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Abstract

Flexoelectric materials exhibit coupling between electric polarization and me-
chanical strain gradient. At the nano-scale and micro-scale, these materials
offer a promising potential for the development of mechanical transducers and
energy harvesters. This work proposes a new imperfect interface model simu-
lating the behavior of a thin flexoelectric layer (adhesive) of vanishing thick-
ness, embedded between two flexoelectric media (adherents). The adhesive is
assumed to be mechanically compliant and electrically lowly-conducting. The
interface model is obtained by using the asymptotic analysis. The contact
laws, expressed in terms of the jumps and means values of the displacements,
normal derivatives of the displacements, and electric potential across the in-
terface, represent a formal generalization of the soft elastic and piezoelectric
interface conditions. A simple application, considering a one-dimensional
three-layer composite micro-bar subject to electro-mechanical loads, is de-
veloped in order to analytically /numerically assess the asymptotic model.
Nonlocal phenomena and end-effects, related to a flexoelectric length-scale
parameter, are highlighted. The example illustrates the usefulness of the
proposed approach toward the design of thin nano- and microscale devices
exploiting the flexoelectric effect.
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1. Introduction

The conception and use of smart functional materials have undergone ma-
jor development over the past decades in the fields of civil and mechanical
engineering, industrial applications, automation systems, biomedical instru-
ments, and more. Besides, nanotechnologies and system miniaturization offer
incredible potential for the conceptual design and the practical realization of
radically new smart materials. The main characteristic of smart materials
is their ability to change their properties, sense, heal and adapt themselves
in response to external stimuli. Smart materials can be subdivided into
materials that exhibit either a direct or an indirect coupling. Piezoelectric
materials, magnetostrictive ceramics, and flexoelectric materials are a few ex-
amples of active materials that exhibit direct/indirect coupling. This means
that either the mechanical or the non-mechanical field can serve as an input,
while the other as the output. This list cannot be considered comprehensive
and exhaustive of all types of functional materials (for more details, see [1]).

Piezoelectric materials exhibit electrical polarization when subjected to
a mechanical stress, and conversely deform in response to an applied elec-
tric field. They are used in electronic devices as sensors (direct piezoelectric
effect), actuators (inverse piezoelectric effect) |2, 3, 4|. Magnetostrictive ma-
terials can be magnetized on the application of stress or deform in response to
the magnetic field. Due to these capabilities, magnetostrictive structures are
excellent candidates to be utilized as sensors and actuators, tuned vibration
absorbers, dampers, and energy harvesters [5, 6, 7].

A different effect is flexoelectricity, in which the electrical polarization is
induced by a strain gradient. Within crystals, polarization associated with
flexoelectricity is originated by the non-uniform displacement of ions under
a strain gradient. While piezoelectricity is a linear response of the dielectric
polarization to a uniform strain, flexoelectricity is a high-order electrome-
chanical phenomenon coupling strain gradients and electric polarization (see,
[8, 9] for a detailed overview).

Apart from hard crystalline materials, flexoelectricity has been observed
in soft materials, like biological materials, isotropic elastomers, liquid crystal,
and semi-crystalline polymers such as polyvinylidene fluoride, polyurethane
and polythiophene films [10, 11, 12, 14, 13, 15]. Being associated with strain
gradients, flexoelectricity exhibits an inherent scale effect and it is more pre-
dominant at smaller scales (micro-and/or nano-scale). Thus, it is expected
to be enhanced in thin layers. Moreover, the progress in nano-technologies
has progressively permitted to diminish the size of electromechanical devices
and transducers, reaching thicknesses of a few micrometers where gradients
are significant [16, 17, 18, 19, 20]. In this case, the flexoelectric effects cannot



be ignored, leading to a drastic performance degradation [21, 22|. This mo-
tivates the present work, aimed at studying the behavior of thin flexoelectric
interphase within a composite medium, as its thickness vanishes to zero.

Concerning the theoretical aspects of bonded joints modeling, the thin
layer between two adjacent bodies can be treated as a two-dimensional sur-
face, called the imperfect interface, on which appropriate transmission con-
ditions are defined. Various interface models for layered composites have
been developed throughout the years by means of classical variational tools
[23, 24, 25|, and more refined mathematical techniques (asymptotic analy-
sis), in linear elasticity |26, 27, 28, 29, 30, 31, 32|, and in general multiphysics
theories [33, 34], such as continua with microstructure [35, 36|, coupled ther-
moelasticity [37], and piezoelectricity [38, 39, 40]. It is only in recent years
that the flexoelectric effect has been incorporated in such theoretical schemes,
to: predict the effective properties of heterogeneous flexoelectric multilayer
composites, via asymptotic homogenization methods |41, 42, 43]; numerically
simulate higher-order weak interface conditions by means of Nitsche’s method
for complex material architectures, including general multimaterial arrange-
ments [44]; analyze the flexoelectric effect with a highly /weakly interface in
distinet piezoelectric materials in [45]. Nevertheless, the previous approaches
lack a proper characterization of the transmission conditions for soft or weak
interfaces, in terms of the jumps of the flexoelectric state (displacements and
electric potential) and its conjugated physical quantities (stresses, electric
displacements, and hyper-stresses).

The present paper aims at providing a novel and explicit form of the
imperfect interface law for flexoelectric composites by means of an asymptotic
analysis. The flexoelectric assembly is constituted by two surrounding media
(adherents), connected by an intermediate thin interphase (adhesive), whose
thickness depends on a small parameter . The elastic, piezoelectric and
dielectric coefficients of the intermediate layer are assumed to linearly depend
on &, while the flexoelectric moduli depend on 2. The material parameters
of the adherents are independent of €. This allows to characterize the so-
called soft interface model. Following the asymptotic approach developed
in [33], it is possible to compute the interface law at order 0, defining an
original and nontrivial interface model. Lastly, a numerical example has been
developed considering a one-dimensional three-layer flexoelectric composite
bar, subjected to a tensile load and an assigned electric potential at the free
ends. The exact solution of the three-layer configuration is compared with
the closed-form solution of a two-layer composite, in which the intermediate
adhesive has been replaced by the imperfect contact conditions.

The plan of the paper is the following. Section 2 is a summary of the linear
theory for flexoelectric solids, accounting for the weak and strong formula-



tions of the equilibrium problem for a flexoelectric body. The (weak form
of the) equilibrium problem of an assemblage incorporating two adherents
joined by a soft adhesive is described in Section 3, together with the rescaled
governing formulation and asymptotic expansions of the relevant fields. In
Section 4, we obtain imperfect contact conditions replacing the behavior of
the very thin, soft, flexoelectric adhesive. Here, we discuss the form of the
contact conditions comparing them with the classical spring-type interface
model and the contact model for a soft piezoelectric interface calculated in
[34, 38]. Section 5 is devoted to a one-dimensional example, a flexoelectric
three-layer micro-bar. Despite its simplicity, it turns out to be an interesting
setting to study the influence of the thin interposed layer on the structural
behavior of the structure. Some concluding remarks are addressed in Section
6.

2. Linear theory of flexoelectricity: background

In this section the linear theory for flexoelectric solids is summarized,
considering the expression of the constitutive law and the weak and strong
formulation of the governing equations. In the sequel, Greek indices range
in the set {1,2}, Latin indices range in the set {1,2,3}, and the Einstein’s
summation convention with respect to the repeated indices is adopted. Let us
consider a three-dimensional Euclidian space identified by R?® and such that
the three vectors e; form an orthonormal basis. We introduce the following
notations for the inner and dyadic products: a-b := a;b;, and a®b := (a;b;),
for all vectors a = (a;) and b = (b;) in R3.

Considering the case of direct flexoelectricity [46, 47|, the electric Gibbs
stored energy density G is given in terms of e;;, ;% and Ej;, being the lin-
earized strain tensor, the gradient of the linearized strain tensor and the
electric field, respectively:

1
G(eij, eij, Bi) = 5 CigkiChICij — pikiEier — pijrEiejrg — EﬁijEiEj,

where (ciji), (Pirt), (tijer), and (k;;) represent, respectively, the elasticity
tensor, the piezoelectric coupling tensor, the flexoelectric coupling tensor, and
the dielectric permittivity tensor and e;; = %(u” +ui;), €k = %(u”k +wj k)
and E; = —¢,;, with u; and ¢ the displacement field and electric potential.
We remark that higher order constitutive tensors (i.e. fifth-order and sixth-
order tensor) are neglected for the sake of simplicity.

The constitutive law can be derived as follows:

§ oG o[ oG

Uij =

8615 ’ " 862']'7].3 ’ ‘ 8EZ ’
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with (5;5), (645k), and (D;) denote the Cauchy stress tensor, the hyper-stress
tensor and the electric displacement field, respectively. Thus,

Tij = Cijki€rl — Prij L,

Tijk = — Mk, (1)

D; = piier + pijriCjng + KijEj.
We note with 0;; = 7i; — Gijkr = Cijri€r — PrijErx + tuijeE, the so-called
physical stress [48]. Using (1), the electric Gibbs energy density takes the
following form:

1. .
G(eij, ik, Ei) = B (Gijeij + Gijreijn + Dils;) .

Let us consider a material body €2 made of a flexoelectric material, whose
constitutive law is defined in (1). The body is subjected to body forces f;
and a volume charge density p°, acting in €2, and to surface forces g;, higher-
order surface forces r; and a surface charge source w, applied to the boundary
['y € 09. The body is mechanically clamped and electrically short-circuited
on I'y C 0. The work of external sources is given by

L(s) == /{fiui —pfptdr + | {giu; + ri0hu; + weldrl,
Q I'1

where s := (u, @) denotes the flexoelectric state. The enthalpy functional TT
can now be written in the form:

[s] := /Qg(eij,eijyk,Ei)dx — L(s).

The flexoelectric equilibrium state s* = (u*, p*) corresponds to the sad-
dle point of the enthalpy potential, fulfilling the variational principle s* =
arg Minyey (o) Maxepey (o) I[s], with V(Q) := {v e [H*(Q)]* : v=10, 9,v =
0on Ty}, U(Q):={e H(Q): ¢ =0o0n[y}. The variational formulation
of the problem can be derived by enforcing the first variation of the enthalpy
functional II to vanish [47, 49], so that:

Find s € V(Q) := V() x ¥(Q2), such that 5
{ A(s,r) = L(r), for all r := (v,¢) € V(Q), (2)

where
A(s,r) = / {(Tq;jez'j(V) + 5z‘jk€z‘j,k(v) + D;E;()} dv =
Q

_ / {egmer(Wes (v) + puy (@ e (v) — e (W) +
Q
i (Paeir (V) — €ijr(W),) + Kijp it ; } dx.
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By virtue of the Gauss-Green’s theorem, it is possible to compute the differ-
ential form of the equilibrium problem, as follows:

- /Q {Uij7j'Ui — DM@ZJ} dx + /aQ {aijnj + Df(nl)nkn](}”k — D;(n;ﬁwk)} ’Uldl—‘—F
‘|‘/ {5l-jknjnk8nvi - Dznlw} dl' = L(T’),
oN

where (n;) denotes the outer unit normal vector to the boundary 99, Di(+) :=
(0,5 — nin;)(+) ; and 0, (+) := n,(),; are the tangential and normal derivative
operators on the boundary, respectively, with d;; as the Kronecker’s sym-
bol. In this formulation, the integral on the boundary edges is neglected.
Thus, the governing equations for a flexoelectric material take the following
expression:

(0, +fi=0, D;; =p° in €2,
T‘i = Oyn + Df(nl)nknjéz]k — D;(nk&w) =g; on Fl,
R; == 0yunin, =1y on I'y,
Din; = —w on I'y,

(u; =0, Oyu; =0, =0 on ['y.

T; and R; are, respectively, the physical traction vector and the higher-order
traction vector. In the presence of a perfect interface S within the material
body, the following six continuity conditions must be satisfied:

[Ti] =0, [Ri]=0, [Dini]=0, [w]=0, [0u;]=0, [p]=0,

where [-] represents the jump function at the interface S.

3. Statement of the problem for a composite material: asymptotic
expansions

Let us define a small parameter 0 < ¢ < 1. We consider the assembly
constituted of two solids 25 C R3, called the adherents, bonded together
by an intermediate thin layer B® := S x (=5, 5) of thickness ¢, called the
adhesive, with cross-section S C R?. In the following B and S will be called
interphase and interface, respectively. Let ST be the plane interfaces between
the interphase and the adherents and let ° := Q5 U B U Q¢ denote the
composite system comprising the interphase and the adherents, (cf. Figure

la). The variational form of the flexoelectric problem defined on the variable



Figure 1: Initial (a), rescaled (b) and limit (c) configurations of the composite.

domain ¢ can be derived as follows:

Find s* € V(QF), such that 3)
AS (s5,7%) + A% (s5,7°) + A%(s%,r°) = L#(r), for all r® € V().

In order to study the asymptotic behavior of the solution of problem (3)
when ¢ tends to zero, we rewrite the problem on a fixed domain €2 inde-
pendent of €. By using the approach of [50], let us consider the change of
coordinate 7 : z € O — ¢ € Q given by

- 7 (21, Ta, 13) = (21,29, 73 F 3(1 —¢)), forall z € Qy,
" 7 (xy, e, 23) = (71, o, EX3), for all x € B,

where, after the change of variables, the adherents occupy 24 := Q% £+ %(1 —
e)es and the interphase B = {z € R* : (z1,22) € S, |as| < 3}. The sets
Sy ={z € R®: (21,22) € S, x3 = +1} denote the interfaces between B
and 2+ and Q = Q, UQ_ U B is the rescaled configuration of the composite,
see Fig. 1b. Lastly, I'y and I'y indicate the images through 7° of I'j and

['s (cf. Figure 1.b). Consequently, 623 = % and e = 8%3 in 24, and
% = % and aﬁg = %8%3 in B. In the sequel, only if necessary, 5° = (u®, ¢)

and §° = (0%, ¢°) will note the restrictions of functions s* = (u®, ¢°) to Q.
and B.

The constitutive coefficients of 25 are assumed to be independent of ¢,
while the constitutive tensors of B® present the following dependences on ¢:

AE _ ~qx ~e g n ~E g ~E g+l
Cijkl = €7 Cijkls Pijk = € Pijks Rij = € Rijy Hijp = € Hijkl-

The choice of the exponent ¢+ 1 for fi;;, can be considered the only suitable
assumption to let the flexoelectric behavior appear in the limit model. From
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a technical point of view, this exponent is justified by the fact that the
flexoelectric coefficients are related to the strain gradient, depending on the
second derivatives of the displacement field.

The limit behavior for a soft flexoelectric interface with low conductivity
can be characterized by choosing ¢ = 1. Finally, the data, unknowns and
test functions verify the following scaling assumptions:

s$£(xf) = s°(x), r(xf) =r(x) x €,
fi (@) = fi(x), p==(z®) = p°(x) z €€,
9 (2%) = gi(x), 17 (27) =ri(x) w(2f) =w(z), vely,

so that Lf(r®) = L(r). According to the previous scaling assumptions, prob-
lem (3) can be rewritten on a fixed domain €2 independent of . Thus, the
following rescaled problem is obtained:

Find s° € V(Q), such that (4)
A_(s5,7) + A (s5,7) + e2A(s%,r) = L(r), for all r € V(Q),

where A(s®,r) := Sao(s5,7) + 2ay(s5,7) + as(s%, 1) + eaz(s7, r), with

ao(s®,r) == /B {@3;‘3“33%‘,3 + P3is (05303 — Y 3u; 3) + RazpSe s+

+izs3 (%3vis — U 3uS 53) } d,
a(s°,r) = /B {Cigjo (U5 30i0 + U5 Vi 3) + Paai (5010 — V3U5 o)+

FPasi(P Vi3 — Valliz) + Ras(P3a + ©aths)+

+/1ai33(90favi,33 — ¢,aui33) + (f13ia3 + ﬂ3i3a)(90f3vi,3a - ¢,3Uiga)} dx,
as(s®,r) = /B {émjgujﬁv,;,a —i—ﬁagi(tpfavi,,e — Q/J,fxufﬁ) + Rappstat

+ 3105 (P 3Vias — V305 0p) + (Hgais + faiza) (©T5Visa — ,5U5 3,) } da,
as(s®,r) = /B[Lam,b’(@iyvi,aﬁ — ol o5)d.

The polynomial structure of the rescaled problem (4) in terms of ¢ sug-
gests to develop the solution s° as a series of powers of &:

=8 fest 2824 ...,
5 =5"+est +%2 + ..., (5)
=28 +est +22+ ...

where §° = s°o7® and §° = s*o7°. By inserting (5) into the rescaled problem
(4), and by identifying the terms with identical power of ¢, as customary, a
set of variational problems is obtained to be solved in order to characterize
the limit flexoeletric state s and its associated limit problem.



4. Flexoelectric imperfect contact conditions

In this section, the imperfect flexoeletric contact model corresponds to
an adhesive which is weaker with respect to the adherents. The following set
of variational problems P, is obtained from the asymptotic analysis:

PO : /_1_(30, ’l“) + 14_1_,_(80, ’l“) + ao(SO,T) = L(T)a

P A_(sh,r) + AL(sh7) +ao(sh,7) +ai(s,7) =0,

Pq : A*<Sq77,) + A+(Sq7 7’) + a0(5q7r) + a’l(sq_la T’) + CLQ(Sq_2,7’) =0,¢22

Let us focus on problem P,. The integration by parts is performed by
means of the Gauss-Green theorem, as follows:

_/ {5%73% - D’Q”'w} dz + / {Tiovi + R} Opv; — D?ni¢} dl—
Q4 r,
- / (éu?33 + ﬁ¢?33 - ﬂ@?gz;g) -vdr—
B
(:‘%@?33 —p u?33 —p- u?333) YdxF
(SO o éu,oi’) - f"P?:s + ﬂ@?gg) |x3:i% -vdl'F
(6% = %) loymsy - vadl'E

j3/ (D5 + "%90?3 -p- u?:a — - u?33) |a:3:i%@/’dr = L(r),
S+

where n(:_i,i%) = Fe3 on Si, c Izi(éigjg), IA) = (}3313), k= I%gg, and [jl; =
(flisss). X° := (0% + Oase) and 6 = (7y3) represent, respectively, the
physical and the higher-order traction vectors evaluated at the interfaces S..
From equation (6), using standard variational arguments, the following set

of equilibrium equations is derived:

(5'%7j+fi:07 Dai:pe in 4,
7i0 = 9i, R? =T, D?ni =—-w on I'y,
u =0, 0pu} =0, ¢°=0 on T,
¢y + PPl — 19035 =0 in B, .
<’%A?33_15 ﬁ?33_ﬂ lAJ-?333:0 in B, ( >
F (20— ety — e + gl Ly =0 on S,
1(7(3)4—,%?3—15 ﬁ,o3 ﬂ'ﬂ??,s) |273::|:% =0 on S5,
(T (5'0 - ﬂ@?s) |pget1 =0 on Si.



Equations (7);23 represent the equilibrium equations at order 0 on the
adherents with the suitable boundary conditions. Equations (7)45 allows to
characterize the explicit expressions of the displacement field and electric po-
tential within the interface layer B, and combined with (7)g 75, the interface
conditions can be easily derived. Let us integrate (7),5 along x3. One gets:

- 20
— K¥ 33 = C1,
(8)

where ¢; = (¢1;) and d; are independent of x3. By virtue of the continuity
conditions for the displacements, normal derivative of the displacements, and
electric potential at the interface S, the constant term d; can be immediately
determined, having the following known form: dy = £[¢°] —p - [u’] — fr - [u%].
By manipulating the system of equations (8), one has:

Hpepl; - 1o p—pop)al - (¢+ip@p)a’ =co+z3 (pE —c1),
‘ﬁ?s = (dl +p- ﬁos + - ﬁ,o33)7

(9)
where cg = (cp;) is independent of z3. To explicitly characterize the expres-
sion of u’ and ¢°, a particular flexoelectric constitutive law is considered,
namely a piezoelectric transversely isotropic material, with flexoelectric cu-
bic symmetry (for more details, see Appendix A). In this special case, the

adhesive constitutive matrices reduce to

644 0 0 0 0
e=( 0 ey o |, p=| 0o ), a=[ o
0 0 633 é33 :&11

Taking into account the above material properties, equations (9) simplify
into the following system:

0 _
o = 7, (ClaT3 = Coa),
-0 2,0 _ & és: : 2 ._ Cszhtés:
U35 — 7 g = 75~ (003 + 3 (%dl — 013)) , with ~*:= = 33 (10)
0 _ 1 520 o A0
@'y = =(dy + 33tz 3 + fl11U3 33)-
Thus, imposing the continuity conditions at the interface Sy, costants c¢; and

co can be determined and we obtain:

(jvxfﬂ) = <Ugv> +x3[ug]v T = (za)a
(T,73) = Ao + A1z + Age?™ + Aze™ ™3, (11)
(%, 23) = By + Biws + Boe?™ 4 Be™ "3,

s

s
o wWo QO

~
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where A; and B; depend on the jump and mean values of the flexoelectric
state s = (u’, ¢°) at the interfaces Sy:

Ap = 5B (14 )] — 2v(e” — 1)(ud) },
Ay = @(Tl)ﬂ” {’Y (1+ 37)[“3] —2(e7 - 1)(“3 3>}

ev/2 0, 0,—

Az = 'y(ewl)(ewv(vf2)+v+2) {<1 —€") Ug 3]+ 7(‘3%53;)r —ugy) — (e — 1)[ug]} ’
ev/2 0 0,

As = ooy V= @)luls] — (e —uyy) +y(e” — D]},

[
By := (¢") — “((ug) — Ag) — %((Ugs) — A,

By = ("] — % ([ug] — Ar) — B2t [ug ],
BQ = MAQ, Bg = MA;),

with f* := f(Z,+3). As in classical elastic soft interface models [26, 28,
32|, the in-plane displacements u® are linear functions of the through-the-
thickness coordinate z3. While the transversal displacement u} and the elec-
tric potential ¢° depend exponentially on x3: this result is due to the particu-
lar second gradient flexoelectric continuum model employed in the derivation
and will influence the expression of the imperfect contact conditions for soft
flexoelectric interfaces.

By summing and subtracting equations (7)g7 s, combined with the expres-
sions (11), one can evaluate the jumps [-| and mean values (-) and establish
the following set of transmission conditions for flexoelectric imperfect con-
tact:

( [2?3] =0,
(D3] =0,
(Zas) = Cualug],
(S95) = ésslul] + ess[”] — HLE2[uf 4] + dasA([u3] — (ul3)),
(DY) = —Fiss[@°] + éss[ug] + fia1[u8 5], (12)
[~233] =Y
<~333> =Y
(6855 = A58 [0 4] — dssA([u§] — (uf 3)),
| (8%5a) = — 285 ([uf] — (ud)) + fnr [¢°] + S [ud ],

. 5 ~ &2 ev— ~ ~
with dgg = 5+ 52, and X := =25 and [f] == f(#,1/2) - (@ -1/2)

and () := L(f(#,1/2)+ (&, ~1/2)). We can note that ju[¢%] = 5 g, -

< 533
dss\([ug] — (ul)) and, thus, (S35) = éssuf] + es3(’] — finr %] and [595) =
ﬂ11[9093]‘

11



Remark 1. The transmission problems for a soft flexoelectric interface at
order 0 represent a formal generalization of the soft interface models ob-
tained by means of the asymptotic methods in linear elasticity [32] and in
other multifield frameworks [33, 34|, such as piezoelectricity [38|, magneto-
electro-thermo-elasticity [39, 37] and microstructural theories [39, 36]. The
soft interface model presents a similar structure at order 0 as, for instance, in
linear elastic asymptotic models. At order 0, the interface shows a disconti-
nuity of the flexoelectric state sg, namely displacements, normal derivatives
of the displacements and electric potential. The interphase layer behaves
from a mechanical point of view as a series of springs, reacting to the gap
between the top and bottom flexoelectric state. The physical traction vector
(2%) and normal electric displacement DY at the interface remain contin-
uous. The higher-order traction ;5 presents a discontinuity, which is not
expected and predicted as in classical linear elastic or piezoelectric contin-
uum theories and is likely due to the second gradient nature of the chosen
direct flexoelectric model. Surface elastic or piezoelectric effects do not ap-
pear in asymptotic models for soft (spring-type) interfaces, at order 0. In
order to highlight surface effects, it is necessary to characterize the higher-
order model, at order 1, see [33].

Remark 2. The flexoelectric contact law (4) at order 0 reduces to the
soft interface piezoelectric interface conditions by letting the flexoelectric
coefficient fi1; vanish. Indeed,

2
. L B . Hii
i M) = Jim A) =0 and T, 5005 =0

Consequently, by neglecting the contribution of the flexoelectric effect, the
hyper-stresses can also be discarded, giving 6%; = 0, and X% = 5%, ie.,
the physical stress coincides with the Cauchy stress. Thus, the transmission

conditions become

As found in [34, 38|, the above conditions are typical of lowly-conducting and
mechanically compliant transversely isotropic piezoelectric adhesives, also
known as soft piezoelectric adhesives.

12



Finally, by applying the inverse coordinate change (7°)~!, and knowing
that ¢ = %éf, p= %f)a, k= é/%a, and 1 = E%ff, the interface conditions (4)
can be scaled back onto the original domain QF (see Fig. 1), as follows:

(25 =0,
[D5] =0,
<233> = %624[u2]7
(T5a) = L (Balu] + E5alipt] — B[ o] + dip e ([u] — =(u5,)) )
<D§> = % (_"%33[908] + éé?;[“é] + ﬂil[“gza]) ) (13)
[~333] =Y
(5233) = 0.
F520) = £ (Ffinfug 5] — d5y (5] — (u5a)) )
(5535 = & (— 250 ([ug] - e(us o)) + 1 [o] + B2l [ 5))

\

,YE

where cigs — edsgs, V° = €7y, \° == ﬁﬂf;l)s The obtained transmission
e (L--2)+L-+2
conditions can be implemented in the simple numerical example presented

in the following section.

5. A closed-form solution for one-dimensional flexoelectric imper-
fect contact problems

In this section, the closed-form solution for the one-dimensional equilib-
rium problem of a flexoelectric three-layer micro-bar is presented. Moreover,
the exact solution of the three-layer one-dimensional problem will be com-
pared with the solution of a two-phase composite micro-bar, in which the
intermediate layer is replaced by the imperfect contact conditions (13) (see
Section 4).

In the sequel, for the sake of brevity, we omitted the dependences on
¢ of the unknown functions and constitutive coefficients. The geometry of
the one-dimensional composite micro-beam is illustrated in Fig. 2. The
bar axis is identified with the abscissa z, the adherents are Q_ := (0, L),
Q, :=(L+¢,2L+¢), and the adhesive B := (L, L +¢), with ¢ << L. The
boundary I'y = {0} is fully clamped, while I'y = {2L + ¢} is a free end.

The one-dimensional flexoelectric equilibrium equations take the following
form on each domain €2_, €2, and B, respectively:

Ou// _i_pgpll _ M(p/,/ — O,
pu// + MUH/ _ k,SO// — 0’

13



-V +V
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Figure 2: One-dimensional flexoelectric composite bar under tensile load

where (-)' := £(-), C,p, 1, k represent the elastic, piezoelectric, flexoelectric
and dielectric material moduli, respectively. The system can be decoupled,
as customary,

//// 2,1 ck—i—p ( 14)

S0//: l(pu//—I—/LUIH)
- =0, v =

and the closed-form solution, defined on each sub-domain, takes the following
form:

THY gp €T HY
e 4c e
k Yk

(&
u(z) = cotcrxteze e p(r) = cstcgrtcy

with ¢; are constants to be determined by applying the boundary conditions
on I'y and I'y, and interface conditions on Si. Two types of electromechanical
loading conditions will be tested: BC' is associated with an applied electric
potential difference +V acting on I'y and I'y, without any mechanical charges;
BC5 corresponds to the case of a prescribed tensile traction ¢ on I'y, with no
electric loads. The conditions on the extremities take the following form:

BC, - u(0) = uw'(0) =0, 0(0) = =V, on Iy,
(2L—|—€) 0 6(2L+¢)=0, p2L+¢)=V, onT}.
BC, - u(0) = u'(0) =0, ©(0) =0, on I'o,
o(2L + 5) =q 6(2L+¢)=0, D(2L+¢)=0, onI}.

Note that the boundary conditions for both the exact three-phase model and
two-phase model with imperfect contact are identical. For the three-layers
composite bar, classical interface continuity conditions (C'C') are considered
on Si, namely x = L and x = L + ¢, so that

. [U]ZO, [u/]:()’ []:O’
CC.{ 0 0 1

Concerning the two-layers composite bar with imperfect contact (/C'), the

14



soft interface conditions (13) on Sy are adapted for the one-dimensional case:

([o] =0,
(o) = 2 (clu] + ple] — B2 [u] + dA([u] — e(u))) .
[D] = 07

1C : <

with d := ¢ + p?/k.

The adherents Q4 are constituted by SrTiOs (Strontium Titanate), while
the adhesive B is made of BaTiO3 (Barium Titanate), whose material prop-
erties are shown in Table 1.

Moduli ~ SrTiO3 (2+) BaTiO3 (B)

¢, GPa 350 151
p, C/m? 8.82 17.5
k, F/m 3.45-1078 1.16-1078
i, C/m 1-10~* 51074

Table 1: Constitutive material properties for SrTiO3 and BaTiOs, [8, 51]

Remark 3. The proposed formulation of flexoelectricity is able to capture
possible non-local effects. Even though strain gradient elasticity, generally
associated with one or more mechanical length-scale parameters, has been ne-
glected in the expression of the electric Gibbs energy G, the present modeling
of flexoelectricity shows a particular size-dependency, related to a flexoelec-
tric characteristic length. This phenomenon can be highlighted by means of
the simple one-dimensional closed-form solution of the flexoelectric equilib-
rium problem (14). Equation (14), can be rewritten as follows:

" 2. 1
u —gu =0,

where g := L = ——— is interpreted as a flexoelectric material length, di-

v \/ ck+p
rectly related to the flexoelectric coefficient u. The above equation is equiv-

alent to the static equilibrium problem of strain gradient bars in tension,
see, e.g. [52]. Fig. 3 and Fig. 4 show the variations of the displacement
u, the deformation € := u' and electric potential ¢ versus the dimensionless
length x/L, varying the values of g, for a flexoelectric bar subject to a tensile
load (dashed lines). The curves are compared with the classical solution of a
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Figure 3: Displacement and electric potential vs /L, for various values of g

€ g=0.3 g=0.2 ¢g=0.1 9=0.02

............ Flexoelectric
—— Piezoelectric (9=0)
0.2 0.4 0.6 0.8 1.0

x/L

Figure 4: Deformation vs x/L, for various values of g

piezoelectric bar (red line), where the flexoelectric contribution is discarded,
ie., g=0.

The plots reveal interesting conclusions. It is observed that the flexoelec-
tric solution for the displacement field decreases for increasing values of g,
showing a stiffness-softening. The piezoelectric solution, g = 0, is an upper-
bound. The electric potential tends to increase with increasing values of g,
hence the piezoelectric solution represents a lower-bound. Concerning the de-
formations, the present flexoelectric theory is capable of predicting end-effect
(9 < 0.1) or strain localization phenomena.
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5.1. The applied electric potential difference

In this section, we study the case of two electric potentials V' = £+25V,
applied on both the two extremities of the composite micro-beam, of half-
length L = 10 um, corresponding to BC} (see Fig. 2). No mechanical loading
is considered in this example.

Following the ideas proposed in [34], the numerical results for the variables
are provided using the dimensionless units. For an applied electric potential
V', we set:

E() (2 ~ LEO 1
U, &)= — —_— YXoAY) = EyD, —
( ’ ) Vv (u7 EO) ) ( ) ) COOV (07 0 7L>

where, for numerical convenience, Ey = 10° V™! and Cyy = 1 GPa.
13

First, the influence of the relative thickness of the adhesive 7 is investi-
gated in order to evaluate the accuracy of the asymptotic modeling. In par-
ticular, the quality of the solutions is evaluated considering the L2-relative
erTrors ”U7|U[;”|"de”‘ and quﬁﬁ"dez”, where U and & indicate the exact solutions
computed using the three—pLase problem, while U,,,4¢; and ®,,,,4¢; denote the
solutions of the two-phase model with imperfect contact (13). The conver-
gence of the interface model towards the three-phase one with respect to the

thickness ratio (%) is presented in Fig. 5. From Fig. 5, it can be observed

10

—Displacement
—Electric potential

L2-relative error (%)

0 0,2 0,4 0,6 0,8 1
Relative thickness &/L (%)

Figure 5: Convergence results with respect to the relative thickness /L

that, by reducing the thickness of the adhesive, the L2-relative error presents
a significant reduction, linearly decreasing with respect to /L. Hence, the
proposed asymptotic imperfect contact model well-approximates the exact
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solution, especially for small thickness ratios, and provides an acceptable so-
lution. Indeed, passing from a relative thickness of 1% to 0.1%, the error
drastically drops from 9.89% to 1.01%, concerning the displacement field,
and from 2.21% to 0.22%, for the electric potential. Clearly, due to the
plot linear trend, the reduction of an order of magnitude of €/L implies the
consequent decrease of an order of magnitude of the relative error.

Displacement U Electric potential @
x/L
1.0

0.4 0.6

-0.02
0.5

-0.04

06 08

-0.06-

——— Three-phases

-0.08 .
............ Two-phases + interface

——— Three-phases

-0.10

Figure 6: Dimensionless displacement and electric potential vs /L, for e/L = 0.1%

Electric displacement A Hyper-stress &
x/L
0.2 0.4 06 0.8 1.0 02 04 06 0.8
-20 -5
—— Three-phases _10 —— Three-phases
40r Two-phases +interfface e Two-phases + interface

-80

Figure 7: Dimensionless electric displacement and hyper-stress vs z/L, for ¢/L = 0.1%

Fig. 6 and Fig. 7 depict a comparison between the solutions of the three-
phase problem and two-phase with imperfect interface, obtained through the
asymptotic approximation. In this case, the relative thickness of the interface
is fixed to 0.1%. Fig. 6 and Fig. 7 represent the trend of the dimensionless
displacement field, electric potential, electric displacement and hyper-stress
along the composite bar relative length. The stress field has not been plotted
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since in both cases is equal to zero. The plots show a very good agreement
between the solution of the three-layers problem (red solid line) and the
solution of the reduced model (blue dashed line). Due to the second gradient
nature of the problem, the displacement and electric potential exponentially
vary along the beam length. The general trend is well-approximated by the
asymptotic model. Negligible deviations can be found at the interface level
since the material of the adhesive layer cannot be considered mechanically
compliant and lowly conducting, asymptotically speaking. Indeed, the ratio
among the adherents and adhesive constitutive coefficients does not qualify
the intermediate layer as "properly soft". In order to overcome this problem,
the asymptotic model at order 0 could be enhanced by characterizing also
the first order order corrector term of the expansion, giving a more precise
approximation.

5.2. The applied tensile load

In this section, the case of a tensile load g=1 Pa, applied to the free end,
is investigated, corresponding to BCy (see Fig. 2). No electric loadings are
taken into account.

As previously shown, the numerical results are provided using the dimen-
sionless units. For an applied pressure ¢, we set:

C()() g

_Cw (¥ oy 1 a
<U7(I)) - Lq (U, E0)7 (27A7E) — q <O-7EOD7 L)

where Ey = 10" Vmn ™! and Cpyy = 1000 GPa.

As before, from Fig. 8, one can observe, as before, by decreasing the
relative thickness ratio the L2-relative error significantly diminishes. Consid-
ering €/L= 0.1%, the errors is 0.11%, for the displacement, and 0.41% for
the electric potential, respectively.

Fig. 9 and Fig. 10 illustrate a comparison between the exact three-layer
solution and two-phase with imperfect interface one, in terms of dimensionless
displacement, electric potential, stress and hyper-stress, for a fixed /L. The
electric displacement plot has not been reported since it vanishes in both
cases. The plots show that the asymptotic model well-approximates the
behaviour of the three-layers composite beam. This is in agreement with
the previous convergence diagram. A slight deviation can be perceived in
correspondence of the interface due to the particular choice of involved real
material properties.

6. Conclusions

A novel form of the imperfect interface law for flexoelectric composite
has been proposed, based on an asymptotic approach. The order 0 interface
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Figure 8: Convergence results with respect to the relative thickness /L
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Figure 9: Dimensionless displacement and electric potential vs x/L, for ¢/L = 0.1%

conditions (4) corresponded to the case of soft flexoelectric adhesive and were
given in terms of the mean values and jumps of the physical stress vector,
normal electric displacement and higher-order traction, evaluated at the in-
terface. The transmission conditions presented a similar structure compared
to other soft adhesives in other different multiphysic frameworks [33], provid-
ing a discontinuity of the flexoelectric state in terms of uf, uf; and ¢°, and
a continuity of the corresponding conjugated quantities (X%) and DJ. The
interface model also highlighted an unexpected discontinuity of the hyper-
stress vector 09,5 at the interface, which could not be predicted in classical
mechanical models.

Despite other proposed contact models for composite structures, e.g.
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Figure 10: Dimensionless stress and hyper-stress vs «/L, for ¢/L = 0.1%

[53, 54|, these conditions took into account the flexoelectric effect of the
interface. Moreover, the formal asymptotic derivation allowed to consider
the intrinsic second gradient nature of direct flexoelectricity, giving an un-
precedented original form to the interface conditions.

In order to assess the validity of the previous asymptotic procedures, the
analytical solution of a one-dimensional flexoelectric composite three-layers
bar, alternatively subjected to a tensile load and an electric potential dif-
ference, has been developed. The numerical example took also into account
the aforementioned imperfect contact laws. The convergence results showed
that, by reducing the thickness of the adhesive, the relative error has a drastic
reduction. Moreover, the numerical results reported a very good agreement
between the exact three-layer solution and the two-layers solution with in-
terface conditions in terms of electric potential, displacement, physical and
higher-order stresses, and electric displacement, especially for thin adhesives.

The numerical example represents a preliminary numerical /analytical as-
sessment of the obtained imperfect interface model. For an in-depth compu-
tational validation, the interface model needs to be implemented into a FE
general code, providing full 3D numerical examples.

The proposed methodology proved to be efficient and simple-to use, and
can be used in several applications, involving thin films and interfaces at
micro-and nano-scales, such as in MEMS/NEMS, composite graphene struc-
tures, epitaxially strained films, contact problem in biological membranes,
and more.

As future perspective, the first-order correction term of the asymptotic
expansion will be characterized, allowing the definition of higher-order in-
terface conditions as in [33]. Besides, the case of similar rigidities (hard
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interface) will be investigated in order to characterize a generalized interface
law for flexoelectric composites.
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Appendix A.

Using Voigt’s notation, the constitutive matrices of a transversely isotropic
piezoelectric material are defined as follows (see [8, 10, 46]):

Ci11 Ci12 Ci3 0 0 0 0 0 €31
Ci2 C11 C13 0 0 0 0 0 €31
y . Ci13 C13 C33 0 0 0 N 0 0 €33
(CZJhk) “lo 0 0 ey 0 0} (pzjh) "0 ey 0
0 0 0 O Cy4 0 €15 O 0
0 0 0 0 0 ce 0 0 0
K11 0 0
(Iiij) = 0 K11 0
0 0 K33
with cgg = %(cn — ¢12). Furthermore, by assuming a cubic symmetry,

C33 = C11, C12 = C13, Ces = Ca4, K11 = K33, and the independent flexoelec-
tric components reduce to three, namely, the longitudinal p;;, the transver-
sal p12, and the shear pyy coefficients. In isotropic flexoeletricity, the above
coefficients satisfy 17— p1o+2p44 = 0. The direct flexoelectric tensor (3 x 18-
matrix) is given as

p11 g2 w120 00 0 0 O O Opge O O O O paa O

(pijre) = 0 0 0 0 0 puag 2 1112 0 00 0 0 0 pag 0 O
0 0 0 Opgg 0O 0 0 O paa O 0 pra2 a2 w1z 0 0 0

Note that because of the difference in number of components of strain gra-
dient e;;, and electric field gradient £ ;, the converse flexoelectric tensor
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(6 x 9-matrix) takes the following matrix form

g 0 0 0 g 00 0 s
gz 00 0 pr 0 0 0 o
(i) = gz 00 0 e 0 0 0 pp
k 0O 0 0 0 0 paa O pyg O
0 0 jpaa O 0 0 pas O 0
0 Haa 0 jov 0 0 0 0 0

All the symmetries of the flexoelectric tensor can be found in [55].
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