient £,_; , by a lamination and branching of £, 5, and
Eyp 2041. Suppose (and check later) that A*2-2 ~ h72-1 so that we only have
to consider the latter case. The domain w contributes to the total energy the
amount (cf. the proof of Theorem 3.1)

(41) /dist(Vyh(x), {EL’Q]C, EL’Qk_l})p dSE S Ch’YL*l/Qk

% (hJL + hpaL—(P—l)’YL + pltrr—ar logZ(haL—JL) + hl—aL+aL—1)_
We now have to count how many such domains w there are. Let us set
0_1 =0y =" = do := 0 and ”5/] = min{’yj, a/j,l},j =0,..,L. After the

first lamination there are, for j; = k, in branchings as defined in (a) in the
proof of Lemma 2.1 and in corner domains, respectively,

st

£1=0

many domains w with d,,, , (w) < Ch™ /2 respectively d,,, ,(w) < Ch /2%,
Since in such a domain we use a lamination of scale A2 /27! and a branch-
ing starting on scales h2 /271 b2 /271 while the corner domains themselves
start on a scale A2 /27, we have

¥4
Z h’yo a12J1 (h’n 0422Jz_|_ Z hz2 2% J2 é2>
262 has

Jj1+j2=k l2=j1
<C E o191 p—az29j2
Ji+j2=k

many domains w with d,, . (w) < Ch™ /2% form = 1, ..., 4 after the second
lamination. Iterating the argumentation we find that there are

Z Hfz—ll (h’n—1*0412jz) — 9ok (Hfgllh’u—l*ae) > ( Z 1)
JitetjL—1=k J1tetjr_1=k

many domains w in which we have a gradient on level L — 1 and such
that d,,,_, . (w) < ChY*-1 /2% for m = 1,...,2%"!. Summing the energy
contributions (4.1) for k = 1,..., K < log,(h®-1%-1) we find, noting

K —
that Zk:l Zj1+---+jL_1:k 1< KL L

/ dist(Vyn(z), {Er2k, Eror-1})" do < CKY (I AT o) g
Uw

% (hJL + hpaL—(p—l)’yL + hH—'yL—aL logQ(haL—JL) + hl—OtL+OtL_1)_
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Summing the contribution from each lamination step (since the binary tree
might have a local depth < L) we obtain the following bound on the energy

L
I(yn) < C ) (T R170) logy (A1~ ht)ht
k=1

x k-1 (hék + (hpak—(p—l)’m + ptve—ak lOgQ(hak_Jk)) + hl—ak+ak_1)_

Forj =1,...,L wechoose o; = j/(p+ L), v; = (j —1)/(p+ L), and
di=@+j—1)/(p+ L) so that

(le_—llh’n—l—az)hﬂk—l logQ(hak—1—5k—1)k—1 = h -1 logQ(h(l_p)/(m'L))k_l,
We then have inf,, ¢4, T(vy) < ChP/®H) (1 4 log, (R1-P)/@+D))) L, =
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