Analysis of Sinusoidal
Interfacial Wrinkling of an
Anisotropic Film Sandwiched
Between Two Compliant Layers

When a stiff film is bonded to a compliant layer and meanwhile encapsulated by another
compliant layer on top, the film may form wrinkles under applied compressive stress.
Inspired by the recent development of foldable circuit sealed in an encapsulating layer to
improve bendability, unlike the wide study of surface wrinkling in a bilayer system, this
paper presents a study of possible sinusoidal interfacial wrinkling in such sandwich sys-
tem. The film is assumed to be anisotropic with arbitrary orientation of elastic axis while
both layers are isotropic. A linear perturbation analysis is performed to predict critical
membrane stress, wave number and equilibrium amplitude for the onset of interfacial
wrinkles. The effect of parameters such as elastic axis orientation of the film and moduli,
thicknesses, and Poisson’s ratios of the layers on the wrinkling is evaluated in detail. The
results show that compared to two compliant layers, the stiffer and thinner the film is, the
smaller the values of both the critical stress and wave number for wrinkling will be. Espe-
cially, we illustrate three limiting cases: two layers both reach thick-layer limit, two
layers both reach thin-layer limit and one layer reaches thick-layer limit while the other
layer reaches thin-layer limit. Analytical solutions are obtained for first two cases and
numerical solutions are plotted for the third case. It is found that as long as the thin-
layer is near incompressible, the interfacial wrinkles can be suppressed. In addition, the
equilibrium wave modes for the three limiting cases are also given. The resulting solu-
tions for the sandwich system can be reduced to the classic solutions for a bilayer system.
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1 Introduction

Surface wrinkling instability has often been observed in thin
film on compliant substrate systems under compressive stresses,
which exhibits versatile intricate patterns with distinct features
[1-6]. For many applications of such integrated material system,
despite the undesirable fact that wrinkles may lead to failure of
the system by delamination or fracture [7-9], the wrinkling pat-
terns have a huge potential for various applications. For instance,
wrinkles may be used as stretchable and foldable electronics
[10-16], nanoscale/microscale surface patterning [2,4,17,18],
smart adhesion [19], optical lens [20] or a new method to measure
the material properties of thin films [21,22].

A thin stiff film (e.g., aluminum) can be thermally deposited
at a high temperature on a thick compliant substrate (e.g., polydi-
methylsiloxane (PDMS), polystyrene (PS)) [23-26]. When the
film/substrate bilayer system is cooled down, the large thermal
mismatch between the metal and elastomer generates equibiaxial
compressive stresses in the film. When a critical temperature is
reached, the film starts to wrinkle. Depending on stress state and
boundary conditions, the resulting wrinkling patterns may either
show highly ordered features such as sinusoidal stripes, zigzag
herringbone, hexagonal, checkerboard, or disordered labyrinth
[5,25,27]. Some theoretical studies have also been developed to
understand the formation of surface wrinkling [28]. Cerda and
Mahadevan used scaling analysis to determine the critical
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condition for wrinkling for a stretched thin membrane [29,30].
Chen and Hutchinson [23,24], Huang and Suo [31,32], Im and
Huang [33,34], and Huang [35] have calculated the critical wave-
length and equilibrium amplitude of sinusoidal wrinkles by linear
perturbation analysis. In addition, Jiang et al. studied the buckling
of thin film on compliant substrate under finite deformation and
also considered the finite width effect of thin film [13-15].

In the fabrication of stretchable and foldable devices, sandwich
system 1is of particular importance. To avoid delamination of the
circuit (film/layer system) and/or fracture of metal interconnects
(film) under high bending, an additional encapsulating layer is
introduced on top of the circuit to improve adhesion and alleviate
the strain level because such layer/film/layer sandwich system shifts
the neutral mechanical plane to the film plane [11]. For example,
Kim et al. [11] have shown excellent applications that they success-
fully fabricated polyimide/single-crystalline silicon complementary
metal-oxide semiconductor/polyimide (PI/Si-CMOS/PI) foldable
circuit, which not only exhibit good electrical properties but also
show remarkable bendability. However, recent studies show that
the additional encapsulation may decrease the strechability of sand-
wiched system [36].

Theoretical studies of surface wrinkling of sandwich system
may be traced back to half century ago when face wrinkling of a
structured sandwich panel (face strut/core/face strut) was analyzed
as a form of local elastic instability [37,38]. However, unlike the
structured sandwich panel, we adopt the design of layer/film/layer
sandwich system with the material model for film is more general,
that is, a stiff film (e.g., composite material) of anisotropic elastic-
ity with arbitrary elastic axis orientation is well bonded between
two compliant layers (e.g., elastomers) of isotropic elasticity,
which are in turn bonded to rigid supports, as shown in Fig. 1(a).
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The film forms pattern of wrinkles when the compressive stress
exceed critical stress, as shown in Fig. 1(b). The thicknesses of
two layers are taken to be finite and can be varied by orders of
magnitude.

In this paper we focus on analysis of sinusoidal interfacial wrin-
kling of an anisotropic stiff film sandwiched between two
isotropic compliant layers. The paper is organized as follows. In
Sec. 2, the von Karman-type nonlinear governing equations for
the anisotropic elastic film with arbitrary elastic orientation are
formulated. In Sec. 3, we perform linear perturbation analysis,
from which the critical membrane stress, wave number and equi-
librium amplitude for the onset of wrinkles with variations of elas-
tic axis orientation of the film and moduli, thicknesses, and
Poisson’s ratios of the layers are numerically presented. In Sec. 4,
we illustrate three special cases: two layers are both thick, two
layers are both thin, and one layer is thick while the other layer is
thin, respectively. Analytical expressions for the critical stress,
wave number and wavelength can be derived in first two cases.
The equilibrium wave modes for the three limiting cases are also
obtained. Finally, some conclusions are drawn in Sec. 5.

2 Governing Equations for Anisotropic Elastic Film
With Arbitrary Elastic Axis Orientation

According to the theory of linear elasticity, the stress and strain
relation for anisotropic material can be written in form of the
generalized Hooke’s law

0ij = Cijuen (€Y

where Cjyy = Cjiy = Cyjx = Cyj are 21 independent elastic con-
stants and subscripts i, j, k, [ take values of 1-3 (refer to the elastic
axis coordinate). A set of three elastic axis of anisotropic material is
shown in Fig. 2(a), which has an arbitrary orientation angle 0 relative
to the Cartesian coordinate. If there is an elastic symmetrical plane
about z axis (3-direction in elastic axis coordinate), then the aniso-
tropic model can be written in the symmetric matrix form of

o11 Cn Cn Ci3 0 0 2C16 &11
020 Ch Cx»n Cn 0 0  2Cx% | |éen
o3| _ | Cin Cun Cy 0 0 2C3 | | e33
023 0 0 0 2C44 2C45 0 &23
013 0 0 0 2C54 2C55 0 €13
o2 2C15 2C% 2C3 O 0  2Ced Lera
(2)
ZA
rigid support
compliant upper layer H
stiff film
_— el
compliant lower layer H,

| rigid support

@

Fig. 1

The film is modeled as a thin elastic plate. The classic plate
theory provides all 3-direction stress components equal to zero,
i.e., 013 = 023 = 033 = 0 [33]. Hence, the in-plane stress and
strain relation reduces to

an Cii Cun 2Ci] [en
on|=|Chn Cn 2Cx||én 3)
a1z 2Ci6 2Cy% 2Ceed Len

where Coy = C)y — C;3Cg3/Cs3, r=1,2,0r 6. For an isotropic
elastic plate, the reduced elastic constants are Ci=Cn
:Ef/(l—ljtz), C12 :Efl/f/(l—lj?)7 C16:C26:0, and
Ces = Et/[2(1 + vt)], where E; and v are Young’s modulus and
Poisson’s ratio.

The stress—strain relation in Eq. (3) is respect to the elastic prin-
cipal coordinates (1,2) which can be transformed to the elastic
constants with respect to the Cartesian coordinates (x,y). The
transformation formula for the stresses is as follows:

Oy = 011€08°0 + 62,8in20 — 2071,sindcosf

Oy = 0118i0%0 + 62c0820 + 201,sinlcosd

0y = o115in0cosl — axsinfcosl + 615 (cos?0 — sin*0)  (4)

The strain components transformation has similar form as stress
components transformation provided that the stress components
are replaced with corresponding strain components. We inversely
express the relation from strain components at Cartesian coordi-
nate to strain components at elastic axis coordinate

11 = £.,008°0 + syysinz(f + 2¢ysinfcosl

2 = exesin?0 + eyyc0320 — 2&,ysinfcosl 5)

£12 = —&xsinf cos 0 + &,,sin0cosd + &, (cos>0 — sin®0)

Substituting Egs. (3) and (5) into Eq. (4), the elastic constants at
Cartesian coordinates are obtained. For simplicity, here, we con-
sider orthotropic material which has three elastic symmetrical
planes. The material model can be rewritten as

O xx El 1 é 12 zé 16 Exx
Oy | =] Cn Cpn 20x||&n (6)
Oxy 261 6 2626 2666 Exy

4 \

(b)

(a) Schematics of undeformed sandwich system that a stiff film is in between of two finite-thickness compliant layers

which in turn are bonded to rigid supports. (b) Deformed sandwich system that film forms interfacial wrinkles with wavelength
described as 1 and the wave number can be calculated as k = 2r/J.
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Fig. 2 (a) Schematics of in-plane elastic axis of anisotropic material labeled as 1,2 and Cartesian coordinates as global coor-
dinates labeled as x, y. The rotate angle between the two set of coordinates is 0, which is also defined as elastic axis orienta-
tion angle. (b) The in-plane modulus of film in x direction with variation of 0.

where the elastic constants at Cartesian coordinates can be
expressed as
f“ = Cyycos* 0 +2(Cyy + 2Ces) sin” 0 cos? 0 + Cyy sin* 0
Cp = (Ci1 + Ca — 4Ce6) sin” O cos® 0 + Cya (sin* 0 + cos* 0)
?22 =Cysin* 0+ 2(C1y +2C¢6) sin? 0 cos® 0 + Cp, cos* 0
2C16 = 2(Cyy — C1a — 2Ceg) sin O cos’ 0
+2(C1a — Cyy +2Ces) sin’ O cos 0
ZE% =2(Cy; — Cip — 2Ceg) sin® O cos 0
+2(C1a — Cy +2Css) sinfcos’ 0
2Ces = 2(Cyy — 2C1y + Cay — 2Ceg) sin® O cos? 0
+2Ce6 (sin* 0 + cos* 0)
Since the elastic stiffnesses a(, and Ezﬁ are negligible com-
pared to other elastic stiffnesses [39], we will not consider the
coupling between stretch and shear, and consequently set C¢ and

Ca6 equal to zero. The stress—strain relation can be further simpli-
fied as

Oxx Ell E12 0 Exx
Oy | =|Ch Cxn O Eyy @)
Oxy 0 0 2Ce xy

In the flat state, let the strain components in the film be 82)(’ agy,

and sgy. In the wrinkling state, let the deflection of the film be w,
and the in-plane displacements be u, and u,, the Lagrangian strain
components in the film can be written as

o  Ouy 1 (0w 2
S = &0 ~ =
T gy 2\ ox
o Ouy 1 [0w\?
Fap—- 24— =
W gy 2\ 9y
1 (Ou, Ou, 1 /ow\ [Ow
_ 0 - A y _ _
8-“y*gxfrz(ay * 8x) +2<8x> (ay> @

where the first term represents prestrain, the second term repre-
sents in-plane displacement gradient, and the third term represents
rotation caused by the deflection.

Journal of Applied Mechanics

Similar to von Karman nonlinear plate theory [40], we can
obtain the equilibrium equations for the anisotropic elastic film
with arbitrary elastic orientation

£ [= o*w = = wo = Ow
5 {C g (200 +4C) avap T 67]
Pw Pw Pw
- I(GXX ﬁ + za,xy Tay + O-y_v a_y2> = Ap (9)
8U.xx % _ T,
Ox dy t
1
doy | Doy Ty 10
Ox dy

where Ap = p, — p; is the pressure (negative normal direction)
difference exerted by upper and lower layers. Following the justi-
fication of Ref. [41], we safely remove the resultant shear stress
component T, and T, at the interface between film and layers in
Eq. (10). Hence, o, and o,, are uniform in the film when o, is
absent.

3 Linear Perturbation Analysis

The lateral deflection of the film takes the sinusoidal form

w = A cos(kx) (11
where k is wave number and A is amplitude. Using Eq. (9), the
one dimensional linearized bucking form can be written as

0 OPw
 Ox?

=Ap (12)

where ¢°_is the membrane stress in the film caused by prestrain
& . Inserting Eq. (11) into Eq. (12), yields

3

£ =
Ek4C1 W+ toukPw = Ap (13)

in which Ap can be determined from p, and p; which are obtained
by solving the boundary value problem in-plane strain condition.
The boundary conditions are considered as follows: the lower
layer whose top surface and upper layer whose bottom surface are
subjected to displacement w = A cos(kx) and zero shear stress,
while the lower layer whose bottom surface and upper layer
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whose top surface are perfectly constrained to the rigid supports.
The boundary value problem can be solved by separation of Airy
stress function in the form of F(x,z) = f(z)cos(kx), one can
obtain the analytical solutions (see the Appendix for details) as

pu(kHy, 1) = guEukw (14)
pi(kHy, 1) = giEtkw (15)
where u and / denote upper layer and lower layer, respectively,

and gy, g can be found in Eq. (A12). Combination of Egs.
(13)—(15) gives

E. E (k)

Su=——"81= —
G.?x __Cy Cn 12
== (16)
Cn kt

Enforcing the first derivative of Eq. (16) with respect to k equals
to zero

OJSX
ok 0

a7

Thus, the critical wave number £, is the solution of Eq. (17) and
the critical membrane stress ¢<, = o< (k). Here, the solution is
provided for the case that —g% > —g¢ . Since Eq. (17) is highly
nonlinear, it is difficult to obtain explicit solutions for k. and o¥,.
Instead, we numerically plot normalized membrane stress a?,x / Ci
as a function of normalized wave number k¢ with variations of
elastic axis orientation of the film and moduli, thicknesses, and
Poisson’s ratios of two layers in Fig. 3. The critical membrane

/Gy

0=0,C, =25.12 GPa, |
v,=v,=03, 4
t=0.1m, H=H=10t

Normalized membrane stress

v E=1GPa
‘=:=' E=001 GPa
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Normalized wave number kt
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E,=E,=0.1GPa
-08}
-09
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Normalized wave number kt

stress can be found by searching the extreme value on the curve
(the dash line in Fig. 3(a) as an example). _

Figure 3(a) plots normalized membrane stress ¢, /C,, as a
function of normalized wave number k¢ with variations of moduli
of layers. Because the upper and lower layer is symmetric, with-
out loss of generality, we fix the modulus of lower layer and vary
the modulus of upper layer. It is noted that for certain moduli of

the film and lower layer (e.g., E; = 1 GPa and C,; = 25.12 GPa,
dot lines), as the modulus of upper layer decreases until vanishes
(recovers to a bilayer system), the critical membrane stress and
wave number both decrease. Moreover, if the modulus of lower
layer further decreases (£} = 0.01GPa) and the modulus of upper
layer is kept unchanged, both the critical wave number and mem-
brane stress further drop dramatically (dotted—dashed lines). In
the limiting case, when both layers vanish, there is no extreme
value. The film deforms homogeneously and is unable to form
wrinkles due to loss of constraint (solid line). Figure 3(b) shows

normalized membrane stress %, /C,, as a function of normalized
wave number k¢ with variations of thicknesses of layers. As thick-
ness of the upper layer decreases (H, = 100z drops to 0.1¢) while
the thicknesses of film ¢ and the lower layer H; = 0.1¢ are fixed
(dotted lines), H; = t (dotted—dashed lines) and H; = 10¢ (solid
lines), respectively, both the critical wave number and membrane
stress increase. When the thickness of film is ten times, the thick-
ness of upper and lower layers (e.g., H, = H, = 0.1¢, dotted line),

6¢./C,, = —0.2 and k.t = 1.1, which is almost ten times the criti-
cal membrane stress and wave number for the case H, = H, = 10t
(solid line). In addition, we also note that for H, = ¢, the critical
condition is almost the same when the thickness of the upper layer
is 10¢ and 100¢, which means thick-layer limit of the upper layer
is 10r when H; =1t The Poisson’s ratios of layers reflect

WO
-0.2
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—04f

=051

-06 6=0,C, =25.12 GPa,

v=v,=03, 1
t=0.1m,E=E=01GPa |

-0.7 1

Normalized membrane stress 6,3 /
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-09H i
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Normalized membrane stress
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Fig. 3 The normalized membrane stress as a function of normalized wave number with variations of two layers’ (a) moduli, (b)
thicknesses, (c) Poisson’s ratios, and (d) elastic axis orientation angle of the film
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compressibility of material. The larger Poisson’s ratio seems to
stiffen the layers, giving rise to higher critical membrane stress
and wave number (Fig. 3(c)). The extreme critical condition is
reached when both layers are near incompressible (dot line).
Moreover, the elastic axis orientation of the film only affects the
modulus. Figure 2(b) plots the in-plane modulus of film in x direc-
tion with variation of 0. Since 0 = 0 and 0 = 1.162 correspond to
maximum and minimum values of modulus, respectively, hence,
both critical membrane stress and wave number reach minimum
values when 0 =0 and reach their maximum values when
0 = 1.162, the tendency is shown in Fig. 3(d). In summary, it is
clear that interfacial wrinkles are more easily to form when the
film is stiffer and thinner to both layers.

Next, we turn to determine the equilibrium amplitude of interfa-
cial wrinkles. The amplitude of wrinkles in equilibrium can be
captured by the constraint between the film and the two layers,
which means the horizontal deformation of the film should be
compatible with the deformations of the two layers, namely,

02 m/k 8(1@ - u?) /Oxdx = 0. Under combination of Eq. (7) with

Eq. (8), we can further write

1, o . kcjf%dwz K,
—(—oa, o) = — — | dr=-—A 18
?u( ot o) =), o) #3% (1%
The expression for amplitude can be written as
0 3
2 (—a) o\
A=z Z2ut s (19)
ke Ci
In Fig. 4, we fix modulus and thickness of the film

(Ey = 1072 GPa and 10~*GPa, respectively) and plot the critical

normalized membrane stress o7, /E”, wave number k.f, and the
equilibrium amplitude A/t as a function of thickness ratio of
layers to the film, H/t (H = H, = H)), with variations of both
moduli and Poisson’s ratios of the layers for v, = 14 = 0.3 (left
column) and v, = 0.1, 4 = 0.49 (right column), respectively. As
seen from first two rows in Fig. 4, it is readily to see that as thick-
ness ratio of the layer to film increases or modulus of upper layer
decrease (for a certain modulus of lower layer), interfacial wrin-
kles set in at the smaller value of the membrane stress and wave
number. It is also noted that the normalized amplitude has two
plateaus with variation of H/t, which are associated with the
thick-layer limit and thin-layer limit. When the value of H/r goes
beyond the range of 10-100, it seems that the layers’ thicknesses
approach the thick-layer limit. Both the membrane stress and
wave number keep constant and have minimum value. For exam-
ple, in thick-layer limit, when E; = 10~*GPa, E, = 107> GPa,
interfacial wrinkles set in when the membrane stress only exceeds
about —107*, the wavelength (k = 2n/2) is hundred times the
thickness of film and the equilibrium amplitude is in the order of
film thickness. Furthermore, when E, drops down to 1075 GPa
and 1073 GPa for the case E; = 107*GPa and E; = 107> GPa,
respectively, the existence of upper layer becomes unimportant
and the sandwich system resembles the bilayer system. However,
in the thin layers limit, the constraints of rigid support at boundary
of both layers take effects which strongly restrict the deformation.
As a result, both layers get stiffer. Meanwhile, if the layers are
also near incompressible, they become even stiffer (see Fig. 3(c)).
Consequently, both the critical membrane stress and wave number
have even higher values and the equilibrium amplitude has a
smaller value.

The effects of elastic axis orientation angle of the film on the
critical membrane stress and wave number with variations of
moduli, thicknesses, and Poisson’s ratios of the layers are dis-
played in Fig. 5. Due to the same mechanism that the stiffer film
has lower critical membrane stress and wave number, we expect

Journal of Applied Mechanics

that for certain set of moduli, thicknesses, and Poisson’s ratios of
the layers, the smallest and biggest critical membrane stresses and

wave numbers occur when maximum (0 = O,E“ = 25.12GPa)

and minimum (0 = 1.162,C;; = 6.425GPa) moduli of film are
reached. Nevertheless, if the moduli for both layers become
smaller (or Poisson’s ratios become smaller), or thicknesses
become bigger, the difference between the maximum and mini-
mum values is smaller and the curves appear to be flatter.

4 Three Limiting Cases

This section focuses on three limiting cases: two layers both
reach thick-layer limit (e.g., Si-CMOS circuit that uses a dual neu-
tral plane design), two layers both reach thin-layer limit, and one
layer reaches thick-layer limit while the other layer reaches thin-
layer limit (e.g., a metal film deposited on thick substrate
sealed by a thin layer), which may find diverse engineering
applications.

4.1 Two Layers Both Reach Thick-Layer Limit. Since both
layers are thick compared to the film, H,/t — oo, H,/t — oo, the
only length scale in the problem is wrinkle wavelength, so g, and
g1 must be constant. Equation (Al2) gives g, = —1/2 and
g1 = 1/2 which are substituted back to Eq. (16). Solve Eq. (17)
for k.t
1
3(E +E)|

ket = —
Cn

(20)

which is the critical normalized wave number of the interfacial

wrinkles between two thick layers. The corresponding critical

stress for the wrinkling can be obtained by taking Eq. (20) back to

Eq. (16)

T

3(Ea+E)|
Ci

@n

Inserting Eq. (20) and Eq. (21) into Eq. (19), the equilibrium am-
plitude is

1
A_ (ﬂ _ 1>2

t [
Relations (20) and (21) show that both the critical membrane
stress and wave number depend on the modulus ratio of the film
and layers, and the latter also depends on the thickness of the film.
Further, they are independent of the prestress. Relation (22) indi-

cates the wrinkle amplitude exists only when the prestress exceeds
the critical stress.

(22)

4.2 Two Layers Both Reach Thin-Layer Limit. In contrary
to the first case, if thicknesses of two layers approach zero, which
are thin-layer limit, we take H,/t— 0,H,/t — 0, which
gives gy = — [(] - Vu)z/(l - 2Vu)} (kHu)_l’ and g = [(] - Vl)z/
(1 —2u)](kH,)™". Solution for Eq. (17) gives

1
1

ket = (23)

{IZt(l —1)’E, L 121 - n)’E,

Hu(l — ZI/U)EH H1(1 - 21/1)611

which is the critical normalized wave number for the interfacial
wrinkles between two thin layers. Substituting Eq. (23) back
to Eq. (16) yields the corresponding critical stress for the
wrinkling
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< 1 — 1) Eyt 1 —u)Eyt
i),\ — _ ( Y ): + ( Vl):l 24)
Cll 3(1 *Zl/u)C“Hu 3(1 *21/1)C11H1

Inserting Eqgs. (23) and (24) into Eq. (19) gives the equilibrium

amplitude as
A_[2(e N\
t 3\,

Unlike the thick layers limit, relations (23) and (24) show that
the critical membrane stress and wave number depend not only on
modulus ratio of the film and layers but also Poisson’s ratios of
both layers and thicknesses of all the three layers. The equilibrium
amplitude differs by a precoefficient, \/3/ 3. Again, the wrinkle

(25)

-10 = T T T T
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amplitude exists only when the prestress exceeds the critical
stress.

The relations (20)—(25) are indicated in Fig. 4. It is interesting
to note that Eq. (24) excludes the incompressibility (v = 0.5).
However, g, and g; in Eq. (A12) do not have this limitation and
the limit value can be still obtained by putting v = 0.5. Since this
procedure has been discussed elsewhere [41], we will not discuss
in this paper. Rather, we simply let v = 0.49 as near incompressi-
bility in Fig. 4. Attention is paid that for thin-layer limit, the
power relation of Eq. (23) is from 1/4 to near 1/2 and the power
relation of Eq. (24) is from 1/2 to near 1, while for thick-layer
limit, no adjustment is needed. Moreover, relations (20)—(25) are
analogues to the results of sinusoidal wrinkling of film on a thick
or thin substrate produced by Refs. [24] and [41] but add one
more term contributed from upper layer, and the expression for
the equilibrium amplitude is exactly the same. Furthermore, if one
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of the layers is absent (e.g., £, = 0), the sandwich system reduces
to a bilayer system. When the film is isotropic, one can obtain

C = Ef and relations (20)—(25) recover the classic relations for
the thick-substrate limit and thin-substrate limit [41].

4.3 One Layer Reaches Thick-Layer Limit While the
Other Layer Reaches Thin-Layer Limit. It may be another pos-
sible engineering application that a film lays on a thick substrate
and is in turn covered by a thin skin on its top. In this case, we
take the upper layer to be thin and the lower layer to be thick. The
reverse case is similar. Likewise, g, = —[(1 — 14)*/(1 — 21,)]

(kHu)f1 and g = 1/2. The analytical solution can be obtained by
the same procedure described in above two cases, but the
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expression is quite lengthy and complicated. Normalized critical

membrane stress o<, / 611 and normalized critical wave number k.t
as functions of elastic axis orientation angle of film with varia-
tions of moduli and Poisson’s ratios of the layers are displayed in
Fig. 6.

The smallest and biggest value of critical membrane stresses
and wave numbers are still found when maximum and minimum
moduli of film are reached where 0 = 0 and 0 = 1.162, respec-
tively. In comparison to the thick layers limit and thin layers limit
(relations (20), (21), (23), and (24)) by fixing the same material
properties of film and both layers (see Fig. 6 for details), we find
that the critical membrane stress and wave number are smaller
than that for thin layers limit but bigger than that for thick layers
limit. For example, when 0=0,E =E,=10"2GPa,u
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Fig.6 The normalized critical membrane stress and wave number as a function of elastic axis orientation angle of film with var-
iations of moduli and Poisson’s ratios of both layers for a film sandwiched between a thick layer and a thin layer

=1, =0.3,1=0.Im,H, = 0.001¢, the critical membrane stress
and wave number for a film between thick and thin layers are
—0.4228 and 1.593, respectively; for thick layers limit are
—0.0048 and 1.379, respectively; for thin layers limit are —0.5977
and 1.894, respectively. This implies that the wrinkles are
extremely difficult to form as long as one of the layers is very thin
since the critical membrane stress for thin layers limit is hundred
times bigger than that for thick layers limit. The reason is that the
constraint from rigid supports is quite strong for a thin layer so
that constrains the interfacial deformation. As a result, a large
value of energy is required to wrinkle a thin layer, so is the larger
critical membrane stress. Nevertheless, the weak constraint from
rigid supports on interface between the film and thick layer needs
only a small energy to wrinkle the surface of a thick layer while
the remaining part of thick layer far from the surface is unaf-
fected. Consequently, only a small critical membrane stress is
needed to cause wrinkles for film between the thick layers. More-
over, we find if the lower thick layer is near incompressible, the
higher the Poisson’s ratio of upper thin layer is, the higher critical
membrane stress and wave number will be (solid lines in the last
row of Fig. 6). In contrary, for the reverse case, an interesting fea-
ture is captured. As long as the upper thin film is near incompres-
sible, the critical membrane stress and wave number are
unchanged no matter the lower layer is compressible or incom-
pressible, and both values are far larger than the former case (dash
line in the last row of Fig. 6). This is because the constraint by the
stiffened thin layer enhanced by incompressibility is so over-
whelming that compressibility for the thick layer appears insignif-
icant. This feature may be used as a method to suppress
the surface wrinkling. In addition, we also plot the equilibrium

wave modes for the three limiting cases where E, /al =E/

091013-8 / Vol. 81, SEPTEMBER 2014

E]] =0.01, I/Hu = I/H] =10, v, =1y =0.3, O'Sx/a]l = —0.5, as
shown in Fig. 7. It is obvious to see that when both layers are
thick, the wave number is small (kr = 0.3915) and the amplitude
is large (A/t = 3.4712). When both layers are thin, the wave num-
ber is large (kr=1.3094) and the amplitude is small
(A/t =0.7069). If one layer is thick and the other is thin, the
wave number (kt = 1.1075) and amplitude (A/t = 0.9782) is in
between the values, respectively, for the above two case.

i
2

-3r ‘\ 4 ‘\ ¢ | = = =both layers are thick |
~’ S - both layers are thin
4} one layer is thick,
) ) ) ) ) one layer is thin
0 5 10 15 20 25 30 35 40
x/t

Fig.7 The equilibrium wave modes for the three limiting cases
Wheﬂ Eu/é11 = E|/é11 =0.01, t/Hu = t/H| =10, vy=v;=0.3,
0'?0(/611 = —-05
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5 Conclusions

The paper presents a theoretical analysis of interfacial sinusoi-
dal wrinkling of anisotropic film sandwiched between two compli-
ant layers. A linear perturbation analysis is conducted to
determine the critical membrane stress and wave number as well
as equilibrium amplitude with variations of elastic axis orientation
of the film and moduli, thicknesses, and Poisson’s ratios of the
two layers. Interfacial wrinkles set in when the membrane stress
reaches its critical value. Analysis of effect of various parameters
on wrinkling is done. The results show that as the film becomes
much stiffer and thinner than that of the two layers, the wrinkles
set in at a smaller critical membrane stress and wave number. In
addition, we illustrate three limiting cases: two layers both reach
thick-layer limit, two layers both reach thin-layer limit and
one layer reaches thick-layer limit while the other layer reaches
thin-layer limit to show potential use of such sandwich system.
Analytical solutions are obtained for the first two cases and nu-
merical solution is presented for the third case. It is found that if
the thin layer is near incompressible, interfacial wrinkles can be
suppressed. The equilibrium wave modes for the three limiting
cases are also illustrated. The resulting solutions for the sandwich
system can be reduced to the classic solutions available for a
bilayer system.
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Appendix

Boundary Value Problem of Elastic Field
in Two Layers

Due to the imposed periodic displacement boundary condition
at the interface between film and both layers, the Airy stress func-
tion can be separated in the form of

F(x,z) = f(z) cos(kx) (A1)

and the function satisfies

V*V2F(x,z) =0 (A2)

Inserting Eq. (Al) to Eq. (A2), we obtain the characteristic
equation

KF—2k*F® + FW =0 (A3)

where F) means i th derivative of F with respect to z. The general
solution can be written as

F = [D; cosh(kz) 4+ D; sinh(kz) + D3z cosh(kz)

+Dyz sinh(kz)] cos(kx) (A4)

where Dy, Dy, D3, Dy are coefficients to be determined by
boundary condition. Using Eq. (A4), the stress components can be
expressed as

2
O = K2 {Dl cosh(kz) + D5 sinh(kz) + D3z cosh(kz) + Dazsinh(kz) + Z [D3 sinh(kz) + D4 cosh(kz)}} cos(kx)

.. = —k?[D; cosh(kz) + D, sinh(kz) + D3z cosh(kz) + D4z sinh(kz)] cos(kx)

(A5)

P {Dl sinh(kz) + D cosh(kz) + D3z sinh(kz) 4+ D4z cosh(kz) + % [D3 cosh(kz) 4+ Dy sinh(kz)]} sin(kx)

The displacement components are obtained as

| [ Dikcosh(kz) + Dak sinh(kz)
T

| Diksinh(kz) 4 D,k cosh(kz)
2u

The boundary conditions for lower and upper layers are listed below:

Lower layer

sin(kx
+D3[2(1 — v) sinh(kz) + kz cosh(kz)] + D4[2(1 — v) cosh(kz) + kz sinh(kz)] } )

(A6)

cos(kx
+D3[(2v — 1) cosh(kz) + kzsinh(kz)] + D4[(2v — 1) sinh(kz) + kz cosh(kz)] } )

u=w=0 at z=—1/2 — H,

(A7)

W:ACOS(](X), o, =0 atz= —1‘/2

Upper layer

u=w=0atz=1/2+H,

(A8)

w = Acos(kx), o, =0 at z =1/2
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Inserting Egs. (AS5), (A6) into Eqs. (A7), (A8), D, D,, Ds, D, are totally determined as follows:

Lower layer

kt kt kt kt
1 M]l cosh(2kH1 +E) —|—M1 cosh(z) —0—M1 s1nh<2> +M' sinh (ZkHl + )1@

D 2
e —2M|, sinh(2kH,) + 8kH, k
kt kt kt kt
M, sinh <2/<Hl + 7) + M, s1nh< > + M} cosh( ) M., cosh (ZkHl + ) AE
Dl — 2 2 2 2 ) AE,
2 —2M, sinh(2kHy) + 8kH, k A9)
kt AN kt
2kHy cosh( = | — sinh — —Lsinh ( 2kH; + -
o 1 COS (2) sinl 2) 5 sin! ( 1 2)@
3T —M! sinh(2kH,) + 4kH1 k
kt
2kH, smh( ) —Co h( ) — —cosh (ZkHl ) —
D! = 2 ’ﬂ
4 —M, sinh(2kH,) + 4kH, k
Upper layer
" kt . k kt
MY cosh| 2kH, + > -+ M3 cosh + M3 sinh -+ My sinh| 2kH, + ) AE
DLI — u
! 2MY s1nh(2kH1) - SkH k
kt kt kt kt
M} sinh (ZkHu + 5) + M3 smh<2) + M5 cosh (2) + M} cosh (2]{ + 5) AT
DY = .
2 —2M} sinh(2kH,,) + 8kH, k
kt . [kt MY . kt
. 2kH, cosh (5) — sinh (5) - TSlnh (ZkH + 2) AE, (A10)
3 —MY sinh(2kH,) + 4kH,, k
. [kt kt My kt
. 2kH, sinh (§> — cosh (E) — 70 osh <2kH + 2) AE,
4 M} sinh(2kH,) — 4kH,, k
M; =6 —8v,, M;=10—24v, + 1617 + 2H,k>*t + 4(kH,)*
My = —k(4H, + 1), W= —kt(3—4v,),(r=1,u)

in which subscript 1 and u indicates lower layer and upper layer.  [2] Chan, E. P., and Crosby, A. J., 2006, “Spontaneous Formation of Stable
E = (E/1 — 1) is the plane strain modulus. Hence, the interfacial Aligned Wrinkling Patterns,” Soft Matier, 2(4), pp. 324-328.

. [3] Genzer, J., and Groenewold, J., 2006, “Soft Matter With Hard Skin: From Skin
pressure can be evaluated by SUbStltutlng EqS. (A9) and (AIO) Wrinkles to Templating and Material Characterization,” Soft Matter, 2(4),

into Eq. (AS) pp. 310-323.

[4] Huck, W. T., Bowden, N., Onck, P., Pardoen, T., Hutchinson, J. W., and White-
sides, G. M., 2000, “Ordering of Spontaneously Formed Buckles on Planar
Surfaces,” Langmuir, 16(7), pp. 3497-3501.

[5] Moon, M. W., Lee, S. H., Sun, J. Y., Oh, K. H., Vaziri, A., and Hutchinson, J.
W., 2007, “Wrinkled Hard Skins on Polymers Created by Focused Ion Beam,”
Proc. Natl. Acad. Sci. USA, 104(4), pp. 1130-1133.

[6] Li, B., Cao, Y.-P., Feng, X.-Q., and Gao, H., 2012, “Mechanics of Morphologi-
cal Instabilities and Surface Wrinkling in Soft Materials: A Review,” Soft Mat-
ter, 8(21), pp. 5728-5745.

I kt 1. kt kt [7] Gioia, G., and Ortiz, M., 1997, “Delamination of Compressed Thin Films,”

81 = — D1 cosh E - Dz sinh 5 D 2 cosh E Advances in Applied Mechanics, Vol. 33, J. W. Hutchinson, and T. Y. Wu, eds.,

Academic Press, San Diego, CA, pp. 119-192.
kt AE -1 [8] Hutchinson, J. W., 2001, “Delamination of Compressed Films on Curved Sub-
_|_D4 _ s1nh Akl strates,” J. Mech. Phys. Solids, 49(9), pp. 1847-1864.
2 2 k [9] Yin, H., Huang, R., Hobart, K. D., Suo, Z., Kuan, T. S., Inoki, C. K., Shieh,
kt kt kt S. R., Duffy, T. S., Kub, F. J., and Sturm, J. C., 2002, “Strain Relaxation
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&u {D cosh(2)+D smh<2> + D} 2 h(Z) 07169722,
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=\ -1
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(Al1)
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