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Abstract

For certain martensitic phase transformations, one observes a close relation between the width of the
thermal hysteresis and the compatibility of two phases. This observation forms the basis of a theory of
hysteresis that assigns an important role to the microstructures in the transition layer and their energet-
ics (Zhang, James, Miiller, Acta mat. 57(15):43324352, 2009). We study microstructures for almost
compatible phases in the context of nonlinear elasticity. Using a scalar valued ansatz we show that one
expects a transition from uniform to branched patterns for various typical models of the surface energy.
We subsequently consider needle-type transition layers and study quantitative differences between hard
and soft austenite, and between twins of different martensitic variants.

1 Introduction

The present work aims at a mathematical corroboration of microstructures of low hysteresis shape mem-
ory alloys and their energetics in the context of nonlinear elasticity. It has been conjectured and confirmed
experimentally that there is a universal relation between the width of the thermal hysteresis accompanying
cyclic martensitic phase transformations and the compatibility of the martensitic variants and the highly
symmetric austenite structure [22, 40, 56, 55, 49, 38]. Geometric compatibility between the austenite and
martensite phases is measured by the deviation of the middle eigenvalue Ao of the transformation stretch
matrix from one. The compatibility condition Ay = 1 is the condition that there can be a stress-free planar
interface separating pure austenite from a uniform variant of martensite, while for Ay # 1 a macroscopically
stress-free interface between austenite and martensite is often achieved by a fine scale mixture of multiple
martensitic variants [54, 6, 9]. The theory predicts that low hysteresis comes along with special microstruc-
tures. The latter were investigated using transmission electron microscopy [26, 27, 28, 25, 29].

The mathematical analysis proceeds from nonlinear elasticity theory [6, 7, 34]. The central goal is to de-
termine the microstructures in the transition layers and their energetics. The theoretical studies performed
so far support the experimental findings. This includes the analytical investigation of simplified transition
layers [56], numerical phase-field simulations in the context of geometrically linearized elasticity [44] and
the study of almost compatible twinned wedges [4].

The focus of the present work lies on two aspects. First, we aim at a qualitative understanding of the energy
in the transition layers in terms of the material parameters and the compatibility of the phases, and second,
we consider more quantitatively needle-type microstructures.

The text is organized as follows. In Section 2 we briefly recall the standard continuum model within the



framework of continuum mechanics. In Section 3 we focus on quantitative properties of the energies of
austenite/martensite interfaces for almost compatible phases. The energy of the transition layer consists of
an elastic part, which we model in the context of geometrically non-linear elasticity, and a regularizing inter-
facial energy contribution. We restrict our studies to the case that the martensite phase is not harder than the
austenite phase. Depending on the material parameters, there are several scaling regimes of the minimal en-
ergy corresponding to different microstructures. The latter include uniform structures and branched patterns.
We employ a scalar-valued ansatz, which reduces the energy functional to a generalization of the classical
Kohn-Miiller model [41, 42]. This allows us to build on techniques from [41, 42, 20] to rigorously analyze
the simplified problem while the behavior of the model problems turns out to be qualitatively different from
the one of the Kohn-Miiller model. We compare different typical choices of surface energy terms involving
second order derivatives. The qualitative overall-behavior of the minimal energies in the physically relevant
parameter regime depends only slightly on the specific choice.

From Section 4 on, we deal with more quantitative properties of the energies. Throughout the text we con-
sider the alloy TisgNizgPd;; as example, which was found to have A almost equal to one [56]. In Section 4
we recall its crystallographic properties as far as they are employed later to simplify the analysis. Of partic-
ular concern are symmetries between the various twin systems involving different martensitic variants.
Sections 5 and 6 deal with a hierarchy of needle-type non-branching transition layers as they are often ob-
served in experiments, see, e.g., [19]. Section 5 addresses a conjecture raised in [56] concerning the effect
of different twin systems on the energy stored in the layers. Studies of a simplified layer structure led to
the observation that there is a variation of about two orders of magnitude which could explain why specific
combinations of variants are more likely to be observed than others [56, Sec. 6]. We reconsider the model
introduced in [56] and use the symmetries derived in Section 4 to show that the ansatz in [56] is too re-
strictive. A slight modification of the model reduces the effect significantly. If one allows for quite general
needle-type layer structures the dependence on the twin system is reduced even further, see Section 6.

In Section 6 we additionally study the influence of different boundary conditions at the austenite/martensite
interface on the values of the energies. For periodic, non-branching transition layers we compare the op-
timal shapes of the layers for hard and soft boundary conditions. The two types of boundary conditions
correspond to the relation between the elastic moduli of martensite and austenite. Hard boundary conditions
model a very rigid austenite phase, where the elastic modulus of austenite is much larger than the one of
martensite, while for soft boundary conditions the two moduli are similar. We study a model introduced in
[56, Sec. 8], and consider the energy minimization problem in the variational limit of compatible phases.
We show that allowing for soft boundary conditions does not yield more general needle-shapes of the mi-
nority phase. In particular, by studying extensions of functions of fractional Sobolev-regularity, we show
that in both cases needles are pinched at the interface, that is, the minority phase vanishes at the interface.
The limiting problems are solved approximately. We employ semi-analytically a Fourier-type ansatz, and
numerically we implement a finite element discretization. We compare the results for these two very differ-
ent approximations to obtain reliable quantitative insights into the energetics of the transition layers. The
values of the energies are found to be only moderately reduced by relaxing austenite, and to depend only
weakly on the twin systems. The optimal structures of the needles, however, vary greatly from twin system
to twin system.



2 Notation and continuum model of nonlinear elasticity

Martensitic phase transformations have been studied within the framework of continuum mechanics. Through-
out the text, we use the continuum model of nonlinear elasticity described in [6, 7, 9, 50, 51, 5]. A homoge-
neous crystalline body in its stress-free reference configuration is identified with the domain 2 C R? that it
occupies. At fixed temperature a deformation u : € — R3 requires elastic energy

/wa ,

where the stored-energy density ¢ : R3*3 — R is assumed to depend only on the deformation gradient Vu,
and to be frame indifferent, that is, ¢ (RM) = ¢ (M) for all M € R3*3 and all R € SO (3). For a matrix
M € R3*3 the set SO (3) M is called energy well.

We consider a basic framework of martensitic transformations. At high temperatures 6 > 6. the free energy
density ¢ has a unique minimizing energy well, SO (3). At low temperatures 6 < 0., the energy density ¢
has several minimizing wells SO (3)U;, ¢ = 1,..., N, and a local minimum at the austenite well SO (3).
The positive-definite, symmetric, and symmetry-related deformation matrices U ; describe the [V variants of
martensite.

At temperatures close to ., one often observes complex phase mixtures. To allow for such mixtures, we
generally assume that any two martensitic variants satisfy the crystallographic equations of martensite, i.e.,
for any two variants U; and U there are A € SO (3) U; and B € SO (3) U}, vectors a, n, band m € R3,
and X\ € [0, 1] such that

B-A=a®n and AB+(1-MNA-I=bo®m. (1)

These equations ensure that there are continuous functions with piecewise constant gradients A and B,
respectively, separated by twin planes with normal n. Further there can be macroscopically stress-free
austenite-twinned martensite interfaces with habit plane normal m, where A corresponds to the volume
fraction of the B-variant in the martensite part, see Fig. 1. If the ordered eigenvalues of the transformation
stretch matrices are denoted by 0 < A; < A9 < Ag, then the volume fraction A < 1 of the minority phase
is related to the middle eigenvalue A5 via [56, Eq. (35)]
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During the last years there has been a growing interest in materials with Ao close to 1. If Ao = 1 there can
be an exact interface between austenite and one variant of martensite, i.e., Eq. (1) holds with A = 0, see
[54, 6]. Here, we always deal with the case A ~ |\y — 1| < 1 being small.

We focus on planar martensite/austenite interfaces where the martensite part consists of a heterogeneous
phase mixture of two variants A € SO (3)U; and B € SO (3) U}, i # j satisfying the crystallographic
equations of martensite (1). Fig. 1 shows schematically the transition layer. In view of Eq. (6) the transition
layer is described in terms of the natural, in general non-orthogonal coordinates

€T = l‘l’l’LL + .erL + x3€ 3)
where n- and m=" lie in the plane spanned by m and n and satisfy

nt-n=0=m'-m , ‘nl‘zlz‘mL’ and nt-m=mt-n>0. )
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Figure 1: Schematic sketch of the interface (planar projection)

Further, we choose e perpendicular to both, m and n such that
lel=1, and e-(mxmn)>0. 3)
In particular,
Ae=Be=Ie=¢. (6)

We put the origin at the martensite/austenite interface. We measure the length ¢ of the martensite part in
direction —m, the height h in direction n and the width w in direction e. We note that this notation differs
from the ones used in [56] by geometric factors m - n' reflecting the possible non-orthogonality of the
coordinate system given in Eq. (3). The martensite part hence occupies the domain

14 h
QW = $1RL+$2mL+fE3€ i ——— <21 <0,0< < — ,0< 235w, ,
m - nt m - nt
while the austenite part is
(A) 1 n L h
Q = T1n— + rom— + r3e ogxlgﬁ,oggggg J_,O<a:3<w
m-n m-n
Without loss of generality we set w = h = 1. The elastic energy contribution of a deformation y :
QM) o) 5 R3 s given by
I ¢ (Vy)dx + 3 / ¢ (Vy) dz (7
QM) QA)

with elastic moduli i and 5 of martensite and austenite, respectively.
Several models have been suggested for the interfacial energy. Popular examples use the second derivatives
of the deformation (see [9] for a detailed discussion). The surface energy is then given by

2
K]/ ‘sz‘ dx or K]/ ‘sz‘dw, ®)
QM) yQ(A) QM) yQ(A)

where ~ denotes a typical interfacial energy per unit area. The total energy is given as the sum of the elastic
and the interfacial energy given in Egs. (7) and (8).



3 Ansatz and generalizations of the Kohn-Miiller model

In this section, we focus on the scaling behavior of the minimal energy with respect to the length ¢ of the
martensite part, the volume fraction of the minority phase A, the interfacial energy constant x and the elastic
moduli i and 5. The austenite part is assumed to be infinitely long, i.e., L = co. Upper bounds for the
scaling behavior can be obtained by analyzing suitable test functions. For many similar variational problems
one observes a transition between a laminar regime and a branching regime where the laminar patterns refine
close to the interface [41, 42, 20, 17, 18]. We can construct test functions building on constructions from
[42] where a scalar-valued model problem is considered. The crystallographic equations (1) can be rewritten
as

B=I+bdm+(l1-Na®n and A=I+b@m—la®n. )
Motivated by Egs. (9) and (6) we make a simple ansatz for the deformation

m)xr — S\T n‘mLa i
y($>:{(1+b® ) (z,9) ( Ja, <0 (10,

w—s(x,y)(n-mL)a, x>0

with some scalar-valued function s € W12 (QM) U Q(4)) that depends only on x and y, where z = 71 =
r-mandy = z9 = x - n. The deformation gradient is

nlt-m nlt-m

Yy () I+bam—(spa@m+s,a®@n), =<0
x) = :
Y I-(spa@m+s,a®@n), x>0

where we denote by s, the partial derivative with respect to the variable z. We assume that the Helmholtz
free energy density grows quadratically away from the energy wells. Here and in the following we use the
notation <, ~, 2 if a relation holds up to constants that may depend only on the crystallographic parameters.

The elastic energy contribution from the martensite part is estimated above by (recall that we assume that
the angle between m and m is non-degenerate)

u/ dist® (I +b®m — (s;a®m +s,a®n), SO (3) AU SO (3) B) da
QM)

IN

u/ dist>(I +b@m — (spa®@m + s,a®n),{A, B})dx
Q(]W)

u/ (S?C—I—min{\sy%-l—)\\?, ]sy—)\\Q}) dr ,
QM)

and similarly for the austenite part

AN

] dist* (I — (s,a ®@ m + s,a @n), SO (3))dx < 3 (s2 4 s7) dao .
Q) Q)
Thus the elastic energy is bounded above in terms of the scalar-valued ansatz function s, and by the choice
of the ansatz (10), the interfacial energy of y is also determined by s. For the remainder of this section, we
disregard any dependencies on the crystallographic parameters.
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Figure 2: Comparison of minimal energy scaling regimes for various surface energy terms under the as-
sumption 5 2



In [41, 42] it is discussed that an appropriate choice for the interfacial energy should involve a term |s,, | in
the martensite part. The probably best studied model of this kind is introduced in [42] and reads

0 1
J(s):=p [30]?%1/2(0,1) + /Z/ (152 + K |syy| dyda (11)
—¢Jo

where admissible s € W2 ((—¢,0) x (0,1)) satisfy s, € BV ((—¢£,0) x (0,1)), s, € {\, =1 + A} almost
everywhere, and sg (-) := s(0,-) in the sense of trace. Here, the elastic energy of the austenite part is
estimated in terms of the trace norm on the interface (see, e.g., [20]). A discussion of fractional order
Sobolev norms is postponed to Section 6.3. The surface energy in (11) is given in terms of the BV-seminorm
of uy (z,-) : (0,1) — R which is defined by (see [3])

1 1
/ |Uyy| dy == sup{/ uy (z,y) @' (y)dy - <Z>€C3 (0, 1)} .
0 0

The behavior of the minimal energy of J from (11) for equal volume fractions is studied in [20]. Usually the
elastic moduli ¢ and 8 of martensite and austenite, respectively, are expected to be of the same order, i.e.,
i ~ (. Sometimes one observes softening in the martensite, i.e., § = p. The qualitative behavior for p ~ (3
of the minimal energies of the model (11) has been found to differ greatly from the behavior for 5 > p, see
[42, 20]. We show that this phenomenon is only due to the strong constraint on the order parameter s,,. If
this constraint is relaxed, then the qualitative behavior of the minimal energies is equal for all 8 2 p.

The functional J arises as simplification of a functional initially suggested in [41], which essentially reads

0 1 ) 52
Ji(s) = Blsoltz ) + / / pdist® (Vs, K) + m |syyl? dyd (12)
—£J0

and which is to be minimized among all s € W12 ((—¢,0) x (0,1)) with s, € W12 ((—¢£,0) x (0,1)).
Here and in the following we use the short-hand notation

e={(0)-(0)

The surface energy term is weighted by 2/ in order to assign the parameters « and j the same physical
meanings as in the functional J. The functional J; is addressed in Theorem 3.3.

We consider several variants of the above models and discuss in particular the influence of the choice of
the surface energy term. The essential qualitative difference between (12) and (11) lies in the set of ad-
missible functions. First, constant functions, which correspond to pure austenite, are not admissible in the
simplification (11). To overcome this issue, we relax the constraint and study the functional (see Theorem
3.1)

0
T2 (6) = Bl + [ [ nist? (95, 5) 4 syl 3
~¢Jo
where s € W12 ((—£,0) x (0,1)) with s, € BV ((—£,0) x (0,1)). As remarked in [42] it suffices to add

a term in sy, to regularize the problem. In Theorem 3.2, however, we show that the scaling behavior is
slightly different if one considers the full anisotropic total variation (TV) regularization

0 1 oo rl oo rl
J3(s) = ,u/ / dist? (Vs, K) dyd:z—i—ﬁ/ / |Vs|2+/£/ / (|5z2| + |5zy| + [Syyl) dydz .
—£J0 0 0 —¢ JO
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(a) Branching: Jy (s) ~ pl/3x2/3¢1/3)2/3 (b) Truncated branching: J> (s) ~ (ur)/? A

Figure 3: Branched patterns. White regions correspond to s, = A, black regions to s, = —1 + A.

The functional J3 is to be minimized among all s € W12 ((—¢,00) x (0,1)) that additionally satisfy s,
sy € BV ((—£,00) x (0,1)). The main difference between the functionals .J3 and .J5 is that for the func-
tional J3 an austenite / martensite interface always requires interfacial energy. In the functional (14) we
assume the same surface energy per unit area constant x in the austenite part as in the martensite part. This
choice is only for the ease of notation and can easily be generalized.

Finally another difference between (11) and the original model (12) is the smoothness assumption on ad-
missible functions. Roughly speaking, in the original model (12) surface energy always comes along with
elastic energy. To complete the picture, in Theorem 3.4 we finally consider the fully regularized functional

0 1 [ee) 1 2 o] 1
Ji(s) = u/ / distz(Vs,K)dyda:—i—,B/ /vs\gdyda;Jr“(/ /\D23}2> dydz
—£J0 0o Jo H —¢ Jo

(14)

which is minimized among all s € W22 ((—£, c0) x (0, 1)).

Anisotropic BV-regularization

To start with, we consider the functional J5 as defined in Eq. (13), and prove upper and lower bounds for its
minimal energy in detail since for all the remaining functionals similar techniques can be applied.

Theorem 3.1 There are constants C and Co > 0 such that for all 0 < p < B, k, £ > 0and all 0 < \ < %,

Cimin J3 (s) < min {u1/352/3€1/3)\2/3 C(uR)EN A, /M)\Q} < Comin Jy (s) .

Proof: We set E' := min J5 (s). The claim can be split into the following statements:
1. If¢<land k < ;M)\Q, orif ¢ > 1and k < ‘%2, then £ ~ M1/3m2/3€1/3)\2/3.
2. If ¢ < 1and k > pulA?, then E ~ pf)\2.
3. 10> Tand 47 < k < p%, then E ~ (ur) /2 A,
4. If ¢ > 1and k > pA?, then E ~ p)2.

We prove the upper bound first.



1. Branching: The construction given in [42, Lemma 2.3] carries over to the case of unequal volume
fractions, see. Fig. 3(a). The interval (—/,0) is subdivided geometrically into intervals (z;, x;11)
with z; = —6%¢ for i € N and some + < 6 < 3. To define the test function s on the interval (z¢, z1)

one chooses the function v : [0,1] x [0, 3] — R given by

~ AL A
(=14+ XNy if 0<y<g+go
o (z,y) =4 —4o— 7+ Xy if jJ+3e<y<i-i+ie, (15)
-2+ (-1+Ny  if -3+ %z<y<i

and extends it anti-periodically in direction y. For N € N one sets

1 r—x
s(ay>=;NwA($o_a;rNy). (16)

Then by construction s, € {\,—1+ A} ae., s (z,y + 1) = s(z,y), and s (z1,y) = 35 (20, 2y). If

{<land k < /,LE)\Q, orif ¢ >1and k < ’%2 we may choose N ~ ul/IN23

2(1—0)2 1/ which yields

1 1 2
2 H A 1/31/3 1/3 2/312/3

As worked out in [42], the test function s is extended to the remaining intervals via
s(z,y) =27"s (07", 2iy) if z€r,zin] . (17)
Then s, € {\, —1+ A} ae., s(0,y) = 0and Jy (s) S pl/3x2/301/3)\2/3,
2. Constant functions: s (x,y) = 0. This corresponds to pure austenite. Here J5 (s) = pfA2.

3. Truncated branching: We construct a test function s as sketched in Fig. 3(b) on the infinite strip.
As the energy is an increasing function in the length ¢ this yields an upper bound. We use the Kohn-

Miiller branching construction (see above) on (7,0) x (0,1) with T ~ (%)1/ *\. The total energy
contribution of the function s on (7, 0) x (0, 1) is

12 \ /3

Note that the construction can be done in such a way that

(~1+ XNy, 0<y<3
s(T,y) =< —5 + Ay, d<y<1-3.
L=A+(-14+Ny, 1-3<y<1

(—1+ Ny, 0<y<g(e—1)+3
s(@y) =y —2@-7) -3, sE-D+3<y<gH@E-2)+1-3
(“1+Ny+2@-2)-A+1, d@-2)+1-3<y<1

9



Then the energy contribution from the interpolation region consists of elastic and surface energy and
. 1/2 .
is for § ~ (&) /2 ) estimated by

2

/{5+5u)\ ~ (Wi)l/Z/\ .

52

By construction s (T — d,y) = Ay, so that we can extend s constantly in x via
s(x,y) =s(T—0d,y)=Ay forall —co<zx<T—9.

Hence the total energy of this test function is estimated by J3 (s) < (/m)l/ 2\

4. Linear interpolation: s (z,y) = —Azy for —1 < x < 0, and s (z,y) = Ay for z < —1. This
function possesses only elastic energy,

1,1
Ja(s) = ,u/ / My 4+ 02 (2 — 1) dydx ~ pr? .
0o Jo

To prove the lower bound we employ techniques from the proof of [20, Theorem 1] adapted to our situation.
Since 5 2 u we can bound the energy below by setting 5 = u. Further, the energy is increasing as
function of . Hence to bound the energy below we may use any restriction of the energy to smaller domains

(—E, 0) % (0,1) for0 < 7 < 0, ie.,

0 pl
T2 (5) = ploali sy + [ [ st (75,5) + sy | duds
~iJo
Forall 0 < ¢ < ¢andall 0 < ¢ < 1 there is an interval I = [,y + t] C [0, 1] such that
, 0
Er:=upu [30]H1/2(I) + / ~/udist2 (Vs, K) + Kk |syy| <2tJa(s) .
—iJr

By a Fubini-based argument there is a set M C (_E , 0) with positive measure such that for all x € M

/ dist? (Vs, K) dy < €71 / dist? (Vs, K) dydz and /
{.’It}XI Qt

{x}xI

|Syy| dy 521/9 |5yy| dyda , (18)

where €); := (—E, 0) x 1. One of the following three subsets of M has positive measure:

My = {zeM: |sy(z,y) — A <|sy(z,y) — (—1+ )| forae.yel},
My, = {zeM : |sy(z,y) — A >|sy(z,y) — (=1 + )| forae. ye I},
Ms = {x € M : 3Y1,Ys C I with positive measure s.t.
|sy — Al <|sy — (=1+A)| forally € Y1, and |sy — A| > |sy, — (—1+ )| forally € Yo} .

(19)
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We consider the three possibilities separately. Assume that M; has positive measure and fix z € M;. Then
by definition of M; we have with Eq. (18)

1

2
/ Us — < 0 )' :/ dist (Vs, K) < t5 / dist? (Vs, K) | < (t~El>
(e}xI A (e}xI (e} xT ul

By Poincaré’s inequality there is a constant § € R such that

3 3
/ \s(x,y)—)\y—|—§|dy§t/ Vs—<g)\>‘§<t~EI> . (20)
{z}xr {x}xI wl

For almost every x € M (cf. [20, p. 473])

NG

~ 1/2
it
10 () = s (@, )l riry < 11028l L1 ((—z0)x1) < <u> By 2D

Combining Egs. (21) and (20) we find
_ B i\ /3 \2
0 () =2 =5 @llzagn < 130 () =5 @M pagny + s (o) =y + 5l S | Br )+ (MEEI) .
We use the following result [20, Lemma 1]: There is a universal constant ¢ > 0 such that for any £ > 0, any
s:(0,t) — R,and any 5 € R,
Is(y) =y = 5llpn +[s (?/)]?{1/2(07,:) > ot

We multiply this uniform bound with A\? and substitute 5 = \s, and § = A5. This yields the following
rescaled version: There is a universal constant ¢ > 0 (from the above cited [20, Lemma 1]) such that for any
t>0,and A > 0,any s: (0,t) » R,and any 5 € R,

AMS () = Ay =8l + 15 (?J)E{l/z(o,t) > Nt (22)
This finally yields
- % 3 1
It t 2 1
N2 <A =E;| +X <E]> + —E;, (23)
iz wl M
and in particular
242

Ja (s) Zmin{u N, ,ut)\Q} . (24)

If M, has positive measure we can proceed analogously and obtain the greater lower bound (recall A < 1—))

p(l=X)¢

JQ(S)Zmin{ i . opl(1—=N)?, ,ut(l—)\)z}.

11



Suppose now that M3 has positive measure and fix x € Ms. Then there are two possibilities. Suppose
first that there is a set Ya; C I with [Yas| > 0 such that dist (Vs (2,y),K) < } forall y € Y. In the
following we assume that |s, (z,y) — A| < %, the other cases being equivalent. By definition of M3 and
A= (=14 X)| =1 we have

1
sy (@, y) — sy (z,y2)| > 1
for all y € Yy and y2 € Y. Hence

1 1 1
Lo / syl dy < / syl dy < ;|
47 Jayxa 0 Ja, Ik

and therefore
l
B (s)2 -
t
Otherwise, we have dist (Vs (ac y),K) > % for almost every y € I. Then

5 < / dist? (Vs, K) dy < ~EI,
{z}xI wl

which implies
Jo () = pl > plr?

Putting things together, we obtain that forall 0 </ < /Zandall0 <t <1,

242 ~ ;
J () 5min{“ e, g"‘} . (25)

t

We consider the regimes identified at the beginning of the proof separately.

1. If/ <land k < ,uﬁ)\z, orif /> 1land k < “T%f we choose / = £ and t = ,u_l/3€2/3/£1/3)\_2/3 <1,
which yields Jo (s) > pl/3k2/301/3)\2/3,

2. If ¢ < 1and k > pfA? we choose {=t=/{<1andfind Js (s) = plA2.
3. If ¢ > 1 and %2 < k < pA? we choose £ = /212X and ¢t = 1 which gives J, (s) > (,u/@)l/2 A

4. If £ > 1and k > A2 we choose £ = ¢ = 1 which yields J5 (s) > puA2.

|

We now address the functional J3 as defined in Eq. (14) with the full anisotropic TV seminorm regulariza-
tion.

Theorem 3.2 There are constants C1 and Cy > 0 such that for all0 < < B, k, £ > 0and all 0 < A < %,
min {ME/\Q , max {m\, min {u/\2 uBRABABN2 (,zm)l/2 )\}}}

= min {uf)\27max {rA, /L)\2} , BB BNS (,Lm)l/2 )\} < Cymin J3 (s) .

Cymin J3 (s)

IN
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Proof: To prove the lower bound we observe that by trace theorem for all admissible functions s we have
J3(s) 2 Jo (s). Hence Theorem 3.1 implies that

min J3 2 min {;M)? , ptBR2BPBN2B (/1,/43)1/2 A, pA?, ;M)\Q} .

Therefore it suffices to show that J3 (s) = min { A2 | m\} for all admissible s. Fix a constant ¢y < 1,
and consider an arbitrary admissible function s with J3 (s) < coufA?. We show that then J3 (s) > Cr A for
a constant C' > 0 that depends only on ¢y. Again by a Fubini-based argument there is a set M C (—¢,0)
with | M| > 0 such that for all z* € M

1
/ dist? (Vs (z*, ), K) dy < coA? .
0

In particular, if we choose ¢y < 1 small, there is a ¢; > 0 that depends only on ¢y < 1 such that for
xreM

1
/ sy (27, y)| dy = 1A
0
This implies

0 rl 1 /0
//|sy$dydx > / /syxda:
—¢Jo 0 |Jar

Finally we have (see [45, Theorem 15.15])

1 1
dyz/O \sy(:c*,y)dy—/o 5y (0,y)| dy .

(%) 1 1
/ / (5azl + |50y] + [5yy]) dyda > / ITraco (52)] + [Traco (sy)|dy 26)
0 0 0

where Try—o (u) denotes the trace of w at the interface {x = 0}. Thus,

0 1 1
Je,(s)zn(/ [ s el + [ |Vs<o,y>dy>zm,
—¢J0 0

which concludes the proof.
For the upper bound one uses the same type of functions as in the proof of Theorem 3.1, extended constantly
by 0 to the austenite part {x > 0}.

1. Finite branching: In case of full regularization, the branching constructions are not infinitely fine
but stop at some refinement level /. We use a variant of the construction from [42, Lemma 2.3]
that is described in detail in [15]. We briefly recall it to keep track of the additional parameter A
and the slightly different regularization term. As above, one chooses 6§ € (%, %) and N, I € N
such that N ~ p!/3X2/3,=1/3¢0=2/3 and 07 ~ k2/3,=2/3¢=2/3X=1/3_ In the relevant regime r <
pA?min {¢, &} we have 1 < I < p!/3¢1/3571/3X=1/3. The branching construction from [41] is
carried out on ( —0, 06" ) % (0, 1). On the remaining part we interpolate linearly between s (—EGI , y)

13



and s (0,y) = 0. The energy contribution from the branching construction is estimated above by

1 £0i+1 1 Lo+
{ / / dist? (Vs, K) dyda:—km/ / |Syy| + [Szz| + ]sxy\dydx}
£0% 0

< L+m(29)i€N+Hif\+n)\
£ (46)" (N2 (20)' N¢

S oz HRIN + + RN ~ 332323

KA
¢N? OINY

The interpolation layer yields the additional contributions to the elastic energy

/ / 2dyd:v < —— px°
6 (40)" N2¢
o s
M/ / dist? (sy, {\, =1 + A}) dyde < p2' N / / ldydx +/ / Adydz
—eo1 Jo 0 0 0 0

~ /1)\160] S M1/3€1/3KI2/3)\2/3 )

Analogously to the estimates for the branching construction, the additional contribution from the
regularization terms can be bounded by ~ p!/3¢1/3k2/3)X2/3 £ kX < pl/301/3k2/3)2/3 For the
austenite part we have s, = s, = 0, and hence there is an additional contribution to the surface
energy at the interface,
-~ KA . < /~L1/3€1/3f€2/3>\2/3 '
N (20)

. Constant functions: For s = 0, we have J3 (s) = uf)\2.

. Truncated finite branching: As above, for large /, the finite branching construction is carried out on
_ I 1/2

(z,0) x (0,1) with z ~ (&)

proof of Theorem 3.1. By the above computations, for this test function, J3 (s) < (ux)Y2 A+ KA. In

A. On the remaining part we use the interpolation described in the

the relevant regime x < puA? one has K\ < (/{M)l/Z A

. Linear interpolation: For the function

0, 0<
S(‘T’y): *)\Sﬂy, —1<2<0
Ay, —-1<

we have Js (s) S pA? + kA S max {pA?, KA}

14



Quadratic regularization

We consider the scaling regimes of the energy functionals .J; and J4 given in Eqs. (12) and (14), respectively.
We notice that the scaling regimes for JJ; equal the ones for .Jo, cf. Theorem 3.1.

Theorem 3.3 There are constants C, Co > 0 such that for all 0 < p < 8, all k, £ > 0, and all X < L

Cymin Ji (s) < min {/M)\Z , ,u1/3/<a2/3€1/3/\2/3 , ,u1/2/<¢1/2/\ , ,u)\Q} < CoyminJy .

Proof: To prove the lower bound we proceed along the lines of the proof of Theorem 3.1. For all 0 < (<7
and all 0 < ¢t < 1 there is an interval I = [y, y + t] C [0, 1] such that

0 2
: K
Er:=p [50]21/2(1) + / ~/,udlst2 (Vs,K) + m ]syy|2dydaj < 2tJy (s) .
—JI
By a Fubini-based argument, there is a set M C (—E , 0) with positive measure such that for all z € M

dist? (Vs, K) dydr and /

{x}xI

/ dist? (Vs, K) dy < 071
{z}x1 Q

|syy\2 < 21/ \syy\Qdydx, 27
Q

where ; = (—g, 0> x I. Without restriction we may assume that for some fixed x € M, the function

sy (x,-) is continuous on /. We use the definitions of the sets A;, i = 1,2, 3 as given in Eq. (19). If M; or

M5 has positive measure we proceed word by word as in the proof of Theorem 3.1 above and find

242
Ji(s) 2 min{u =

, ,ug/\g, ut)\Q}.

Suppose now that M3 has positive measure and fix some z € Ms. If dist (Vs (z,y), K) > 1 for almost
every y € I then it follows as in the proof of Theorem 3.1 that
Ji(s) 2 pl > plX? .

Suppose now that there is Yy, C I with positive measure such that dist (Vs (z,y) , K) < } forall y € Yj,.
By definition of M3 and continuity there is an interval Z = (yy, y,) such that

1 1
dist (sy (z,y), Ky) > 1 foralmostally € Z, dist (s, (z,yr), Ky) = 1 and dist (sy (z,y,), Ky) >

ool w

where K, := {\, —1+ A}. Hence

1
Lol [ safzog e [ st (vsm) 2.
{e}xI {e}xT \Z| {e}xT

Then by Eq. (27), we have
2
K

EIZZ< +M\I|>2nl7.
W

15



Altogether, for all 0 < (<landall0 <t <1,the energy is bounded below by

A2 l
Jl(s)Zmin{g, N2 A%, :}

and we conclude as in the proof of Theorem 3.1.

For the upper bound, we use essentially the same test functions as above: The constant and affine functions
as in the less smooth setting have energies bounded above by p/\? and pu\?, respectively. The branching
construction from [42] is slightly adapted in order to ensure s, € W12 ((—£,0) x (0,1)). An explicit mol-
lification in y of the branching construction for equal volume fractions can be found in [52]. We do not
recall the construction here to keep track of the additional parameters, but refer to the proof of Theorem 3.4
where we consider a function S for which J; (S) < Jy (S) < £2/3X2/341/301/3 . We note that the truncated
branching construction can be smoothed analogously. O
Finally, we consider the fully regularized smoothed functional J4 as given in Eq. (14).

Theorem 3.4 There are constants Cq, Cy > 0 such that for all 0 < u < B, all k, £ > 0and 0 < X < %

Cy min Jy (s) < min {,uf)\Q, max {/{)\2, min {;MQ L WM BRABEBNS (,Lm)l/2 )\}}} < Cymin Jy (s) .

Proof: To show the lower bound we first observe that Jy (s) 2 Ji (s) for all admissible s. Hence Theorem
3.3 implies that for all admissible s,

Jy (8) Z min {,uf)\z , ptBR2BBNB (,Lm)l/2 A, ,u)\Q} .

Therefore it suffices to show that the inequality .J4 (s) 2 min {4A? , KA?} holds for all admissible func-
tions s. We estimate the energy contributions from the austenite part below by trace theorem,

0o 1 I{2 o] 1 9
ﬂ/ / |Vs|2dydx+/ / ‘V2s} dydzx
0o Jo ®Jo Jo

00 1 00 1 1
Z K <,u/ / |Vs|? dyd:c—kﬂ/ / ‘VQS‘Qdde,‘) > ﬁ\30|§{1(071) = H/ |Ds (0,y)* dy .
kJo Jo HJo Jo 0

We fix some small constant ¢y < 1. If

1
/ D5 (0, )| dy > co)
0

then by the above estimate
1
)z [ 1Ds 0y 2 00
0

Otherwise, for ¢y small enough,
! 1
/ dist (Vs (0,y), K) dy > Z/\ . (28)
0
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Suppose now that Jy (s) < coulA?. Then there is a set M C (—¢,0) with |M] > 0 and
1
/ dist (Vs (z,y), K)dy < 2coA forall z € M .
0
We fix zg € (—/,0) such that

1 1
/ dist (Vs (zo,y), K)dy < 2co\ and / (Vs (z,y),K)dy > 2co\ foralmostall zp < z < 0.
0 0

Notice that g < 0 in view of Eq. (28). Then
0,1 0 1
,u/ / dist? (Vs (z,y) , K) dydx > u/ / dist? (Vs (z,y) , K) dydz > x| A\ . (29)
—£J0 zg JO

On the other hand-side as in the proof of Theorem 3.2 we have fol |5y (20, y)|dy > % and hence

0 1 1 )\
[ [ sl + [ sl dyds> 5.
20 Jo 0 4

Since fol |Ds (0,y)| dy < oA, this implies for ¢y small enough,

2 0 1 2)\2
’“””/ / D% (2, y)| dyde = =
1% xg JO /.L|.’,If(]|

which with Eq. (29) finally yields

242

KA
J482
&2 el

For the upper bound we use again the same type of test functions with slight modifications to satisfy the
smoothness conditions.

+ 12 |zo| > KAZ.

1. Smoothed linear interpolation: For ) > 0 we define

By + Bya?  if —5<2 <0
s(2,y) = 4 My ifz<—0
0 if x>0

Then v € W22 ((min {—d, —£} , 00)

x (0,1)), and
A2 N2/
J4(s)§”TJF/JL(D\?JFFC (+>

wo \o 63

(@) If uA? < Kk < p we choose § ~ 1. Then Jy (8) ~ puA? + %2)\2 < 2.
(b) If o < K we choose § ~ . Then Jy (s) S KAZ.
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2. Smoothed finite branching: We consider the case £ < pA? min {¢, £=2}. In [21] it is announced that
a mollification of the Kohn-Miiller construction will appear in [16]. Again we fix some 6 € (i, %),
and choose I, N € N such that N ~ p!/3)\2/35=1/30=2/3 and 97 ~ k2/3,=2/3¢=2/3\=1/3_ Further
we choose a mollification parameter § ~ x/u. We note that these parameter choices imply that for all
1< 1,

A . A A
~_ §</00" and _ < ~A2 <1 30

05

Let s € W2 ((—£,00) x (0,1)) be the finite branching construction defined in the proof of Theorem
3.2, and define a W !2-extension of s to (—¢ — §,00) x (—6,1 4 d) by extending s constantly in z
for z < —f or x = 0, and antiperiodically in y fory < Oory > 1. We set S := s * ¢5, where
¢s5 : R? — Risamollifier, i.e., ¢s () = ¢ (%) with ¢ € C5° (B (0)) such that fBl(O) ¢ (y)dy =1,
0<¢<1land¢(x)=p(|x|) for some y : [0,00) — R.

We collect the energy contributions separately. Since Es is piecewise affine, the partial derivatives S,
Sy differ from s, £s, only in é-neighborhoods of the boundaries of the domain {y = 0ory = 1}
and {x = —{ or z = 0}, the refinement boundaries {:n =10 i<I }, and the twin boundaries where
the gradient of £s jumps. By definition of the convolution, we have a pointwise bound on S, i.e.,

I-1

! 2 RS K237/, 1/3¢1/3
Sz (z,y) dydr < A l
/ / ) dy Z 267 N2 ~

For S, we consider the contribution from the J-neighborhoods of the twin boundaries and the refine-
ment boundaries separately,

—vo! -1
M/e dist? (sy, {A, =1+ A} dyde S {p (007) 6 (2'N) + oA} < w2BNBpLBR3
- =0

where the last step follows as for the unsmoothed finite branching construction in the proof of Theo-
rem 3.2. We consider the partial second derivatives separately. Again we expect contributions from
the twin boundaries and the refinement boundaries which we estimate above very roughly by

"y I—-1 I<} ) ) AQ )\2
K Soe (2, y) dydr < 57 4 (21N (06) 5 — +o—
/ / y yax ;0 L ( ) ( ) (29)21 £2N262 (29)21 £2N262
kA2 KA?

ok < R2BAZBLLBB

~

(20) (N (29)21 (2N? S 9IN

Next, the estimates (30) imply that the slopes of the twin boundaries for all ¢ < [ are bounded in
absolute value by ~ 1. Hence,

01 P I 1 2 . 1
/ / (x,y) dydr < MZ{ E@’)(S—z—i- (QZN)562}</<¢£N+/<;)\I
i=0

18



which again is bounded above by 2/ \2/3,1/3¢1/3 as spelled out for the finite branching construction.
Finally, since s, and s, are piecewise constant with the same jump set, by (30),

207 207
/ / Siy T,y dydm</ / (x,y) dydx ,

which concludes the estimates on (—E, —067 ) x (0,1). In the interpolation layer —¢0! < 2 < § we
proceed similarly as on the above treated intervals, and observe additionally (see proof of Theorem
3.2 and recall that § < ¢07)

6 1
,u/ / dist? (Sy, {\, —1 + A}) dydz < pd" (X +2?) < P33 R2BNS
-6 Jo

3. Truncated smoothed finite branching: The truncated branching construction can be mollified anal-
ogously.

|

4 An example of a low-hysteresis alloy

We now focus on more quantitative properties of the transition layers. As an example we consider the alloy
TisoNizgPd;1. This alloy undergoes a cubic to orthorhombic transformation. The six variants of martensite
are given by the transformation stretch matrices

)\2'5)\3 A2—As3 > A3 0 )\2'5)\3 A3—A2 5 A2 0 )\2-5>\3 0 Aa—A3 5 A3
U, = )\22/\3 >\242r)\3 0 , Uy = )\32/\2 >\242r)\3 0 , Us = 0 A1 0 ,
)\2 )\3 >\2+>\3
0 0 A1 0 0 A1 3 0 5
,\242r>\3 0 /\32A2 A\ 0 0 A 0 0
_ _ A2+ Ao—A\ _ A2+ A3—A\
U, = 0 A 0 L Us = 0 223 223 ,Ug = 0 223 322
Az—A2 0 A2+As 0 A2—A3  Aat+As 0 Az3—=A2  A2+As
2 2 2 2 2 2
(31)

with ordered eigenvalues A\; < A9 < A3. The measured eigenvalues are [56, Tab. 1]
A1 =0.9280, X =1.0001, A3=1.0674,

but following [56] we set the middle eigenvalue to Ao = 1. Up to sign, there are two different habit plane
normals which we abbreviate by

pmm := (0.5005, —0.5005, —0.7064) and mpm := (—0.5005,0.5005, —0.7064) . (32)

Throughout the text we refer to the habit plane with normal pmm as habit plane pmm, and similarly to the
one with normal mpm as habit plane mpm.

The six variants can pairwise form twins [9], and all variants are symmetry-related in the sense that for all
1 <4, j < 6 there are rotations R;; = RT € SO (3) such that U; = R;;U; R;;. As we aim at comparing
transition layers for the possible twin systems we make use of these symmetries to restrict the number of
different structures.
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4.1 Symmetries among the crystallographic parameters for different twin systems

In [56, Sec. 6] it is remarked that for cubic to orthorhombic transformations due to symmetries it suffices
to consider twin systems that consist of a fixed variant twinned with all other variants. In [30, Sec. 5.5]
symmetry relations between variants are invoked to restrict the discussion of uniqueness of simple laminates
to representative twin systems. We spell out the symmetries and their consequences explicitly to apply them
in the subsequent sections.

Suppose that the positive definite symmetric matrices V;, V, U;, U, € R¥3, U; ¢ SO (3) V; and
U, ¢ SO (3) V; have the following properties:

e There is a solution
(R,-,Ri,ai,ni,bi,mi> € SO (3) x SO (3) x R x §2 x R? x §2 33)
of the crystallographic equations
RU,—RV;=a;®on; , and ARU;+(1—-NRV,—I=b;®m, (34)
where 52 := {z € R® : x| =1}.
e There is an orthogonal transformation Q € O (3) such that

QV,=V,Q , and QU; =U,Q. (35)

We note that we allow for general orthogonal matrices to simplify the notation later. The two assumptions
hold true for mot of the common crystallographic changes. If we define

R/ =QRQ", R,=QR,Q", a/=Qa;, n/;=Qn;, b=Qb;, my=Qm,;. (36)
Then
(Rg,Rg,ag,ng,bg,mg) € SO (3) x SO (3) x B3 x §2 x R3 x §2 37)

and
RU,—~RV,;=a;®n; , and ARU;+(1-NRV,—IT=b@my.

Proposition 4.1 Assume that Egs. (33), (34) and (35) hold. Suppose further that there is a 180°-rotation
D, = DZT € SO (3) about some axis e; € S? such that U; = D;V;D;. Then U, = D,V D, for
the 180°-rotation Dy = D} € SO (3) about the axis ey = Qe; € S>. In particular;, with the notation
introduced above the pair (ay,ny) describes a twin of the same crystallographic type as (a;, 1;).

Proof: The 180°-rotation is represented by the matrix D; = —I + 2e; ® e;. By the commutator relations
given in Eq. (35) we find

U = QU.Q"=QD,V:D:Q"=Q(-I+2;2e)(QTQ)Vi(—I+2e®e;)Q"
= (—I +2 (Qez) X (Qez)) Vg (—I + 2 (Qez) X (Qez)) =: D@V@Dg ,
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where D, = D} € SO (3) describes a 180°-rotation about the axis Qe;.
If (a;,m;) describes a type I twin then n; € {te;} (see [9, Res. 5.2]). This implies n, € {£Qe;} =
{xey}, ie., (ag, ny) describes also a type I twin. On the other hand, if (a;, ;) describes a type II twin then

2.
a; € {£pV,e;} with p = ‘2 (ei — |“//Zeel|2)‘ (see again [9, Res. 5.2]). Hence, ay = Qa; = +pQV ;e; =
+pV ey, which implies that (ag, n,) describes a type II twin, as well. Finally, if (a;,n;) describes a
compound twin, that is, it can be described as both, a type I and a type II twin (corresponding to different

rotations D)), then the above arguments show that so does (ag, 1y). O

If the orthogonal transformation @) is symmetric, then many more quantities are also related via the orthog-
onal transformation. We collect them in the following remark as far as they will be needed later.

Remark 4.2 Under the assumptions (33), (34) and (35), suppose Q = QT and set A; = RV, = QAQ.
Then the following relations hold true:

ATme = Q(A7Tmi), A™n=Q (A7 ni) . nf=Qni, (38)
where nt = — \/% n + 1_(1m.n) =~ m. Due to orthogonality of Q scalar products are preserved,
ie.,

T Y, =x¢-Y, foral x,ye€ {a,n,b,m,A_Tm, A_Tn,nl} .

Example 4.3 In [30, Sec. 5.5] symmetries between twin systems involving different variants of martensite
are listed. As discussed above, these symmetries carry over to solution of the crystallographic equations.
It is found that for cubic to orthorhombic transformations there are up to orthogonal transformation only
five different structures of interfaces. With the notation introduced in Eq. (31), the five different structures
can be represented by a compound twin with variants 1/2, and the two type I and the two type II twins with
variants 1/3.

5 Piecewise affine needle-type microstructures

From now on, we focus on more quantitative properties of the energies of the transition layers. Experimen-
tally, one often observes needle-type structures, where the volume fraction of the minority phase drops to
zero close to the interface. We consider a hierarchy of needle-type models and compare the energies for
different twin systems and for different types of boundary conditions.

The first more quantitative question addresses the influence of the twin system on the energy. In [56] it has
been conjectured that there could be a significant variation of the energies. The conjecture is based on the
study of simplified transition layers. We reconsider the model introduced in [56] with a slight modification
to make it well-definite in the sense that the energy does not depend on the parametrization of the transition
layer. The values of the energy are then found to depend only weakly on the twin system while the optimal
structures vary greatly.

Given a solution to the crystallographic equations (1) with a quadruple S; = (a,n, b, m), the sets of pa-
rameters

Sy =(—a,—n,b,m) , S3=(a,n,—b,—m) and Sy = (—a, —n,—b, —m) (39)
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Figure 4: Piecewise affine transition layers

describe the same twin system. This observation corresponds to the fact that the map
R} xR* 5 {M e R¥? : rank (M) =1} , (a,b)—>a®b

is not one-to-one but two-to-one. The minimal energy of a transition layer should not depend on the choice
of the quadrupel of parameters from Eq. (39). This invariance requires some symmetry in the set of ad-
missible deformations. We briefly recall the setting studied in [56]. We fix a solution (a,n, b, m) of the
crystallographic equations. Recall that changing sign of 2 or m implies a reorientation of m* or n', re-
spectively. The piecewise affine test function introduced in [56, Eq. (14)] is pictured in Fig. 4(a), where the
linear interpolation matrix C in a triangle of height |«/| is determined by the conditions of crystallographic

compatibility,
C = A+xa® n+§(1—A)m]:I+b®m+§A(1—/\)a®m. (40)

We note that the deformation is a special case of the ansatz (10). In contrast to [56], we allow for positive
and negative «. The formula for the matrix C' depends on the choice of the solution S;, ¢ = 1,...,4. To
estimate the energy of the triangles, a linear elasticity theory is used. We linearize about A and introduce

elaf
Sl Hence the energy of one

a typical elastic modulus p. The area of each triangle containing C' is

triangle is (cf. [56, Eq. (20)] but recall that we allow for positive and negative «)
lp - g clodw (p]l (ca™ -1+ (ca -1 2
2 2m-nt \ 2|2

= E;:/ﬁ {|a| [(a- (A_Tn))2 + |a,|2 }A_Tnﬂ +

+ 52'62 (1— )2 [(a (A"m))? + |af? \A‘Tmﬂ
(

# By [(a (am) (@ (A7) 4ol (4 T) (4 Tm) ]| @
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In the remaining sections of this text, we use F as energy in a super-isotropic setting. This definition differs
from the one used in [56] by a factor of 2. This factor comes from the choice of the elastic modulus, namely
the Young’s modulus or the shear modulus. There are two local minima of the energy at

(a-(A"m))” +|a]* |ATm/|’

ot =Fe(l—A .
* ( ) (a- (A_Tn))2 + |al? ‘A_Tn‘Q

(42)

The positive solution c is the solution obtained in [56, Eq. (21)]. The energy in Eq. (41), however, depends
in general crucially on the sign of . We consider a martensite plate of height /» and width w. Then the local
minima of the total energy of the triangles are (cf. [56, Eq. (22)]

1
itotal energy of triangles = ewhpu)? (1 — \) &4,

where the geometric factors corresponding to ait are

1

& = ot (V (a- (47m))" + jaf* |47Tm") (@ (477n))" +]af*|4Tnf") £

4m -nt
+ (a-(A7Tm)) (a- (A7Tn)) £]af* (ATm) - (47 Tn)) . (43)

Note that if we use another set of parameters .S;, we end up with the same two local minimal values of the
energy. To be more precise, denoting with the index =+ the sign of the corresponding «, we find &4 for .Sy
and Sy, and {1 for S> and S3.

The geometric factors in Eq. (43) involve only scalar products which are preserved under orthogonal trans-
formations. Suppose twin systems consisting of variants 7/k and variants j /¢, respectively, such that there
is a symmetric orthogonal transformation Q with QU; = U ;Q and QU ), = U,Q. Then by Remark 4.2,
A; = QA;Q, B; = QB;Q,and C; = QC;Q. Hence there is an energy-preserving one-to-one map

Yy, —y; = Qu,Q (44)

between the sets of piecewise affine transition layers involving variants ¢ and ¢ with respect to corresponding
sets of crystallographic parameters, and in particular minimizers are mapped to minimizers, and minimal
energies coincide.

The geometry of the transition layer varies a lot between the twin systems. We collect the values for m -
n' > 0 for the representative twin systems in Tab. 1. A vanishing scalar product m-n' = 0 corresponds to
a degenerate twin system with parallel habit and twin planes, while m - n'- = 1 corresponds to orthogonal
habit and twin planes.

As in all cases m - n # 0, we can distinguish the local minima by the sign of this scalar product m - n. We
collect all possible local minimal values for the geometric factors according to Eq. (43) for TisoNizgPd;1 in
Table 1. We collect the four possible values for representative twin systems, i.e., compound twins and the
values for the four twin systems involving variants 1 and 3. Then all remaining values can be determined
using the symmetries studied in Section 4.1. Up to round-off errors we recover all values from [56, Table 4].
In some cases, however, they do not correspond to the global minima. There is still a remarkable variation
in the minimal geometric factors of almost an order of magnitude, and it also varies within a given twin type
but the variation is by far not as drastic as claimed in [56]. In the subsequent sections, it is shown that the
dependence becomes even weaker if we allow for more flexibility in the transition layers.
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Variants | twin type | habit plane | m - nT | £ x 103 [56, Tab. 4] £ x 103
m-n>0 ‘ m-n <0
land 2 | compound | either one 0.87 8.07 7.99 3.38
land 3 type I mpm 0.52 48.6 48.3 3.63
1and 3 type 11 mpm 1.00 17.6 17.6 19.14
1and 3 type I pmm 1.00 23.4 22.5 15.4
1and 3 type II pmm 0.17 162 162.9 2.07

Table 1: Geometric factor £ of the minimal energy for the piecewise affine transition layer from [56]. Bold
numbers highlight the minimal value of the energy. Values from [56] were computed using Mathematica,
the others using MATLAB.

5.1 Two-parameter ansatz allowing for asymptotic offset

We consider a class of more general piecewise affine transition layers where the interpolation layer allows
for two matrices that do not lie on the energy wells, see Fig. 4(b). This model in particular allows for an
asymptotic offset 7, and we do not require that one of the twin boundaries remains straight up to the interface
which allows for symmetric and asymmetric needles. The model will serve as validation for our numerical
results in Sec. 6.4.

We proceed as in the previous section along the lines of [56, Sec. 5 and 6], but optimize the geometry with
respect to 17 and . Here we may assume « > 0 if we account for the various orientations of the (n, m)-
plane, see Eq. (39). Note that reorientation comes along with the change  — —\ — 1, where ne denotes
the asymptotic offset of the lower needle boundary plane. To measure asymptotic symmetry of the needle,
we are hence mainly interested in the deviation of n from —%. The gradients C' and D taking part in the
interpolation layer, are determined by the compatibility conditions

1 A
C - A+raen—t(1-Nnaom ad D-A— TN 0 45)
(6% (6%
The area of each triangle containing C is 5", and the area of each triangle containing D is 620;(;;1)

As in [56, Sec. 6], we estimate the elastic energy of the transition layer in the context of linear elasticity.
Since we are only interested in the geometric factor of the energy, we compute the energy only up to a factor
depending on the elastic shear modulus and the width of the martensite plate. The geometric factor of the
energy of the triangles is

1 2 9
4JL<\(CA‘1—I)+<CA‘1—I)T\ +(1-N|(DAT 1) + (DA™ - 1) >
1 «e 1 ex
= Gt (@) FlaP leaf) + 4 (-0 (@0 d)? + Jal* o) (46)
where ¢y = /\A_Tn—é (1—XN)neA Tm,anddy = —%GA_T’I’TL. We optimize the energy with respect

to the height of the trapezoid o > 0 and the offset 7. We keep only the leading order term of the energy. We
put /) = %, divide the energy by A? and evaluate at A = 0. Then with

1
nt cA Tm

1
co=ATn— —ﬁeA*Tm and dp = —
o
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Variants | Twin type | Habit plane m-n >0 m-n <0

e | Er | a- | E- e | Bx | a- | E_
land 2 | compound | eitherone | —0.35 | 10.0 | —0.65| 114 | —0.35| 6.8 | —0.65 | 5.4
1and 3 type I pmm —-0.57 | 31.1 | —0.43 | 30.1 | —0.57 | 23.0 | —0.43 | 24.0
land 3 type I mpm —0.88 | 8.7 | —0.12 | 51.5 | —0.88 | 6.8 | —0.12 | 41.0
1and 3 type I1 pmm —0.98 | 317.9 | —0.02 | 164.9 | —0.98 | 4.1 | —0.02 | 157.1
1and 3 type 11 mpm —-0.51 | 25.2 | =049 | 25.2 | —0.51 | 26.8 | —0.49 | 26.7

Table 2: Geometric factors of the energy E1 x 10% and the corresponding offset 7} of the more general
piecewise affine transition layer according to Eqs. (48) and (49) for ¢ = 1. Bold numbers highlight the
minimal energy. Habit plane normals as defined in Eq. (32).

the geometric factor of the energy of the triangles is

1 e
2 (@ er + P eof + (- do)? +[af o ?)
1 2
" (; (2 +27+1) ((a- A"m)” + |af* [A"Tm|") + (47)

+ o ((a : A’Tn)2 + |a)? ‘A’Tnf) — 2fje ((a “A"m) (a- A n) +|a? A n A’Tm)) :

The optimal o > 0 is

(22 + 27+ 1) ((a- A"Tm)” + af |4~ Tm]|")

a=¢€ (48)
(a4 Tn)" +|af A Tn|
Inserting this « into the energy there are two optimal rescaled offsets 7} symmetric around — %, namely
. 1 Y
e = =5+ —e——s (49)

27 2v2X — Y2’

with the terms
X = ((a-A’Tm)Z—Ha]Z]A*Tm‘Q) ((a-A*Tn)Q—i-Ia!Z’A*Tn‘?) ;
Y = (a-A"m)(a-ATn) + la? A Tm - A Tn .

The values for the optimal 7 and the associated energies for representative twin systems for ¢ = 1 are
collected in Tab. 2. We observe again a wide variation of the geometric factors with respect of the choice
of the set of parameters. The twin systems leading to offsets 7 far away from —% are those for which
both geometric factors, the ones given in Tab. 2 and the ones from [56] vary strongly with a change of the
orientation, cf. Tab. 1.

6 General needle-type periodic non-branching transition layers

We consider a model for periodic non-branching transition layers that was introduced in [56, Sec. 8]. Gen-
eralizing the ansatz we allow for relaxation of the austenite, and aim at comparing hard and soft boundary
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_ F(0)-F5 (0)

1 1 L

martensite . austenite

m-n

(a) Periodic non-branching transition layer. (b) Sketch of the reference domain.

Figure 5: Needle-type periodic non-branching transition layers

conditions. For soft boundary conditions we set 4 = [ = 1, and for hard boundary conditions p = 1
and § = oco. We briefly recall the parameters used to describe the transition layer where we essentially
follow the paths of [56, Sec. 8] and comment on the differences arising from relaxation of austenite. For
the derivation of the model we keep a fixed set of parameters (ay, 1), by, m ), and we show later that the
minimal energy and the minimizer do not depend on the specific choice of sets of parameters from Eq. (39),
see Prop. 6.1.

We assume that there are two compatible variants of martensite represented by matrices A and B that satisfy
the crystallographic equations (1) with A < 1. As sketched in Fig. 5(a) the minority variant B is assumed
to occur as thin needles. Essentially following the approach from [56] we use the natural, in general non-
orthogonal coordinates given in Eq. (3), where we now place the origin at a middle point of the intersection
of the B )-needle with the interface. The twin boundaries are parameterized by Lipschitz functions F¥ie.,
the B -layer defining the origin is confined by the two surfaces

xng;r(:Ul), ro=F (x1), 2 <0 with F;ZF)\_. (50)

We assume that F* — F~ < % In terms of the deformation gradients, the transition layer is periodic in
xo-direction. We consider the periodic cell that consists of the A y-layer

My={zeR®: —l<a; <0, Ff (z;)<ap <Fy (z1)+&, 0<z3<w}, (51)
the B -layer
By={xeR: —l<z <0, Fy (1) <z < F (21) , 0 <15 <w}, (52)
and the austenite part
.A::{acER3:0<x1<£,0<x2<£,0<x3<w}. (53)

We formulate the energy minimization problem in terms of the displacement. For a deformation vy,, the
associated displacement is

zx=yr—1. (54)
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Outside the transition layer for z; < —/[ the twin boundaries are planar. To explicitly describe the needle
bending an asymptotic offset parameter 7, is introduced, that is (see [56, Eq.(47)])

z)(x) = yg\M) (x —nmaen\) —x forxzy = —1 with
Fy (=) = m& and F (=) =(m+ )¢ (55)

where the deformation yE\M) describes the martensite laminate and is given by (see [56, Eq. (39)])

z:zrn)\
yE\M) () = ABx+(1-MNA\)z+ Ea,\/ X (s)ds with
0

1-X, 0<s<A\
xals) = {—)\, A<s<1 ° (56)

Some studies on needle bending can be found in [11, 46]. Further, following [56, Eq. (49)] we assume
constant gradient in the B y-layers,

z,\(m) = J:l(B,\—I)n)L\—Fxg(B,\—I)mf—n,\eB)\n)\
for Fy (z1) <za < Fy (z1), 21 <0. (57)

If the martensitic variants are not compatible with austenite, that is, if Ao # 1, then there cannot be an exact
planar interface between one variant of martensite and pure austenite. Hence in the case of hard boundary
conditions 3 > p that is studied in [56] the condition that the gradient in the B -needle is constant implies
that the needles are pinched at the interface, that is F (0) = F, (0). In case of soft boundary conditions
B ~ u, however, there is no such restriction. In the following we set u = 5 = 1.

By periodicity, Eq. (57) implies boundary conditions for the A -layer, namely (see [56, Eq.(50)])

Z)\(wl,F;_(xl),ZL';;) = l‘l(B,\—I)TLJ'—FF;_(.%'l)(B)\—I)mi'—77,\EB)\TL)\,
Z)\(xl,FA_(l'l)-l-f,l’g) = xl(BA—I)nJ‘—i-F/\_(:cl)(B)\—I)mi‘—meB,\n,\ forz; <O0.

In contrast to [56], we do not assume pure austenite for 21 > 0 but only for 1 > £ := ﬁ, that is,

Y (x) =y, (x) =x —neBn, . (58)
Motivated by Eq. (6) we again assume
Vzy(x)e=0 forall (59)
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so that z can be considered as a function of 1 and x5. Let us summarize the boundary conditions:
Fy (<) =mé B (-)=m+NE, &= M
F (21) > Fy (1) for x1 <0,
z (z1, FY (21)) = 21 (By — I)ny + Ff (21) (B) — I) my —myeByny,  for a1 <0,
z (21, Fy (1) + &) =21 (By — I)ny + Fy (v1) (By — I)my —meByny  for 21 <0,
zy (=1, 22) = =1 (Ay — I)ny + 23 (Ay — I) my + eday — nreAyny,

for (M +A) € <z2 < (m+1)¢§,
z) (0,22) = zf\o) (z2) for Fy (0) <xo < Fy (0)+&,

(
23 (0,02) = (12— &) (Bx = I)my —meByny  for  Fy (0) +&<az <&,
(L,xz2) = C&A) = —neBn for 0 < x9 < &,
(x1,0) = z) (x1,§), for x1>0. (60)

Formulation on the reference domain: Boundary conditions

To simplify the notation we introduce the function

1 (A-I)ny, 21 <0

zy (z1,22) = 2 (x1,22) + MaeByny, — { 0 2 >0 (61)

Following [56, Sec. 8.2], we consider the energy minimization problem on a A-independent reference do-
main. For the Ay-layer, we follow [56, (56)] but keep track of the constants reflecting the non-orthogonality
of the natural coordinate system introduced in Eq. (3). For « € R3 we set Tj:=x-ej,j =123, where
{e1, ez, e3} denotes the standard basis in R3. We consider the transformation

-1
(1) {eeR* i<e <0, 0S8 <1, 0SG5S w}— My,
(t1,t2,t3) = tie1 + tres + tzeg > tin> + (&= (FY (t1) = Fy (1)) ta + Fy (tl))mL+t36-

We refer to the transformed independent variables on the rectangle {—1 < &; < 0, 0 < 2 < 1} as (t1,t2).
For the dependent variables, we make the change

(M) _ L T
u)\ (tl,tg) = mL-nZ ((T)\ ) (tl,t2)> .
As in [56, Egs. (59)-(60)], the crystallographic equations yield fort; = z; <0
Vyg\M) (x1,22) = Ax+ (uxg (t1,t2) — gaurz (t1,12)) @ my + (Aay + hauy 2 (t1,t2)) ® ny

(62)
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. tQF*'(tl)Jr(lftz)F*/(tl)
where gx (t1,t2) = = Fr )T n)
(M)

conditions for u \  are

. and h)\ (tl,tg) =

1 ..
—(F ) —F, )’ The Dirichlet boundary

ul™ (<1ty) = E(O+m) M) (1=Nay , 0<ty<l ,
u (1,0) = Ff () (1-Nay , —l<ti<0
U(AM)(thl) = Fy(t)(1-=XNax , —I<t;<0,
Frt) > Fy(h) , -l<t;<0. (63)

We note that the boundary conditions of ug\M) allow to recover the twin boundary curves F;E from uE\M) in

the sense of traces on the upper and lower boundaries. We use this fact when studying the optimal shapes of
the needles. This property, however, strongly relies on the assumption of constant gradient in the B -layer.
Suppose we allow for some relaxation, i.e., we introduce an additional free variable s) to take part in the
minimization and instead of Eq. (57) set

zy(x) = sy (z1,22) + 21 (By— I)ny 4 20 (By — I) my — nyeByny,
for F;(m1)<x2<F;r(w1), 1 <0.

Then the function s) enters the boundary conditions for the transformed function w on the reference domain:

1
ul (81,00 = Ff (1) (1-Nax+ ——si(ena) , ~1<t; <0
u (0,1 = By () (1= Nart ——sa (@), —l<t<0.

If s, depends only on 1, the width of the needle F} (z1) — Fy (z1) is still recovered from the boundary
data. The offset 1), however, is not easily accessible.
We proceed analogously in the austenite part A). We apply the transformation

TW . A= {zeR: 0<F <L,0<F<1,0<iz<w)
. +1 n r-m +1 rn +( )
£ xri1e —I2€ rzez = —— € —— € r-€e)es,
1€e1 4_,22 3€y = o Tel §m-ni2 3

and again refer to the transformed variables on the rectangle (0, £) x (0,1) as (¢1,t2). For the dependent
variables, we make the change

Lo ()
t,ty) = <T ) t1,t2) ) |
uy (t1,t2) m-niz< N (t1 2))
which implies
Uy 1
Yy —I+u>\,1®m>\+gu,\72®n,\. (64)
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The Dirichlet boundary conditions for u) in the austenite part are

FT(0
w (0,12) = ta(1—Nay ,o<t2<A£(),
F (0
u®M(0,12) = E(t2—1)(1—Nay }”+1<t2<1,
“&A)(tlvo) = uy(t1,1) , 0<t1 <L,
UE\A) ('C’t2) =0 s 0<t2<1. (65)

The gluing condition at ¢; = 0 can be reformulated in the sense of traces

(A) e &ty — Fy (0) ) Fy (0)
uy ' (0,t2) = u, <O’§+F/\_ 0) = FF (0) for —=—=

<t2<w

66
¢ ¢ (66)

The minimization problem

To formulate the minimization problem for the elastic energy on the reference domain we follow the paths
of [56, Sec. 8.4]. We study the leading order behavior of minimizing (or almost minimizing) deformations
for A — 0, and hence consider sequences of sets of parameters { Ay, B, ay,ny, by, my} that satisfy the
crystallographic equations (1) with A < 1. The middle eigenvalue of A satisfies Ao = Aa (\). We assume
that the limit as A — 0 is non-degenerate, i.e., I # A where the middle eigenvalue of A satisfies Ao = 1.
Further ng }f mg, and ag # 0, and finally |A) — Ag| < CAas A — 0.

The energy I (u)) of an admissible function on the reference domain is defined as the elastic energy of
the corresponding deformation. Without restriction we may set the width of the specimen to w = 1. We
consider a sequence of free energy densities ¢ such that there is a constant C' > 0 independent of A such
that

dist? (Vy, A", 80 (3)) ifa1 <0

.2 : . (67)
dist” (Vy,, SO (3)) ifx; >0

or (Vy, (x)) = C{

In particular, ¢ depends on A only via the matrices Ay and B). We note that this condition can easily be
relaxed if we assume that the second derivatives of ¢, are uniformly bounded close to their wells. Motivated
by the scaling properties of the piecewise affine test functions we consider the rescaled energy functional

J{G (u(M)7 u<A>) —

s (2005 03 (Ax+ (wa (1, 82) = gaws (t1,12)) @y + (ax + hyu (11, 12)) @ 1) J{+
= S fE e (1 tuil@my+ fus® m) J§A>] if (u),u) e X, (68)

00 else

where u := w). A pair <ug\M), uE\A)> is admissible for level A, i.e., (uE\M),ug\A)) ex )fL if the following
conditions hold:

1. (u§M>,u§A)) € H' ((=1,0) x (0,1);R%) x H' ((0,L) x (0,1);R?) .
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2. There are Lipschitz functions F;E : (=1, 0) — R with Lipschitz constants cy, satisfying 0 < Fy (t1)—
Fy (t1) < § point-wise for all — < #; < 0, and numbers 17, € R such that ug\M) satisfies the
boundary conditions (63), and uE\A) satisfies (65). The gluing condition Eq. (66) holds.

In the following, we skip the upper index c;, which corresponds to the uniform Lipschitz bound on the twin
boundaries. The limit problem for A — 0 will turn out to be independent of this parameter.

Remark 6.1 Fix an admissible quadruple of parameters (ay,ny, by, my). Then there is an energy-preserving
one-to-one correspondence between the set of admissible functions X defined by these parameters and the
sets of admissible functions X, defined by one set of parameters obtained by changing signs as in Eq. (39).

Proof: We denote by X "\ the set of admissible functions for the equivalent parameters ((z X TN, b \, TN ,\) =
(—ay, —ny, by, m)) we define the map

Fiavo o (o al) o (@) i @l ) = w01 - 1)

Then ﬂg\M) and &E\A) satisfy the Dirichlet boundary conditions (63) and (65) with Ff = —F;F and 1), =

— A — 1, the periodicity condition, and the gluing condition (66). For the coefficient functions we find

_, o

Gty = 2O UTAZRIE ) g
&= (B (t) - By (1)

Ry (t1,t2) 1 = hy (t1,t2) = hy (t1,1 —t3) .

&~ (B (1) = By (1)

Further, for the determinant of the Jacobian, Jy (t1,t2) = Jy (t1,t2) = Jx (t1,1 — t2), and hence the energy
of u is given by

I (fﬁM), ﬁ(A>> — I <u(M>, u<A>) ,

Similarly for (dA, Ny, l~)>\,7”h,\) = (ay,ny, —by, —m,) we define the map X — X, by

M (1) = —uM (1,1 — 1)

Composing the two one-to-one maps yields an energy-preserving one-to-one map for the quadruple of pa-
rameters (—ay, —ny, —by, —m,). O

6.1 Computation of the I'-limit for A — 0

We now turn to the computation of the limit functional for A — 0 of the sequence of energy functionals
defined in Eq. (68) in the sense of I'-convergence [13, 24, 23, 2]. We start with a compactness result, which
characterizes weak limits of low energy deformations. We characterize the limits in the martensite and the
austenite part separately and show then that the two parts are connected at the interface.
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Lemma 6.2 Suppose {ug\M), uE\A)} is a low energy sequence, that is, I (ug\M), ug\A)> < C with a uniform

constant C' independent of \. Then for a subsequence (not relabeled) we have in the martensite part vg\M) =

%uf\M) — U(()M) weakly in H' ((—1, 0) x (0,1) ;R®). The limit function satisfies

véM)(—l,tg):§(1+77—t2)a0 for 0<ty <1 withsome neR,

o (t1,0) llaolof™ (11,1) and (0§ (t1,0) = o (11,1)) ra0 = 0 for —1<t;<0.

Similarly for the austenite part vg\A) = %uE\A) - 'v(()A) weakly in (H' ((0, £) x (0,1));R3). For the limit
function,

v(()A) (t1,0) = v(()A) (t1,1) for 0<ti <L, and v(()A) (L,t2) =0 for 0<ty<l.

Finally, v € H" ((—l,ﬁ) x (0,1) ;IR{?’), where
(M) ~
t1,t t 0
vt ) = 420 ) <O (69)
vy (tl,tz) lf t1 >0

Proof: We follow closely the paths of [56, Sec. 8.4.2] and recall the arguments for completeness, pointing
out the modifications necessary due to relaxation of the austenite. By the assumptions on ¢}, Ff, A) and
Y, there is a constant C' > 0 such that for all A,

CA2 > / dist? (VyE\M),SO(?))A,\) de, and CON? > /
M

dist? (w&’“’, SO (3)) de .
Ay

By the rigidity lemma [37, Theorem 3.1], there exist rotations RE\M), R&A) € SO (3) and a constant C' > 0,
which depends only on the uniform Lipschitz bounds of the domains, such that

o

We consider the austenite part first and apply the arguments from [56, Sec. 8.4.2]. By assumption (59), we
may without loss of generality assume 3 = 0. Then for SA) = {xe Ay : x1 =L, x3 =0}, by trace

2
vyl — R A, dazde < 02, and/

2
vy — RE\A)’ de < ON? .
Ay

theorem there is a constant cg\l) such that

Lol
S(A)

We define o € S(4) by &g -m) = (nf . mA) L = Land x(-n) = 5, and we denote the ball with center
@ and radius r by B (xg, ). By the boundary condition (55), Eq. (70) turns into

2
) (x) — BV — e aa < ox?. (70)

2
(1-RY) @ - meByny — V)| da < o2

/{az-mA:L}ﬂB(:co ,7)
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Ifweput Fy :=1— R(AA) and choose r < 1, by the symmetry of {x - m) = L} N B (x, ) with respect
to g,

CN* > (FfF,\)-/

(1) )2 _
{x-m =L}NB(xzo,r)

(x —x0) ® (x — x0) dx + 21 ‘F;ﬂ:o —meByny — ¢,

2
Hence the two non-negative terms satisfy ’F)\.’B() —meByn) — cE\l)‘ < CA? and (FfFA) (I —my®m,)) <
C )2, which implies

2 T
’I = R(;‘)’ <2(1-R{") (1-R")-(1-myom,) <O
Putting things together, we finally have by triangle inequality

[vs? 1]

(A) (A)
< _
L2((0,1) % (0,6);R3) — HVyA Ry ‘

| -1

<
L2((0,L)x(0,8);R3) L2((0,L)x (0,£);R3)

(71)

To derive estimates for the martensite part, we observe that by the uniform Lipschitz bounds on F)\i, for any
6 > Othereis forall A < A\ > 0,

Qih ={zeR’: —l<z; <0, Ff (z)+6<azp <Fy (z/)+&6—0,0<1z5<1}CM,.
We make again use of assumption (59) and consider a part of the sliced interface, that is the subboundary
SAM) =Ly e RS : 2y =0, FF(0)+d<aa < F~(0)+&—08, 23 =0} .

By the trace theorem and the bound (71) there is a constant 05\2) such that

2
/ W @) - I@)+ P aa<en, e, [ -1+
S(A/M)

L2 (S(A/M);RB) -
On the other hand, the trace theorem implies that there is a constant cg\s) such that

HyE\M) (x) — RE\M)A)\J: + cf\g)’ CX.

LQ(S(A/M);R?’) -

By the triangle inequality,

HI — RE\M)A)\ — CE\Q) + c()\?’)

LQ(S(A/M);RS)

3)

O s * o B A

< Hy,\—I"‘C,\

LQ(S(A/M>;R3 LQ(S(A/JW);RQS)

Following [56, Egs. (71)-(79)], an analogous calculation as spelled out above for the austenite part shows

/ IVy, — Ay|? daodz; < CA?, and/ |Vyy — Ag|* dzadzy < CA?.
My M
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The H!'-bounds on the deformations ¥, imply bounds for the functions vg\A/ M), By the Dirichlet boundary
condition at t; = £, the gluing condition at ¢; = 0, and the assumption that m, - ni is uniformly bounded
away from zero, there is a constant C' > 0 independent of A such that

<(C and

|4 HHl((—z,mx(o,l)) = =0 (72)

HU)‘ HHl((O,L)x(O,l)) -

By trace theorem @ is bounded and hence has a convergent subsequence such that v(()M) (=1, t2) =

E(14+n—t2)ap for 0 < ty < 1 with some limit € R. The remaining boundary conditions follow
similarly. By the boundary conditions (63), the bounds from Eq. (72) imply that HF)%EH L2(~0,0) < CA

(—0,0) — 0 for A — 0 (cf. [56, Sec. 8.4.3 and 8.4.4]).
It remains to show that v € H' ((—1,£) x (0, 1)), where v is defined by Eq. (69). By Rellich’s lemma, the
trace functions vg\M) 0,-) — ’U(M) (0,-) and ’U&A) 0,-) — véA) (0, -) converge strongly in L* ((0,1) ; R?),
and it suffices to show v(() 2 (0,t2) = v(()A) (0,2) in L? (0, 1). We use the notation

i

(M) .
. 0,t5) ifts € (0,1
O R

and the abbreviations

_ ¢ B FY (0) C(EO) (Fr(0)+¢
e e B A e R <O’ : >U< ; ’1>'

In particular ay — 1, by — 0, and |I\| — 0 for A — 0. Hence

lim ‘ng) 0,-) - v(;‘) (0, -)‘

A—0 LQ(O,l)
< D) (g,.) — (M) 4b i H (4) _
= Y ‘ 0, vy (0an-+ ’\)‘ L2(R) Ry ke 0,) =3 (0, )‘ L2(I)

The I'-limiting energy functional is characterized by the following theorem.
Theorem 6.3 Suppose {UE\M) uE\A) } is a low energy sequence, that is, Iy (ug\M),ug\A)) < C with a
uniform constant C' independent of .

1. Lower bound.

hrn mf I, ( (M),u(;‘)) >

> {/ / 82;;2 M G d +/ / a;% A),G(A))d:c} =: I (v]73)

where

1 1
GM) .= vV1® AaTmo + (ao + ’U,2> (9 AaT'n,g , GW = V1RQMy+ V2@ Ng .

3 £
(M) (4)

The function v = v is defined piecewise by the weak limits of subsequences of vy ', and v .
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2. Upper bound. Suppose thatv € H' ((—1, L) x (0,1) ; R?) satisfies the boundary conditions v (—1, t3) =
E(1+n—t2)apfor0 <ty <1withsomen € R, v(t1,0)||ao|lv (t1,1) and (v (t1,0) — v (t1,1)) -
ag > 0for =l < t; < 0; v(t1,0) = v (t1,1) for0 < t1 < L, and v (L,t2) = 0. Then there

exists a sequence (ug\ ) (A)> € X\ such that ug\M) — v|(—1,0)x(0,1), lug\A) — v|(0,L)x(0,1), and

I, (ug\M), ug\A)) — I (v) where the functional I is defined by Eq. (73).

Proof: 1. Lower Bound. The limes inferior is superadditive, i.e., for arbitrary sequences a, by
lim inf (a) + b)) > lim inf ay + lim inf by, .
A—0 A—=0 A—=0

Hence, to derive the lower bound for the sum of the elastic energies of the martensite and the austenite part,
the considerations from [56, Sec. 8.4.4], which are based on techniques from [37], can be applied to the
martensite and the austenite part independently. For completeness, we recall them briefly. For simplicity of
notation, we set QM) := (=1, 0) x (0,1), and Q) := (0, £) x (0,1). As ( (1) E\ )> is a low energy
sequence,

(M) (M) (A4) (A)
>
c > /Q(M)QS(I—i—)\G)\ )JA dt+/ﬂ(m¢(1+mA )JA dt

where
GE\M) = (vg\ﬂf) — g)\vg\ 2)) ® A my + <a,\ + h,\'uE\ 2)> ® A)_\TnA ,
J/(\M) = (- (Ff - F))m, nt, G&A) = ’U&J) ®my + 21}5\‘42) @ mny , J/(\A) =e,
with gy (t1,t2) = t2?/((lilﬁz;£;?}}g;()tl) and hy (t1,t2) = = (F+(t1; o) To do careful Taylor expan-

sions of the integrands in the spirit of [37] we denote by Eg\ ) and Eg\ ) the sets where GE\M) and G&A) are
large, respectively, i.e.,

B = {a e . ‘G(AM) (w)‘ > a2t

and analogously for EgA). We use the place-holder j € { A, M}. The Taylor expansions on Qu) \ Egj ) read
(recall that T is a critical point for ¢ € C?)

19%¢(I)

¢ (I+AGY)) 2 OF?

(&P 268 +w (|pey)) ‘AG&”‘Q : (74)
where w (s) — 0 as s — 0. Hence

Feloe) s [ B0 (60.60) v (pet]) 0]
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By compactness, Gg\j) is bounded uniformly in L? (Q(j )) and w <‘)\G§\j) D — 0 uniformly. Therefore,

10%¢(I)
G\ED 2 OF?

1 D)) JDgt > ) G 0
hmmfv/ﬂ(j)gb(I—k)\GA)J dt hg(l)mf/g (68.60) 1 ae

L 8¢ (I) () 0\ 70
= lim lnf/Q(j) B 8F2 (XQ(J')\Eg\j)G)\J aXQ(j)\Eg\j)G)\] ) J,\J dt .

We have J )(\M) — eand J /(\A) — € uniformly on the respective Q). Since X\ p() converges boundedly
A

almost everywhere to x ), we have XQ(N\E({)Gg\j) G in 12 (Q(J')), By the lower bound on ¢,

2
l f (14269 1{at > I (G @)
1m in + A dt 8F2 , dt .
Q(J)

je{M,A} je{M,A}

Following [56, Eq. (95)-(98)], we can identify the weak limits

1 1
GM = v,® Ay mg + <a0 + SU’Q) ®AyTn, and G =v @mgy+ Evg ®n.

2. Upper bound. To construct a recovery function we follow the paths of [56, Sec. 8.4.5] and extend the
construction to the austenite part. Suppose first the function vo € H' ((—1, 0) x (0,1);R?) is smooth in
the sense of C°° and satisfies the limit boundary conditions given in the Theorem with some 7 € R. We
define a sequence of linear transformations L) € R3x%3 satisfying Lyag = ay and Ly — I as A — 0. We
define ug\M) = AL)\vo|gm) and uE\A) := AL)\vp|4). By construction, uE\M) and u(A) satisfy the required
Dirichlet boundary conditions with 1, = An, and the gluing condition Eq. (66). Further, the associated
functions Fj: are uniformly Lipschitz for small A.

For general vy € H' ((—1,0) x (0,1);R?) we use density of C* in H'. There is a sequence v®) €
C>=((=1,0) x (0,1);IR?) that satisfies the required boundary conditions and converges to v in H' as
8 — 0. For v(¥) we find a recovery sequence vf\(s) as above. Then there is a diagonal sequence v, (5) — vo.
In both cases, convergence of the energies follows by Taylor’s formula (74) which now holds true on the

whole domains, using strong convergence. O

6.2 The I['-limit problem

We now turn to the discussion of the I'-limit minimization problem for both, hard and for soft boundary
conditions. In the hard boundary case one assumes pure austenite up to the interface. In particular, there is
no elastic energy contribution from the austenite side. To be precise, we consider the hard boundary problem

L6 (I) ( ) ()
min / / 5 aF2 G ) edt , (75)
where
GWM) .— gM) (v)=v1® A Tm+ <a + i'v,2> @A Tn e R33 . (76)
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The set of admissible functions is given by
={ve H'((—1,0) x (0,1);R%) : v (t1,0) |la|v (t,1) , (v (t1,0) —v (t1,1)) @ >0,
v(0,t2) =0, v (=l t2) =&(1 —ta+n)a forsomen e R} . (77)

We refer to the optimization problem given by Eqgs. (75)-(77) as (HBC). This minimization problem is
derived in [56] with ¢ replaced by e since there the volume factor n - m= is missing after transformation to
the reference domain. The soft boundary limit problem as derived in Section 6.1 reads

L) (con g M> L6 () () )
min / / 5 an edt + / / 5 aFQ G )edt (78)

with

§

GW = GW (v) = v1®m+ 2_’072 Xn . (79)

1
G(M) — G(M) (’U) =3 (039 A_Tm —+ <a, —+ 1)}2) X A_T’I’L s and

The set of admissible functions is

Ay ={ve H' ((—1,£) x (0,1);R?) : v (t1,0) |lallv (t1,1) , (v (t1,0) —v (t1,1)) -@ > 0 fort; <0,
v(=lt2) =61 —ta+n)a forsomeneR | v(t1,0) =v(t1,1) forty >0, v(L,t2) =0} . (80)

We refer to the optimization problem given by Egs. (78)-(80) as (SBC). From now on, for simplicity of
notation, we refer to the coordinates (¢1,t2) as (x, y).

The sets of admissible functions .4;, and A5 as given in Eqs. (77) and (80), respectively, are both convex,
closed and non-empty. For our examples we consider super-isotropic energy densities, i.e.,

10%¢ (1)
2 OF?

10% (1)

3x3
3 OF forall M e R>* (81)

(M)M):

2
M+ M7T
(M,M)Zu‘

with Lamé’s second parameter ;. Then by Korn’s inequality there are unique solutions to (HBC) and (SBC),
respectively, see [31].

6.3 Needles are pinched

In this section we show that for any admissible function of the limit problem for hard, respectively soft
boundary conditions, the associated rescaled needles are pinched at the martensite/austenite interface in a
weak sense. More precisely, we show

fFO-10
VI
where fT (t1) = v (£1,0) -a, and f~ (t;) = v (¢1, 1) - a. Roughly speaking the condition (82) says that for

small )\ pinched needles are energetically more favorable than open laminates, see Fig. 6. Open laminates
are admissible only for soft but not for hard boundary conditions. Hence we expect qualitatively the same

e L?(-1,0) , (82)
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(a) Pinched needles (cf. Section 5) (b) Open laminates

Figure 6: For small X pinched needles are energetically more favorable than open laminates.

needle structures for both types of boundary conditions, although in case of soft boundary conditions we
allow for more general structures.

To prove the condition (82) we consider more generally extensions of functions in fractional order Sobolev
spaces W*P (Q) for 1 < p < coand 0 < s < 1 on Lipschitz domains 2 C R, and prove a condition for
extensions to be in W*P (RN ) The gluing condition characterizes possible extensions of fractional order
Sobolev functions. For a Lipschitz domain 2 C RY the Sobolev space W*? () with 0 < s < 1 and
1 < p < oo is defined to consist of all functions u € LP (£2) with finite semi-norm

P — [u(z) —u(y)l
[U/]WS,P(Q) = /Q/Q |x — y|N+sp dxdy .

6.3.1 Extensions of fractional order Sobolev functions

In this section, we prove and apply the following lemma.
Lemma 6.4 Suppose F : RN~! — R is a Lipschitz function. Naturally, F defines two Lipschitz domains
Q+:{$€RNZ$NZF(X/)} , Q,:{xGRN::ENgF(X')} ,
where x' = (z1,...,2n_1) ERN "L Let 1 < p<ocoand0 < s < 1. For f+ € W*P () we set
f(x) = {f+ (x) l:foEQJr '
f-(x) ifr e
Then f € WP (RN) if and only if

i (¢, an) — f- (<, 2F (x) — an)
oy — F (<)

eLP(Qy) .

Lemma 6.4 contains several well-studied results. For H'/? (R) with ©, = [0,00) and Q_ = (—o0, 0], the
implication

fe H1/2 (R) = |f($) —f(—l‘)’ e .2 (R)

Vel
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has been derived to define a generalized notion of continuity that does not involve point evaluations (see [53,
Lemma 33.1] and the references given there). Further in case of constant extension by zero, i.e., f_ () =0
forallz € Q_ = RV \ ©,, Lemma 6.4 reduces to the well-known statement (see e.g. [53, Lemma 37.1])

| f4]

S,p N
FEW(RY) & Gt 000

e LP(Qy) .

For Lipschitz domains 2 as in Lemma 6.4, the denominator |xy — F (2')] is comparable to dist (-, 9),
see Lemma 6.7 for a quantitative statement. There is a close relation to fractional Hardy inequalities (see,
e.g., [39, 43, 48, 33] and the references therein). These integral inequalities state that for sp > 1 for all
u € C§° () on nicely bounded domains 3 C RY

u u (@ y)[”
/dlst (z,00)° // N+5p dudy -

A recent focus of research lies on the search of the optimal constant for such inequalities on simple domains
(see [35, 36, 10] and the references given there). The proof of Lemma 6.4 comes along with estimates. They
are, however, far from being optimal.

For the critical case sp = 1, in particular for s = % and p = 2, there are counter-examples to Hardy-type
inequalities on Lipschitz domains [32]. Lemma 6.4, however, holds true even in the critical case because
different spaces are considered. Hardy inequalities hold true for functions from W"?, that is the closure of
the space of compactly supported smooth functions. The subspace of functions in H'/2, however, whose
constant extension by zero lies again in H'/? is not equal to H, V2 _ g2 (see [47, Theorem 11.7]). There
are even functions f € H'/2nC [0 [ f] with f (0) = 0 such that the extension to the negative axis by 0 is
not contained in H'/2. To have an example we consider f € C* [O, %] , with f (0) = 0 given by

b
—log (z)

We denote the radial-symmetric extension to the half unit ball in R? by F' () = f (|=|). Then

) B ) B 1/2 L B # 1/2
[F]Hl(B(Oé)) N /B(O,é) VE(@)]" de = C/o r(=log(r))® ‘ [log2 (T)L R

thatis, ' € H! (B (0, 2)) and hence by trace theorem f € H1/2 (0, %) The constant extension f = 0 for
x < 0, however, is not an H 1/2 function. The necessary condition from Lemma 6.4 is not satisfied,

/ /
[ S o [ g o @Y = o
0 0

x zlog (x)

f ) =

Some properties of functions in H'/2 on intervals can be read-off directly from Lemma 6.4. For a < b and
0 < a < 1, we denote the space of Holder-continuous functions by (see [1, (1.29)])

C*([a,b]) :={f:[a,b] 2 R : 30 < K < oos.t. forall z,y € [a,b] : |f(x)—f(y)] < K|z —y|*} .
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Remark 6.5 1. Assume 0 < o < 1, anda < b < c. For fi € C*[a,b] N HY?([a,b]) and fo €
C[b,c] N HY? ([b,c]) let f be defined by

) Ai(@) a<x<d
f(x)_{fg(x) b<z<c
Then f € HY? (a,c) ifand only if f1 (b) = fa (b).
2. The relation R C H'/? (a,b) x H'/? (a,b) defined by

fRa—z), 2a—b<z<a

.g) €E R hir g € HY? (20 — b,b) , where h =
(f.9) (f.9) (2a ), where hs ) () {g@)7 sz <h

is an equivalence relation on H'/? (a,b) x H'/? (a,b).
These properties imply that in the limit A = 0, the rescaled needles are pinched at the interface. Recall that
the needle boundaries are f* (t;) = v (¢1,0) -aand f~ (t1) = v (t1,1) - a, for =1 < t; < 0.
Lemma 6.6 Let v € Ay, (see (77)) or v € A (see (80)). Then
() —f~ (t)
VIt

Proof: For hard boundary conditions, we have v € H! ((—1,0) x (0,1)), and therefore by trace theorem
on Lipschitz domains, g* € H'Y? (—1, 1), where

N € z<0
g (x)_{OZ'v(O,-)-a >0

e L?(—1,0) .

By Remark 6.5, the pieced together function

) = ff(x) =x<0
/(@) {f(—x) x>0

lies in H'/2.The claim follows from Lemma 6.4.

In case of soft boundary conditions, the claim follows analogously using periodicity in the austenite, i.e.,
v (t1,1)-a=v(t1,0) - afort; > 0. O
To prove Lemma 6.4, we need two geometric estimates.

Lemma 6.7 Let F : RN~1 — R be Lipschitz with Lipschitz constant L, and set
QO_ = {(ZL'/,IN> e RN zy < F(:L")} .
(i) For x € Q_ we define the mirror point with respect to the graph of F by © := (', 2F (x') — zn).
Then for every x, y € Q2_,
‘7 > 1—|—L2—L\/1—|—L2’ |
T — x—y|,
yr= 1+ L2+ Lv1+ L2 Y

and the constant is optimal, i.e., there is a function F with Lipschitz constant L and points x, y € _
such that in Eq. (83) equality holds.

(83)
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(ii) Forallx € RN\ Q_,

Proof: () Without loss of generality, we may assume = (0,0), and ' (0) > 0. Forany y € Q_, y # x,
we have to bound the ratio Iz:y} below. For that, it suffices to consider a plane containing the points x, y
and . Hence we consider only the two-dimensional situation.

Lety € Q_ C R2% We may assume y; > 0 by symmetry and y» > F (0) since otherwise |y| = |z — y| <
|z —y| = [(0,2F (0)) — y|. Consider points y with fixed norm |y| = ¢, and y; > 0. Then by the cosine
theorem, the length | — y| monotonically increases as y2 > 0 decreases. Asy € Q_andx = (0,0) € Q_,

the Lipschitz condition implies yo < F' (0) + Ly;. Therefore, for all y € Q_ with y # =,

T -yl |-yl > min

[ — (451, F (0) + Lyn)| >\/1+L2—L\/1+—L2

-yl Jyl T w0 |(y1, F(0) + Ly)) 1+ 12+ IV1+ L2
where the minimum is achieved for y§" := \/%. Equality in Eq. (83) holds if y{"* € Q_, e.g., for affine

functions F' (x) = 1 + L.
(1) Without loss of generality, we may assume (', F' (z’)) = 0, and 2y > 0. By the Lipschitz assumption,
dist (z, Q_) > dist (z, K), where K = {z = (2/,2y) € RN : zy = L|2|}. For z € K we have

o~ (. L| D = |2 (0 + 1)~ 20w L] + 0%

which is minimal for |2'| = fng Hence,
dist (, Q-) > _ ley — F ()] .
V14 L2

(|
We now turn back to the gluing of functions from fractional Sobolev spaces on Lipschitz domains.

Proof: (Lemma 6.4) Suppose f € W*P (RN ) We proceed along the lines of [53, Lemma 33.1], where
the case s = % p = 2and N = 1 is studied. For a function u € wip (RN ) we denote the trace by
You (x) = u (x/, F (x)). By Hardy’s inequality [53, Lemma 13.5],

u (X, zN) — You (x)

p
S p— 1 HUHWLP(Q_'.) ?

Ny — F (X LP ()
u (X, zN) — You (x) _ u(x',2F (x') — xn) — you (x) P il
N — F(x) LP(Q_) (2F (x') —an) — F (x') oy Pl whe@-)
which yields
u(x,zn) —u (X, 2F (x') — zN) < 2p T
N — F(x) woy P—1 WhPRY)

Therefore, there are bounded operators

dx

.wbe (N P
T, W (®Y) <L @)

) and Tp: LP (RY) — (L (Q4) , dz)

41



given by
Ti:u»—>u(:c’,xN) —u(:c',QF(:L") —ar:N) , 1=0,1.

Hence by interpolation (see [43, Remark 5.31], [8, Cor. 4.13] and [53, Lemma 23.1]) there are for 0 < s < 1
bounded operators

oW ) = (200,

dz Sp> , uHu(m',wN)—u(w’ﬂF(:c’)—acN).

Reformulated, we have

lu (%', zn) —u (X', 2F (x') — zn)]
lzn — F (X))

< oo forallu € WeP (RN) .
LP(Q4)

[f (" on) = f (X 2F (x")—z )|
, and = IN|xN_F(X,)|S N e LP(Q4). We

To prove the other implication suppose f1 € WP (Qy)
have to bound the W *P-seminorm which we decompose into

f- ()l

N+sp

|f+ () ?
[f]];vs,p(RN) = [f+]%/s,p(g+) + [f*]gys,p(gi) + 2/Q+ / +|w dydz .

-yl

The last term is estimated by

. fr (@) = f- @) - @) — f- @)
2 219{/9+/Q @ — gV dydach/m/Q PLCE dydm} , (84)

where T := (2, 2F (2') — xx) denotes again the mirror point of . We consider the two terms of Eq. (84)
separately. To see that the first term is bounded we adapt the computations done for constant extensions by
zero [53, Lemma 37.1]. We find with generic constants depending only on the space dimension N and the
Lipschitz constant L of F

(@ —f-@F, 1
/Q+ /Q |m_y|N+sp dydx = /Q+ |f+ (z) — f- (Z)] /Q |m_y|N+spdydw
1

(@] —  dzd
/| @) = f @) i ) ST
S RSy gy XCES L
CN /QJr ’f—l— (CU) f- (w)‘ /dist(w,ﬂ) 7al—i-spdx =CN Q. dist*P (ZB,Q_) dx
_ =)\ |P
¢ o [ VEELE )
Q4

IN

IA

[zn — F (2)[*

where in the last step we used Lemma 6.7 (7).
For the second term of Eq. (84) we have by Lemma 6.7 (1),

/- @) - /- @) _ If- () — - (y)? )
/m / g YT /Q / g s alfHveen
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6.4 Approximate solution of the limit problem

We now turn to the actual (approximate) solution of the I'-limit minimization problem. We employ two
independent approaches to assess the validity of the results obtained. The techniques include a Fourier-type
expansion and a numerical implementation via finite elements. The main difference is the way the boundary
conditions and the inequality constraint are treated. The results for the various models studied in this and
the previous sections are compared below in Sec. 6.5. We consider as model case the alloy TisoNiggPd;;
introduced in Sec. 4, and implement the super-isotropic energy density given in Eq. (81). To compare the
geometric factors of the energies to those of the simple test functions we set ¢ = 1 and p = 1. The reduction
by symmetry relations observed for the simplified model problems carry over to the I'-limit problem, which
is made precise in the following lemma.

Lemma 6.8 Suppose two twin systems consisting of variants U;/V ; and variants Uy/V 4, respectively.
Suppose further that variants are symmetry related in the sense of Section 4.1, i.e., there is a symmetric
orthogonal transformation Q such that

QV,=V,Q and QU,=U,Q.

Then the minimal values of the super-isotropic and the isotropic energies as given in Eq.(81) of the two
systems coincide for both, hard and soft boundary conditions, and the minimizers are symmetry related via

vémin) _ Qv(min) '

The analogous statement holds true for isotropic energy densities

10%¢ (I)

_ 19%¢ (I)
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(M, M)

M+ MT
(MaM):/'L’2

TN (MM
2\ 2

Proof: For corresponding sets of crystallographic parameters there is a one-to-one correspondence between
the sets of admissible functions for the two twin systems induced by the orthogonal transformation Q.
Indeed, v; (t1,0) ||a; holds if and only if vy (¢1,0) = Qu; (t1,0) ||Qa; = ay, and by orthogonality of Q

with Lamé’s parameters A and .

Qu; (t1,0) - Qa; = v; (t1,0) - a; > v; (t1,1) - a; = Qu; (t1,1) - Qa; .

The remaining conditions follow similarly. Further, the energy is preserved under the orthogonal transfor-
mation, that is, E; (v;) = E; (Qu;), since for any vectors x, ¥, a, b € R? orthogonality of @ implies

(Qr) 2 (Qu) + (Qa) @ (Qb))* = |Q(zey+awb) Q") = [tcy+a® b,

and

tr[(Qz) ® (Qy) + (Qa) ® (Qb)] = tr [Q (Qz) ® (Qy) + (Qa) ® (Qb) Q" | =trjr®y+a®b] .

O
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6.4.1 Fourier-type ansatz

To get further insight into the interface-induced microstructures we semi-analytically compute approximate
solutions for the limiting variational problems. The deformation v in the transition layer is decomposed into

v(z,y)=w(@,y)+{(l-y+na (86)

where w is the modification relative to the homogeneous infinitely extended martensite. Admissible func-
tionsw € H' ((—1, L) x (0,1) ;R?) satisfy the boundary conditions

w (z,0)||la, w(z,1)||la, forx<0;w(-l,y)=0, w(Ly)=—-€1—-y+na
w(z,0)=w(z,1)—&a, forx>0. (87)

In this section we disregard the inequality constraint (v (x,0) — v (z,1)) - @ > 0 for admissible deforma-
tions. For the examples considered here, the inequality condition turns out to be satisfied by the solution of
the unconstrained problem.

We proceed in three steps. We begin by discussing the martensite side describing the general ansatz for w,
deriving the resulting energy functional and the corresponding Euler-Lagrange equations for fixed values of
w at the interface. Subsequently, the latter are solved adapting (HBC). Finally we allow for (SBC).

Martensite side: Ansatz for deformation, energy functional and Euler-Lagrange equations

To do some formal back-of-the-envelope calculations, we assume the functions to be sufficiently smooth.
We interpolate the upper and lower boundary values with a linear polynomial. The linear interpolation can
be replaced by any homotopy between the boundary curves, see [57] for a brief discussion. Admissible
functions w : (-1, 0) x (0,1) — R3 can be represented as

w(z,y) = (L-y) g~ () +yg" (2)) a+ Y sin(nmy)w, (z) (88)

n=1

where we use the notation
w(z,0) = ¢ ()a, wz,1)= ¢ (z)a and w,(z)=uwd (2)a+w? (@)b+w® (z)c (89)

with an orthogonal basis {a, b, ¢} of R3. Note that f~ = gT+n¢, and f+ = g~ +£ (1 + 7). The ansatz (88)
is inserted into the functional, and the integration with respect to the variable y is carried out. This yields
a functional for the (generalized) coefficient functions g* and wff), see [57] for the detailed computations.
The variational problem is simplified by replacing the functions g* () with the linear combinations

_ 1 _ 1 _

g(@) = (9" (@) +g (@) and dg(z) =5 (9" () g™ (x)) (90)
which describe the evolution of the center and the width of the transformed needles , respectively. The func-
tional does not depend on g but only on its derivative g, i.e., the coordinate g is cyclic and the corresponding
canonically conjugated “momentum” is an integral of the system of stationary conditions. The functional to
be considered is

1@ @60 @) { () @} 0) @) 00) @) {ul? (@)} ) =

82
// 28]\;52 wi®A” m+'w2®A n'w1®A m+'w2®A n)dy. 91
l
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There is a matrix Q = (ql(f k) such that

) i,j=1,2;,k=1,...3

1 92 ER
26]\?2 (wi©A Tm+wr0A Tnwi©A Tmtwy0A Tn) =3 Y ¢
ij=10k=1
92)

The Euler-Lagrange equations associated to the functional (91) are given by a set of ordinary differential
equations with constant coefficients,

9 (1,1) 3 00 1
qs ;(qll “))Zl = (“’"@)” (@) -
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The needle tips are characterized in terms of the bending angles « and the opening angles 6. In the or-
thogonal reference coordinate system we use the standard basis e;, e2 and consider the boundary curves
~E (2) = ze; + f* (2) e with derivatives (vF)' (z) = e; + (fT)' (&) e3. The opening angle 6 is hence
given by

L+ (D) (F)(0)
() (0)|[(v)" (0)]

For the bending angle « in the orthogonal coordinate system, we parametrize the centerline of the needle as
I'(z) =xe + Weg with derivative I (x) = e1 + ¢’ (x) ea. The bending angle is then obtained
from the scalar product of the tangent vector and the surface normal ey,

1
cosqy = — (96)

1+ (g (0)*

cosf = (95)

Approximate solution for hard boundary conditions

As a first step, we disregard the Fourier coefficients and consider the linear interpolation of the boundary
values only. This is a special case of the scalar-valued ansatz from Eq. (10) with the choice

s(xy) =y (1+f () + 1 -y fF(2).
The homogeneous ODE (93) for dg¢ is solved by

- V3
(59) (x) = Ae" £ Be " . g = 8y 4(]§1171)q%’1) _ ( (1,1) +gq (1 1)) (97)
1
where the constants A and B are determined by the boundary conditions. By direct integration one obtains
(1,1) (1,1)
_ 1 _ 45 +4q _
g(z)= 5 (LDP(Q)&U— % {Aem — Be m} +C.
q11 q11

For large distance from the interface, i.e., for x — —oo we assume the asymptotic behavior

9" (x) = g(z) £ (dg) (z) = 0,

from which we conclude B = P (g) = C = 0. The boundary conditions g* (0) — ) =2A = £ imply
n= _Eg+ (0) = 5 (1 - % ~— 5 1- q12 q (98)
411 qll

Within the simple approximation without Fourier coefficients the value of the energy is & = 4 <7) K.

We next study the influence of the higher order Fourier coefficients and in particular account for the vector
character of the solution by including the transversal components. Including more Fourier coefficients leads
to a refinement of the needle shapes. We list the evolution of the energy, and the offset 7 for the various twin
systems in the Tables 3 and 4 below. We conclude: Incorporating more Fourier coefficients does not change
the offset 7 much. The refinement takes place only close to the interface.
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Euler-Lagrange equations for soft boundary conditions

We next turn to the problem of soft boundary conditions. The calculation proceeds in close analogy to the
one presented above. In the first step, we set up the variational expression. The main modification is now
that the latter consists of two parts. For the martensite part w™) we stick to the ansatz given by Eq. (88)
while for the austenite part, that is for 0 < x < Land 0 < y < 1, we address the different boundary
conditions by the ansatz

w (z,) =g @)+l —1-n)a+ Z sin (nmy) wY () 99)

n=1

The boundary conditions stated in Eq. (87) translate into boundary conditions for g(!) and the Fourier coef-
(A)

ficient functions {wn } Note that w(4) by construction satisfies the periodicity condition w(4) (x,0) =

A)

w@ (z.1) — £a. The matching condition at z = 0 requires compatibility between w®) and w?), i.e.
; § g q p y ,ie.,

(5(0) = (69) (0))a =g~ (0)a =gV (0) and wi (0) =wi (0) foralln.
(A)

Further for z — oo we assume g() (z) — 0 and w,;’ () — 0 for all n. For simplicity of notation
we suppress the super-indices (A) for the derivation of the stationary conditions. We proceed as for the

martensite part. There is a matrix P = (pgf 4) such that

)i,j=1,2;k,£=1,...,3
10%¢ (1) 1 1
— w1 ®m+ g'wg—a Xn,wi;®m—+ Ewg—a Xn

2 OM?
(g(€)>/ (x) + i sin (mmy) (wrﬁ))/ (z)
m=1

- 3l (o) 00+ St (o) )
n=1

k=1

+ Z p22 072 Z nm cos (nmy) cos (may) wk (z) w (x) +

k=1 n,m=1
+ Z (p%g (& k)> [(g(k)), (x) + i sin (nmy) (w,(f)), () i mam cos (may) w) (z) .
k=1 n=1 m=1

The stationary conditions again yield a system of ordinary differential equations with constant coefficients,

3 [ee} m
Z{(Pﬁ%fp )) [(g(e)>” (x)JF%Z 1—(7;1) (w@)” (x)] } —0 , k=1,2,3 (100)

(=1
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Variants | twin type | habit plane | N =0 N =2 N =1 N =6 N =38
HBC | SBC | HBC | SBC | HBC | SBC | HBC | SBC
land 2 | compound | either one 3.0 2.7 2.4 2.7 2.3 2.6 2.3 2.6 2.2
1land 3 type I mpm 7.6 5.2 4.7 4.9 4.3 4.9 4.2 4.8 4.1
1land 3 type II mpm 10.6 9.6 | 88 9.5 83 | 95 8.1 9.5 8.0
land 3 type I pmm 10.7 9.7 | 88 9.5 84 | 95 82 | 95 8.1
land 3 type II pmm 10.6 4.3 3.8 3.8 3.4 3.7 3.2 3.6 3.1

Table 3: Variation of the energy x 103 with the number N of Fourier coefficients.

andfork=1,2,3andn =1,2,...

3
> {6l
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W) |

nm
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(g“))"( )

(p12 ) i )” m) m (w,?)l (:U)}
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- i {(pg%@ +p§€2’k)) W22n2w(€)( ) (pgz Dy Z)> i = (n_l_)n;:) - (wﬁﬁ))/ (w)} :
(=1 m=1

Solution of the Euler-Lagrange equations for soft boundary conditions

As a first step, we again disregard the Fourier coefficients and consider the lowest order approximation given
by g. The Euler-Lagrange equations (100) reduce to

If the coefficient matrix <pﬁ’€) +

23:( k@)

(=1

P

(4k)

) (g“))" (z)=0 , k=1,2,3.

(102)

) is non-singular, the component functions of g are linear,
k,0=1,2,:

ie., g () = a®z + b*) with some a®),b*) € R. By the asymptotic saturation condition, there is
no energy contribution coming from the austenite part. The problem hence reduces to the hard boundary
problem solved above.

The variation of the physical parameters with the number of Fourier coefficients is again illustrated in Tab.s
3toS.

Discussion of the results

Linear interpolation without Fourier coefficients provides a first insight into the qualitative shape of the
transition layer. It allows for a first classification of twin systems with respect to the asymptotic offsets n
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Variants | twin | habit | N =0 N =2 N =1 N =6 N =8
type | plane HBC | SBC | HBC | SBC | HBC | SBC | HBC | SBC
land 2 | comp. | either | —0.6 | —0.60 | —0.62 | —0.60 | —0.62 | —0.60 | —0.61 | —0.60 | —0.61
land3 | typel | mpm | —1.0 | —0.82 | —0.84 | —0.81 | —0.82 | —0.80 | —0.82 | —0.80 | —0.81
land3 | typell | mpm | —0.5 | —0.51 | —0.51 | —0.51 | —0.51 | —0.51 | —0.51 | —0.51 | —0.51
land3 | typel | pmm | —0.6 | —0.54 | —0.55 | —0.54 | —0.55 | —0.54 | —0.55 | —0.54 | —0.55
land3 | typell | pmm | —1.8 | —1.02 | —1.00 | —0.96 | —0.96 | —0.94 | —0.94 | —0.93 | —0.93
Table 4: Variation of the offset n with the number of Fourier coefficients.
Variants twin habit N=0 N =2 N =4 N =6 N =
type plane HBC | SBC | HBC | SBC | HBC | SBC | HBC | SBC
land 2 | compound | either one | 105° | 121° | 130° | 125° | 140° | 126° | 146° | 126° | 150°
1land 3 type I mpm 62° 101° | 101° | 105° | 118° | 103° | 128° | 100° | 134°
1land 3 type 11 mpm 105° | 119° | 127° | 125° | 138° | 128° | 144° | 130° | 148°
1and 3 type I pmm 102° | 116° | 125° | 122° | 136° | 125° | 142° | 127° | 146°
1land 3 type II pmm 23° 43° | 51° | 60° | 67° | T0° | Tr° | T6° | 84°
Table 5: Variation of the opening angle 6 with the number of Fourier coefficients.
Variants twin habit N=0 N=2 N =4 N =6 N =38
type plane HBC | SBC | HBC | SBC | HBC | SBC | HBC | SBC
land 2 | compound | either one | 19° 55° | 55° | 48° | H55° | 42° | B55° | 38° | bH&°
1land 3 type I mpm 41° 57° | 47° | B0° | 49° | 42° | 49° | 36° | 49°
1and 3 type 11 mpm 2° 57° | B7° | 57° | B7° | BT° | ®7° | b/7° | 57°
land 3 type | pmm 8° 57° | B7° | 56° | H7° | 54° | 56° | 53° | 56°
land 3 type II pmm 44° 49° | 49° | 55° | 51° | B7° | 51° | 57° | 51°

Table 6: Variation of the bending angle o with the number of Fourier coefficients.
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of the optimal needles. For the twin systems represented by compound twins consisting of variant 1 and 2,
type II twins containing variants 1 and 3 with habit plane normal mpm, and type I twins containing variants
1 and 3 with habit plane normal pmm, we find an asymptotic offset  ~ —0.5. For the remaining twin
systems represented by type I twinned variants 1 and 3 with habit plane normal mpm and type II twinned
variants 1 and 3 with habit plane normal pmm, the simplest approximation within this Fourier ansatz pre-
dicts highly asymmetric needles with |n + 0.5 >> 0. This observation qualitatively agrees with the results
for the two-parameter optimization, see Tab. 2. This is in particular remarkable as the energy functional is
minimized among different sets of deformations with different analytic properties. One can, however, not
expect to capture the fine-scale behavior at the interfaces as reflected in the angles « and 6 and the values
of the energy. The latter is considerably improved by including Fourier coefficients which provides a re-
fined description of the variation with y. The energy is found to converge rather fast for both, hard and soft
boundary conditions. Allowing for relaxation of the austenite decreases the energy by roughly 15% while
the overall shape of the needles is preserved.

The very local behavior at the interface, however, is not reliably captured as can be seen by the poor con-
vergence behavior of the opening and bending angles. To better understand the difficulties in certain cases,
we consider the eigenvalues for type Il twin systems consisting of variants 1 and 3, see Fig. 7. Eigenvalues
with imaginary parts give rise to oscillatory behavior of the solution. The amplitude, however, is damped by
the real part. For the twin system with habit plane normal mpm, oscillatory solutions are strongly damped
which can be seen from the fact that for the complex eigenvalues with non-zero imaginary part, the absolute
values of the real parts are considerably larger than the smallest purely real eigenvalues. For the pathological
case with habit plane normal pmm, there are only two real eigenvalues and the complex eigenvalues have
very similar (even smaller) real parts. This could explain the overshooting observed in the figures of the
needles, cf. Fig. 11. Such a behavior is inevitably connected to unreliable slopes at the interface from which
the angles are deduced.

In conclusion, the Fourier-type ansatz as presented here is well-suited to get a quick back-of-the-envelope
classification of the twin systems. As will be discussed below, in many cases the solution agrees remarkably
well with the results obtained by a finite element approximation. The fine scale structure at the immediate
vicinity of the interface, however, is not easily accessible.

Variant3Typllpmm;NMax=32
Im Eigenvalues
30

20,

10

0 Re Eigenvalues
Variant3Typlimpm;NMax=32
Im Eigenvalues
-10 30
20
- -~ 10| . .o o

20| O e e R DDREE S meneEBBEEd- S e+ Re Eigenvalues

-10| o e == ce.

-20
-30 —40 -20 0 20 40 -5 ~100 —50 0 50 100 150

(a) Variants 1 and 3, type II, habit plane pmm (b) Variants 1 and 3, type II, habit plane mpm

Figure 7: Eigenvalues for type Il twins containing variants 1 and 3 for 32 Fourier coefficients. The blue
points refer to the eigenvalues of the martensite side while the red ones refer to the eigenvalues of the
austenite side.
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6.4.2 Approximate solution via finite elements

A different approach to compute approximate solutions to the I'-limiting variational problems is given by
a standard finite element method (FEM). We implement a discretization of Rayleigh-Ritz type (see e.g.
[12, 14]), i.e., we discretize the energy functional. Each component of the vector v = v (z,y) € R3 is
discretized separately, i.e., for N € N we make an ansatz of the form

v(z,y) Y1 Upn(@, )

UN(Z‘, n:
UN(.%', y) = UJQV(x’ y) = Zn:l U?%(Z)n(xv y) )
U?V('Tﬂ y) quzvzl U}qun (:C, y)

where {¢, }2_, are piecewise linear C*-finite elements This leads to a finite dimensional quadratic opti-
mization problem which is solvable by standard methods. We explicitly incorporate the Dirichlet boundary
conditions and the inequality constraint on the corners of the respective triangles. In contrast to the Fourier
ansatz we do not assume an asymptotic boundary condition but implement the conditions as described in
A, and A at some finite z1 = £ and z1 = L, see Eqgs. (77) and (80). Since the inequality constraint is
affine, this is a conforming method. A detailed description of the implementation can be found in [57].

The computations are done on the domain [—10, 1] x [0, 1] (resp. [—10, 0] x [0, 1] in case of hard boundary
conditions) with a stepsize h = 0.05. The values of the geometric factors of the energy and the asymptotic
offset 1 for hard and soft boundary conditions are given in Tab. 7 and 8. Relaxation of austenite, that is
allowing for soft rather than hard boundary conditions lowers the energy by roughly 10 — 20%. In both
cases, the energies vary from twin system to twin system by about a factor of 3. To study the influence of
the length of the domain of definition, we consider the type II twin system 1/3 with habit plane pmm. In
Fig. 8 the convergence of the energy with increasing length of martensite (Fig. 8(a)), resp. and austenite
(Fig. 8(b)) is plotted. In both cases a rough step size 0.1 is used. In Fig. 8(b) the length of the martensite
part is constant 10. Increasing the length of the martensite domain decreases the energy in particular for
hard boundary conditions while for increasing length of austenite convergence seems to occur rapidly. This
again indicates that relaxation of the austenite lowers the energy only moderately.

6.5 Model hierarchy

We now turn to a comparison of the various approximate solutions for the minimization problem of the
elastic energy discussed in the previous sections. Tables 7 and 8 collect the results for the geometric factors
of the energies and the asymptotic offsets, respectively. The values obtained by Fourier-ansatz and FEM
agree in all cases very well within the numerical precision. Relaxation of austenite lowers the energy by
10 — 20%. The piecewise affine layer from [56] gives reasonable estimates for the highly asymmetric case.
In particular, for the type II twin system 1/3 with habit plane normal pmm even the less restrictive models
yield a very similar shape for the optimal needle. As the model, however, intrinsically excludes symmetric
needles, it is not surprising that the optimal solution from [56] has remarkably higher energies than the ones
obtained by FEM and Fourier-ansatz for the compound twins, the type I twins 1/3 with habit plane pmm and
the type II twins 1/3 with habit plane mpm. In these cases, both FEM and Fourier yield almost symmetric
needles.

This shortcoming is overcome by the piecewise affine ansatz studied in Sec. 5.1. The latter leads to a two-
parameter ansatz space which allows for a straight-forward explicit solution of the minimization problem.
The optimal asymptotic offsets agree very well with the ones obtained by FEM and Fourier-ansatz and the
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Figure 8: Geometric factor of the energy x 103 for type II twin with variants 1 and 3, habit plane pmm as a
function of the length of the martensite and austenite part.

Variants | Twin type | Habit plane Piecewise affine HBC SBC

Sec. 5 [56] ‘ Sec. 5.1 | Fourier | FEM | Fourier | FEM
land 2 | compound | either one 6.8 5.4 2.6 2.6 2.2 2.2
land 3 type I mpm 7.3 6.8 4.8 5.0 4.1 4.5
1land 3 type 1 pmm 30.8 23.0 9.5 8.0 8.1 6.6
land 3 type II mpm 35.2 25.2 9.5 9.6 8.0 6.8
land 3 type II pmm 4.1 4.1 3.6 3.9 3.1 3.8

Table 7: Comparison geometric factors of the energy x 103 for various approximations. Fourier-ansatz with
Nmax = 8 coefficients. FEM on [—10, 1] x [0, 1] with step size 0.05.

overall shapes of the needles look very similar, see Figs. 9 - 11, where the rescaled boundary curves f*
of the needles are plotted in the orthogonal reference coordinate system. In conclusion, all three models
allowing for a variable asymptotic offset yield very similar results for the offsets and the overall shapes of
the needles. Based on these considerations the simple two-parameter ansatz can be used to estimate the
asymptotic offsets, while for the values of the energies the full problem has to be considered.
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2.0}

Figure 9: Comparison needles for FEM and Fourier. Compound twins with variants 1 and 2. Orthogonal
coordinate system. FEM computed with discretization 0.05 and martensite length 6. Fourier-ansatz with

(a) Hard boundary conditions.

Nmax = 8 vectorial coefficients.

o FEM

— Fourier

2.0}

(b) Soft boundary conditions.

o FEM
— Fourier

Variants | Twin type | Habit plane Piecewise affine HBC SBC

Sec. 5 [56] \ Sec. 5.1 | Fourier | FEM | Fourier | FEM
land 2 | compound | either one —-1.0 -0.7 -06 | 06| —06 | —0.6
land 3 type 1 mpm -1.0 -0.9 -08 | -0.8| —-0.8 | —0.7
1land 3 type I pmm —1.0 —0.6 -05 | -06| —-0.6 | —0.6
1and 3 type 11 mpm —1.0 -0.5 -05 | =05 | =05 | =05
land 3 type 11 pmm -1.0 -1.0 -09 |-10| -09 | =09

Table 8: Comparison of the asymptotic offsets 7 for various approximations. Fourier-ansatz with Ny, = 8

coefficients. FEM on [—10, 1] x [0, 1] with step size 0.05.
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(c) Habit plane pmm. Hard boundary conditions.

I o FEM I o FEM
— Fourier — Fourier
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—2 0 —6 —4 —2 0
. Hard boundary conditions. (b) Habit plane mpm. Soft bounday conditions.
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(d) Habit plane pmm. Soft boundary conditions.

-2 0

Figure 10: Comparison needles for FEM and Fourier. Type I twins with variants 1 and 3. Orthogonal
coordinate system. FEM computed with discretization 0.05 and martensite length 6. Fourier-ansatz with
Nmax = 8 vectorial coefficients.
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(c) Habit plane pmm. Hard boundary conditions.
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0

Figure 11: Comparison needles for FEM and Fourier. Type II twins with variants 1 and 3. Orthogonal
coordinate system. FEM for habit plane mpm computed with discretization 0.05 and martensite length 6.
Fourier-ansatz for habit plane mpm with Ny, = 8 vectorial coefficients. FEM for habit plane pmm com-

puted with discretization 0.04 and martensite length 10.
vectorial coefficients.
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