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Abstract In a nanostructured material, the interface-to-
volume ratio is so high that the interface energy, which is
usually negligible with respect to the bulk energy in solid
mechanics, can no longer be neglected. The interfaces in a
number of nanomaterials can be appropriately characterized
by the coherent interface model. According to the latter, the
displacement vector field is continuous across an interface in
amedium while the traction vector field across the same inter-
face is discontinuous and must satisfy the Laplace—Young
equation. The present work aims to elaborate an efficient
numerical approach to dealing with the interface effects des-
cribed by the coherent interface model and to determining the
size-dependent effective elastic moduli of nanocomposites.
To achieve this twofold objective, a computational technique
combining the level set method and the extended finite ele-
ment method is developed and implemented. The numerical
results obtained by the developed computational technique
in the two-dimensional (2D) context are compared and dis-
cussed with respect to the relevant exact analytical solutions
used as benchmarks. The computational technique elabora-
ted in the present work is expected to be an efficient tool
for evaluating the overall size-dependent elastic behaviour
of nanomaterials and nano-sized structures.
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1 Introduction

Nanostructured materials and systems are of fundamental
interest. Indeed, as compared with their microstructured
counterparts, they often exhibit superior mechanical and phy-
sical performances [1]. The main tool currently used to study
the mechanical behaviour of nanomaterials and nanosystems
is the molecular dynamics (MD) simulation [2—4], which is
suitable for studying objects consisting of only a few atoms
or when the phenomena under investigation occur at a so
small length scale that the standard framework of continuum
mechanics is no longer valid. At the same time, there is a
range of fine scales where the number of atoms involved is
relatively important, so that the mechanical fields of inter-
est are smooth enough to fall within the scope of continuum
mechanics upon taking into account additional effects which
are negligible at the usual macroscopic scale. Such enri-
ched continuum approaches have the definite advantage of
avoiding the treatment of large clusters of atoms, which is
computationally expensive, and of preserving the applica-
bleness of widespread powerful numerical techniques such
as the finite element method (FEM). One of the non-classical
effects which should be taken into account in the conti-
nuum mechanics modelling of nanomaterials and nanostruc-
tures is the interface (or surface) effect. In fact, the high
interface-to-volume ratio of a nanomaterial or nanostructure
makes its interface energy comparable to or dominant over
its bulk energy. One consequence of this fact is that the ove-
rall behaviour of a nanomaterial or nanostructure becomes
size-dependent [5,6]. The objective of the present work is
twofold. First, it has the purpose of elaborating an efficient
computational approach to modelling surface/interface
effects by combining the extended finite element method
(XFEM) and the level set method (LSM). Second, it aims
to apply the elaborated computational approach to determine
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the size-dependent effective elastic properties of a
composite made of a matrix reinforced by nanoparticles or
nanofibers.

A wide range of interface effects can be suitably described
by imperfect interface models. By definition, an interface in
a medium is perfect if both the displacement and traction
vector fields across it are continuous; otherwise, it is said
to be imperfect. Among a great number of imperfect inter-
face models constructed and justified to account for different
interface effects [7], the coherent and spring-layer interface
models are the two most important ones and also the mostly
widely used ones. In the coherent interface model, the displa-
cement vector field is continuous across an interface while
the traction vector field across the same interface is discon-
tinuous and has to verify the Laplace—Young equation [5].
In the spring-layer interface model [8], the traction vector
field is continuous across an interface and proportional to
the jump of the displacement vector field across the same
interface. In the present work, the coherent interface model
is adopted since it is appropriate for modelling the interface
effect in nanomaterials [9-12].

Different works using the coherent interface model have
recently been carried out to estimate the overall elastic
properties of nanocomposites and nano-sized structural
elements. In [9,10,13,14], Sharma and Ganti extended
Eshelby’s original formalism to nano-inclusions and obtai-
ned the closed-form expressions of Eshelby’s tensor for sphe-
rical and circular cylindrical nano-inclusions. Le Quang and
He proposed an extended version of the classical generali-
zed self-consistent method to determine the size-dependent
effective thermoelastic properties of nanocomposites with
cylindrical and spherically anisotropic phases [15,16]. In
[12], Duan et al. derived closed-form expressions for the bulk
and shear moduli as functions of the interface properties, and
analyzed the dependence of the elastic moduli on the size
of the inhomogeneities. Chen et al. [11] showed that exact
size-dependent connections exist between the overall elastic
moduli of unidirectional nanocomposites. Dingreville et al.
[17] have developed a framework to calculate analytically
the size-dependent overall properties of nano-sized structu-
ral elements. In all the works reported in the literature and
aiming at determining analytically the overall properties of
nanomaterials and nano-sized structural elements, the shapes
of nano inhomogeneities and structural elements are requi-
red to be very simple and the sizes of nano inhomogeneities
have to be uniform. The computational approach elaborated
in this paper is a general one, which has not these limitations.

In [18], Gao et al. proposed a finite element method using
surface elements to take into account for the surface effects.
Nevertheless, a major concern in dealing with a strongly
inhomogeneous material is the generation of a mesh mat-
ching the interfaces. Within the standard framework of FEM
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and especially in the 3D case, such an operation is nume-
rically very difficult when inhomogeneities are numerous
or/and of arbitrary shapes. To avoid this burden, the present
work uses the level-set method [19] to describe every inter-
face in a regular mesh as the zero-level set of a scalar field.
In implementing the coherent interface model, the term asso-
ciated to the traction vector jump is then introduced by enri-
ching the finite element approximation with discontinuous
functions constructed on the level-set basis. This novel way
of dealing numerically with imperfect interfaces is reminis-
cent of the XFEM proposed by Belytschko and Black [20],
Moés et al. [21] and Sukumar et al. [22,23] to treat cracks
and perfect interfaces. However, the coherent imperfect inter-
faces treated in our work are rather different from cracks in
nature. First from the mechanical point of view, the imperfect
interfaces studied by us are characterized by the continuity
of the displacement vector (which implies the continuity of
the surface strains owing to Hadamard’s theorem) and the
jump of the traction vector which is governed by the Young—
Laplace equations; the cracks as treated in previous paper on
XFEM are characterized by by the discontinuity of the dis-
placement vector and the discontinuity of the tractions. From
the numerical standpoint, the imperfect interfaces treated in
our work give rise to a contribution to the stiffness matrix
while this contribution is absent in the case of cracks. To
our knowledge, it is the first time that the coherent imperfect
interface is treated by XFEM/level-set.

The paper is organized as follows. In Sect. 2, a curved
interface is geometrically defined as a level set and some
projection and differential operators associated to the inter-
face are introduced in a coordinate-free way. In Sect. 3, we
consider a solid made of a linearly elastic inhomogeneous
material with the interfaces being described by the coherent
interface model. The local equations governing the boundary
value problem of the solid are first specified and a variatio-
nal formulation of the problem suitable for a finite element
approximation is then provided. Due to the coherent inter-
faces between the matrix and inhomogeneities, an additional
stiffness term appears. In Sect. 4, we present the discretisa-
tion technique combining level-set method and XFEM. For
simplicity, the technique is specified and implemented in the
two-dimensional (2D) context and more precisely for plane
strain and axisymmetric problems. In Sect. 5, the numerical
approach elaborated in the previous sections is applied to
computing the size-dependent effective elastic properties of
nanocomposites. A good few numerical examples are provi-
ded and compared with the relevant analytical exact solutions
taken as benchmarks for testing the validity of the develo-
ped numerical approach. Further applications are illustrated
for size-dependent overall properties of nanostructures with
random distributions or shapes. In Sect. 6, a few concluding
remarks are drawn.
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2 Geometric preliminaries

Let I'7 be an interface between two neighbouring domains,
which is taken to be a smooth 2D or 3D surface. A general
method in differential geometry to describe such a smooth
surface is to define it by an implicit function (see, e.g., [24,
25]). This method is in close relation with the level-set method
[19], which is a numerical technique for tracking moving sur-
faces/interface and which is based on the idea of representing
a surface as a level set of a higher dimension function. In the
case of static interfaces, the two ideas coincide. In the present
work we only consider static interfaces. In this context, Iy
is defined as the zero level-set of a function ¢ : R? — R:

I ={xeRr! ¢ =0}, (1)

where d is the dimension of the space under consideration. In
the following, ¢ is assumed to be continuously differentiable
and to have the property that V¢ (x) # 0 for all x € I7.
Thus, the unit normal vector field n(x) on /7 is defined by

Vo (x)
Vo)’
where ||.|| denotes the Euclidian norm and V(.) denotes the

gradient operator. Next, we introduce two orthogonal com-
plementary projection operators:

nx) = (2)

PE(x) =n(x) ®n(x), Px =I-nx) @n), 3)

where I is the second order unit tensor. Geometrically, P (x)
describes the projection along the unit vector n(x) normal to
I'7 at x while P characterizes the projection on the plane
tangent to I at X.

Then, any vector function w admits the following decom-
position:

W =W, + W, 4)
with
w, = Ptw, w, = Pw. 5)

Furthermore, when w is differentiable,
Vw = V,w + V,w, V,w=VwPt, V,w=VwP. (6)

Given any second-order tensor function T, one defines its

normal and tangential parts by
T, = P*TPY, T, =PTP. (7

Whenever T is differentiable, the divergence of T admits the
following decomposition:

div(T) = div,,(T) + div,(T), ®)
where

div,(T) = V(T) : P+, div,(T) = V(T) : P. )

Wherever applicable, the indices n and s will denote nor-
mal and surface (tangential) components, respectively. It is
worth noting that the operator P does not involve any basis
change: the reader has to keep in mind that w, and T denote
the components of the projection of the associated vector and
tensor, respectively, on the surface I';. Thus wg and T do
not denote the components relative to the basis of the tangent
plane to the surface. This projection tensor elegantly allows
one to mix bulk and surface quantities in an equation.

3 Governing equations

In this section, we formulate the boundary value problem of
a linear elastostatic solid containing an interface described
by the coherent interface model. Both the strong and weak
formulations are provided.

3.1 Strong form

Without loss of generality, we assume that I divides 2
into several domains 2@, i = 1,2,..., M such that 2 =
Uic1 uR2OQ U Ny y R = @. Let 982 be the
external boundary of £2 and 322) the external boundary of
each subdomain 2@, such that 32@ = 32® U I7. Let
n‘©) the unit vector normal to 32 pointing into £2). Thus,
n¥) is also the normal to I'; pointing into the domain £2®.
For the sake of simplicity, we consider in the following only

two domains. The equilibrium equations are then given by

.....

divieD)+b =0 in 20, (10)
divio, = —[t] = (¢® —oP)nY on 7. (11)

In the above, o denotes the bulk Cauchy stress tensor, b
being a volumetric force term. Equation (10) is associated
with bulk equilibrium, while Eq. (11) refers to the Laplace—
Young equation resulting from the interface equilibrium. In
particular, o is the surface stress tensor and div; (.) is defined
in Eq. (9). The notation [.] denotes the jump across I'7. The
boundary conditions are described by

on=—F ondQpF,
u=u ond§2,, (12)
where F and u are prescribed tractions and displacements,
respectively, and 9£2F and 92, are the Dirichlet and Neu-
mann boundaries, respectively, such that 02 = 02r U0d$2,,
02rNaR, =0a.

According to the coherent interface model, the displace-
ment jump across /7 is null:

[ul =0 on 7. (13)

@ Springer



122

Comput Mech (2008) 42:119-131

The displacement vector is continuous across the interface
but the strain tensor is discontinuous according to the
Hadamard relation:

[e]=a®n+nQa, (14)

where € is the infinitesimal strain tensor, and a is areal-valued
vector. It follows from Eq. (14) that tangent or surface strains
are continuous across I;:

[es] = [PeP] = 0. (15)

3.2 Weak form

The weak form associated with Eqs. (10)—(12) is given in
each domain as follows:

Findu € D = {u=1u0nd82,, ue H (2?)}, such
that

/ a(i)(u) : e(i)(éu)dQ + / on® . sudr
Q) Fl(i)

—/b-SudQ—/F~8udF=0 (16)

QO 200

for all su e H}(R©V) = {Su € H'(2D),6u =
0 on 92,). In the above, I'") is the side of I'; associated
with the domain £,

Adding the contributions of both the domains £2" and

2@, and by using n¥ = —n® and [$u] = 0 on I7, we
obtain

/a(u) D e(du)d 2 +/(a<1> — o) . sudr
2 Iy

2/34M9+/men (17)
2 a2F

Invoking the Laplace—Young equation, it yields

/a(u) ce(dn)dS2 —/divs(as(u)) -dudl’

Q Iy
=/5wwg+/Fwwn (18)
2 02F

By using the relation:
div, (Tw) = div, (TT) w+T! : V,w, (19)

where T and w are continuously differentiable second-order
tensor and vector functions, respectively, we obtain, by the
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Fig. 1 a Closed interface I'y; b open interface I'

symmetry of o,

/divs (o) -éudl’
Iy

:/divs(aszﬁu)dl" —/as tVe(du)dr. 20)
Iy Iy

Due to the fact that P acts as the identity operator for (.)¢
quantities, we have:

divg(ogéu) = divg(Po Pdu)
=divy(Pogduy) = divg (o 6uy) 21

Applying Stokes’ theorem, we obtain:

/divs(aséu‘v)dl“z /osm-éu‘vdl

Iy oIy
= / F . Su,dl = / F - Pdudl. (22)
3F] arl

In the case where the interface I is closed (see Fig. 1a), the
term (22) is equal to zero. Otherwise, for an open interface as
depicted in Fig. 1b, 0 I'; is the (d — 2)-dimensional boundary
of I'; with m a unit outward vector normal to d /7, and tangent
to Iy (see Fig. 1b), F being an applied force on 917.

Now, let us express the second term on the right-hand of
expression (20). We have

oy : Vy(u) = [Po,P]: V(Su)P. (23)

Setting [V (éu)]; = Vij and using the symmetry of P and
the identity P2 =P, expression (23) can be written as:

[Pixa}y Pij] Vik Pej = o}y (PuiVik Pij Pj1)

—0,: (PV@U)P) =0, : % (PV(Su)P+[PV(8u)P]T)
=0, €, (24)
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as o is symmetric. Finally, the weak form is given by

/a(u) ce(du)d2 +/as(u) es(dw)drr

2 Iy
:/b-Sud.Q—}- / F-audr+/ﬁ-P5udz. (25)
2 AQF ary

3.3 Constitutive equations

Here we assume that the solid undergoes small displace-
ments. In the context of a linear elastic model, the bulk consti-
tutive law is given by:

o) =CY: (e(uw) — €*), (26)

where C® is the fourth-order elastic stiffness tensor associa-
ted with domain £2() and €* is an eigenstrain prescribed on
2% C £2.

According to [26], the surface stress o is related to the
surface-strain energy y by Schuttleworth’s equation:

dy (€5)
€y
where 1 is the strain-independent surface/interfacial tension

and I is the unit tensor for surfaces. In the context of isotropic
linear elastic interfaces, we have:

o5 =1l + ; 27)

os=00+C :¢,
with
Skt = As Pij Pu + s (Pik Pjt + Pir Pjx) (28)

where Ay and ug are Lamé’s constants characterizing the
interface I'y and o = toP. With this model, the weak form
is finally given by:

/6(8“) :C:e(m)ds2 +/Pe(6u)P :C* :Pe(w)PdI

Q2 I

=/6u-bd9+/5u.FdF+/P3u.Fdz
2 I2F oy

+/Pe(8u)P coodl” +/e(8u) :C:e*d2. (29)
I 2

In [27], Chessa and Belytschko have taken into account
surface tension with XFEM. In fluid mechanics, a surface
tension, which can also be derived from a surface energy, is
an isotropic surface stress tensor and must verify the classical
Laplace equation. The surface energy involved in our paper
is associated to a solid surface and its derivation with respect
to the surface strain tensor gives a surface tensor which is
in general not isotropic and must satisfy the Young Laplace
equation. From a numerical point of view, in [27], the surface
tension acts through en external forces energy term as it acts

through an additional rigidity matrix in our work, as it will
appear in the next section.

4 Level-set/extended finite element discretization
4.1 Evaluation of the unit vector normal to the interface

The domain §2 is discretized by n nodes n; that do not neces-
sarily match the interface I';. Here we use a mesh of triangles,
whereas other types of elements can be employed. Regular
meshes can then be adopted for parallelepipedic domains,
even if the interface has a complex geometrical shape.

In the present context, I is defined as the zero level-set
of a function ¢ (x), whose value is known at avery node n;,
Le., ¢(x;) = ¢i.

Wherever needed, the components of n(x) can be evalua-
ted by:

Vo)
nx) = ——, (30)
[vac]
where
- "IN,
Vo= a;(_x)m- (31)
j=1 !

Here N (x) are the standard finite element shape functions,
¢ are the nodal value of the level-set function, and # is the
number of nodes of the elements. In the present paper, we use
simple linear finite element shape functions, though higher-
order shape functions can be used [28], this interpolation
being independent of the discretization of the weak form (29).
The above approximation for n can then be used to evaluate
the components of the projector P needed in the weak form
(29).

4.2 Discrete system

For the coherent interface model, the displacements must be
continuous at the interface whereas the strains must follow
the Hadamard relation described in Eq. (14). These condi-
tions can be enforced by superposing to the standard finite
element field an enrichment term that possesses the above
continuity conditions (XFEM method [21]). In this context,
the approximation is defined at a particular point x lying in
an element 2, by:

u"(x) =D Ni®u; + D Ny (x)a;, (32)

i=1 j=1

where N; are the standard finite element shape functions asso-
ciated with the nodes n; of the elements, N (x) are the shape
functions of the nodes of the elements whose support are cut
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I

Fig. 2 Zero level-set of the function ¢ (x) and node n; whose support
is cut by the interface Iy

by the interface (see Fig. 2) and v (x) is a function with the
required continuity. Due to the enrichment term in Eq. (32),
the unknowns u; become arbitrary coefficients, as well as the
unknowns a;, and lose their kinematical meanings. To meet
the Hadamard condition (14), we use the enriched approxi-
mation proposed in [29], which ensures good convergence
properties, preserves the interpolant character of the approxi-
mation, and removes the issue of partially enriched elements
[29]. Precisely, the enrichment function is defined by:

n

Y =D Il Ni(x) — | D" diNi(x)] . (33)

i=1 i=1

The numerical integration in the bulk is performed by
using Gauss integration on subtriangles near the interface
(see Fig. 3). The strain and stress tensors are then expressed
in the vector forms,

€11 o11
€ O
e=2 1, o=|"2 |, (34)
€3 o033
2e2 o12

with o = 0 for plane strain problems and « = 1 for axisym-
metric problems. In the foregoing, the indices 1, 2 and 3 are
associated with directions e,, e, and e; and e,, e, and e,
according as a plane strain or an axisymmetric problem is

A Intersection between zero
level-set function and the mesh

o Interface integration points

O Bulk integration points

Fig. 3 a Approximated interface using interpolated level-set function
on triangle edges; b triangulation of the elements cut by the interface
and integration points
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concerned. The vector forms of surface strain and stress take
the same form as in (34).

The specificity of the present problem is the presence of
the internal virtual work term related to the implicit surface
(not discretized by nodes) in Eq. (29). To evaluate the asso-
ciated surface integral, we first approximate the interface by
piece-wise linear segments in 2D (see Fig. 3). For this pur-
pose, we first find the intersection between the level-set func-
tion ¢ (x) and the triangular mesh. The triangles cut by the
interface Iy are easily detected, as the values of ¢ evaluated
at the two nodes of a given edge have opposite signs. The
intersection between ¢ (x) = 0 and the edges of the mesh
can then be approximated by using a linear interpolation of
¢ (x) based on the mesh. Once again, the linear interpola-
tion is adopted, though higher-order approximation schemes
could be used [28]. It is worth noting that despite the fact
that the surface is implicit, its description accuracy depends
on the local nodal density.

We then perform a Gauss integration on each edge of the
2D interface approximation. In the following examples, we
have used three Gauss points in the triangles cut by the inter-
face, one in the remaining triangles and two on each linear
segment of the approximated interface. On substituting the
trial and test functions from Eq. (32) in Eq. (29), and using
the arbitrariness of nodal variations, the following discrete
system of linear equations is obtained:

(K+K)d="f (35)

where

K;; :/chﬂ')B,de, (36)
2

f:/NTbde+/ NTFydr+/BTc<f>e*ydsz
2 A2F 2
+ / NTPFydl + / B"Mooydr, (37)
ary I
with y = 1 for plane strain problems and y = 2nr for

axisymmetric problems. In the above equations, the matrix
B; is given by:

AN (x)
3)161 AO
B, = o 2 , (38)
N® N X
ax2 dx

where N; = N; for a finite element displacement degree
of freedom, and N ;1 = ¥ Ny for an enriched degree of free-
dom. In the above equations, CW is the bulk stiffness matrix
associated with the elasticity tensor of phase i. To determine
the phase associated with a particular bulk integration point,
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we simply use the sign of ¢ (x) computed by the linear finite
element discretization:

n
$x) =D Ni(X);. (39)
i=1
The matrix C®) is defined according to:

420 A w0

B A +20)  ar 0
C= ak ar  a(A+2w) 0 |’ (40)

0 0 0 u

where the superscripts i have been omitted. The matrix K*

is the interface rigidity matrix, expressed by:

K, =/B,TMIT,CSMPB,ydr, @1
Iy

with C° the surface stiffness matrix expressed by:

Qus + 1) PY
As P11 Py + 2us Ph

As P11 P + 2us P
us + )\s)Pzzz

C =
ars Py ars Py
Cus +Ar)Pi11P12 Qus + Ay PraPxn
aks Py Qs + Ag) P11 P12
aks P Cus + As) P2 P 42)
aus + As) akg Prp
arsPia APl + ug(Pii Py + Ph)

The matrix M, is constructed such that €, = M€ and is
defined according to:

P2 P, 0 P11 Py
P122 P222 0 P12 P
M, = 0 0 o 0 .(43)
2P Py 2PpPn 0 (Ph+ PiiPy)

5 Numerical examples

5.1 Cylindrical inclusion under plane strain and with the
coherent interface model

A cylindrical inclusion with an imperfect coherent interface
in an infinite medium is submitted to a dilatational eigenstrain
€*. The exact strain solution of this problem is given in [9, 13]
by:

€r(r) =€pp(r) =A, r <Ry (44)
R2
— A%

€rr(r) ’22 , r>Rp 45)

R
€oo(r) = A2

_ 3K Mex — 70/ Ro
T 2uM 4+ 3K'M + K'S/R,

; (46)

y
(a)
I
.~ T~0FRo
\; fo
/
| % T >
\ € / X
N /
(b)

Fig. 4 First Eshelby problem model with imperfect coherent interface
a geometry; b mesh, zero level set, and enriched nodes

where Ry is the radius of the cylindrical inclusion (see Fig. 4),
KM =20M 4 uMy/3, ki = (AS 4+ 2u5) is the plane strain
surface modulus, and €* is a prescribed dilatational eigens-
train in cylindrical inclusion with €* = €], = €3, e§k3 =0.

By using the kinematical relations €, = du,/dr and
€gp = u,/r we obtain the displacement field as:

0<r=<Ro

Ar
u(r) = 2 47
/(r) [A& R 47

ro

We consider an axisymmetric model in a finite square
domain by imposing the exact displacement solution on the
external boundary. Then, the interface does not coincide with
the mesh. To examine the size effect, we propose the follo-
wing indicator:

‘fr, os(u): €s(u)d1“‘

‘fr, o (u) : es(u)dr( + [y o) : a2
_E]
IE| +1Epl
where E; denotes the surface energy and Ej, stands for the
bulk energy. The following numerical parameters were used

for the bulk material: £E = 3 GPa, v = 0.3, ¢* = 0.5,
79 = 0. A regular mesh of 40 x 40 nodes is used. The surface

B

(48)
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parameters can be obtained through molecular dynamics
computations. Here, we use those obtained by Miller and
Shenoy in [1]: (a) s =6.842 N/m, s =—0.375 N/m, which
gives a positive k, = 6.091 N/m, (b) A, = 3.48912 N/m,
s = —6.2178 N/m, which gives a negative plane-strain
surface modulus «; = —8.94948 N/m, and (c) the classical
case where Ay = 0 N/m, pt; = 0 N/m, k, = 0 N/m.

As noted by Shenoy in [30], the surface elastic tensor
Cf ikl needs not to be positive definite, i.e., the quadratic form
Cf}klel?}e,il need not to be non-negative. At first glance it
may suggest a violation of basic thermodynamic postulates.
It must be noted that positive definiteness of the bulk elastic
modulus tensor which guarantees the stability of the solid
cannot be applied to the surface elastic tensor. This is due to
the fact that a surface cannot exist independently of the bulk,
and only the total energy (bulk + surface) needs to satisfy the
positive definiteness condition.

As seen from Fig. 5, the presence of the surface term on the
left-hand of Eq. (25) introduces size effects, when the internal
surface energy surface becomes important compared to the
internal volume energy.

Next we compare the exact solution with the solution com-
puted from the proposed numerical approach for f = 0.2.
For a fair comparison between the different sets of parame-
ters, we chose the inclusion radius R in each simulation
such as 8 = 0.4. Thus for the set (a), we chose Ry = 1 nm,
and for the example (b) we chose Ry = 1.8 nm. Computa-
tions are performed for different regular triangular meshes
with increasing nodal density, ranging from 10 x 10 nodes
to 80 x 80 nodes. The convergence results about the relative
energy norm

““h (x) —ux) ”E(.Q)

lu®) £2)

(f (e"(x) — () : CD : (e"(x) — e(x)))

- (49)

1 ’

b
(f e(x) : CO ; e(x))
2

are reported in Fig. 6.

For k| = 0 (no surface effects), an expected rate of conver-
gence r ~ 1 is appreciated. For k| < 0 and ] > 0, the pro-
posed approach leads to a convergent solution, but without an
optimal rate of convergence. Though it is adequate for most
purposes, it indicates that there is room for improvement of
the method.

It is worth pointing out that for ¥, < 0, the contribu-
tion of the negative-definite surface stiffness matrix Ky in
(35) influences the condition number of the total stiffness
matrix, which may consequently tend to be ill conditioned.
This issue has also been reported by Gao et al. in [18]. When
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Fig. 6 Convergence analysis for the cylindrical inclusion problem with
the coherent interface model

the ill condition leads to inaccurate results, special numerical
methods should be applied to improve the precision of solu-
tions. In the present work, we have used an iterative solver,
the biconjugate gradients methods [31] (bicg in Matlab).

5.2 Size-dependent overall properties of a material with
cylindrical nanovoids

In this example, we compute the effective bulk modulus of
an aluminium material containing nano voids. For this pur-
pose, we perform numerical linear homogenization on a RVE
containing a coherent interface whose geometry is depic-
ted in Fig. 4b. For a constant volume fraction, we vary the
void radius and compute for each size the effective bulk
modulus. Estimated effective properties for long cylindri-
cal nanofibers with coherent interfaces have been provided
in [15]. We then compare the results obtained by the present
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Fig. 7 Size-dependent effective plane-strain modulus with surface
effects versus void radius, f = 0.2

XFEM approach with the reference normalized effective bulk
modulus «¢// /km, Ky being the matrix bulk modulus. In
this example, we have used a regular 80 nodes grid. The
material parameters of the matrix are £ = 70 MPa and
v = 0.32. The results are depicted in Fig. 7 for a volume
fraction f = 0.2. Good agreement between the reference
solution and the numerical computations is noticed.

We obtain the expected effects, i.e., the effective properties
are not sensitive to the nanovoid radius value for relatively
large sizes, but the values of effective bulk modulus clearly
deviate for small sizes of nanovoids.

Now for a fixed radius R = 1 nm (at which size effects
are predominant for the used set of parameters), we vary
the volume fraction by changing the size of the enclosing
square domain. Due to the implicit description of the inter-
face, generating different geometries only requires changing
the equation describing the level set, and does not involve
any mesh generation. We compute the effective properties
of the RVE using the aforementioned approach for volume
fractions ranging from O (no interface) to 0.6. The results
comparing the present XFEM approach and the reference
solution computed from [15] are provided in Fig. 8. Very
good agreement between theory and numerical solutions is
noticed, and the surface effects are clearly shown up.

5.3 Spherical inclusion

Here we test the proposed XFEM methodology through an
axisymmetric problem. A spherical inclusion with an imper-
fect coherent interface in an infinite medium is submitted to a
dilatational eigenstrain €*. We model the spherical inclusion
using axisymmetric triangular elements (see Fig. 9). For this

1.2 T T T T T T

4 — A — XFEM
Reference

0.6

04

Normalized effective bulk modulus

!

0 n n n n
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

cylindrical void volume fraction

Fig. 8 Plane-strain bulk modulus for R = 1 nm versus void volume
fraction

(a) (b)

w o
I :
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/ A 5
)
r N f
)
| 2
J
\ 47
N /
—_
- -_ T = Q0O
~
/ R4

Fig. 9 Spherical inclusion with imperfect interface; a geometry; b
finite axisymmetric domain, zero level-set and enriched nodes

problem, the exact solution is given by [10, 14]:

€r(r) =€pp = €pp(r) = A, r <Rp (50)
R3
€r(r) = —2A-2
" r g 7> Ko (51)
€o(r) = €pp(r) = A3
A= 3kMe 'L'o/ 0 (52)

4uM 4 36cM + 2kS /Ry’
where kM =AM +2,M /3 15 =205 4+ puS), €* = €}, =

€3, = €33. The displacement field is given by:
Ar

R
o >
Ar2 , r>Ryp.

0 <r <Ry,

up(r) = (53)

We chose E = 10 MPa, v = 0.3 and ¢* = 0.5, and
T = 0. The radius is set as Ryp =1 nm, and the radius
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Fig. 10 Convergence analysis for the spherical inclusion problem with
stiff coherent imperfect interface

of the cylindrical box R; (see Fig. 9) is fixed such that a
given volume fraction f = 0.2 is met, according to R| =

nR% /f ) /2. For these parameters, the surface effects

indicator has the value § = 0.4. Symmetry conditions are
applied on the boundary » = 0 and exact displacement solu-
tion is imposed on the external boundary of the domain.
Convergence results in energy norm error for k; = 0, x5 > 0,
and x; < 0 using the same surface parameters as in pre-
vious examples are presented in Fig. 10. The indicated rate
of convergence is the one of a linear polynomial fit on the last
four point of the curve. Here again, We note that the XFEM
solution is convergent, though not at an optimal rate. When
no surface effects occur (k; = 0), the computed solution
converges to the exact one at the expected rate of conver-

gence.
For spherical void with a coherent surface, the effective
modulus can be evaluated according to [12]:

3! (3cM + 4 fuM)
33—yl +3fcM +2uM (2415 — ficf)]
2uM [4fuMicd +3cM (2 —2f + k)]
3B = el +3feM42uM (24«5 — )]
(54)

P

with k7 = 5/ (Rou™), the superscripts M and I denoting
the matrix and inhomogeneity, respectively.

In Fig. 11, we compare the normalized effective reference
bulk modulus k%7 /iy for f = 0.5 for different radii of the
spherical void. In Fig. 12, we compare the normalized effec-
tive reference bulk modulus for a fixed radius Ryp = 1 nm
while varying the volume fraction f. Excellent agreement
with the reference solution is noticed and here again the sur-
face effects are clearly shown.
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5.4 Random nanostructure

Next we explore the effective properties of aluminium contai-
ning randomly distributed nanopores with constant radii, in
order to investigate its size-effects on effective properties.
For this purpose, we use 30 circular voids randomly distri-
buted, by choosing the size of the square domain such that
the volume fraction is f = 0.3, and we vary the radius of
the pores. A uniform mesh of 80 x 80 nodes is used, and the
level-set function was defined according to

P(x) = r_nin‘{”x—xf”—ré}, i=1,2,....n0 (55)
x.eR!

where .Qé is the domain of the ith void, n. is the number of

circular voids, and x.. and /. are the center and radius of the

ith void, respectively.
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Fig. 14 Statistical convergence of the effective bulk modulus for
various void radii

Different distributions are shown in Fig. 13. Note that
avoiding the construction of a conforming mesh for each
generation of a random microstructure by means of the level
set technique greatly simplifies the analysis.

For each radius of nanopore, we generate random micro-
structures and compute the homogenized bulk modulus until
we have reached statistical convergence on the mean value of
the effective bulk modulus. Examples of statistical conver-
gence are shown in Fig. 14. The results for the effective bulk
modulus are presented in Fig. 15. The size effects with dif-
ferent nanovoid radii can be clearly observed.

Normalized effective plane-strain bulk modulus

0 10 20 30 40 50
RO in nanometers

Fig. 15 Size effects in bulk modulus for randomly distributed nano-
pores

Fig. 16 Zero level-set function of different shapes of nanostructures
with same volume fractions f = 0.2

5.5 Shape of nano inclusion

In this example, we investigate the influence of the shapes
of nanovoid on the effective properties and their possible
influence on the size effects. For this purpose, different shapes
are generated, as depicted in Fig. 16.

With the proposed procedure, it is easy to introduce an
imperfect interface for an arbitrary geometry, without requi-
ring any surface elements. In Fig. 17, we present the effective
bulk moduli associated with the different shapes, for different
sizes. For each shape, we have chosen the size parameters
such as its volume is equal to the one of the circular void.
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For polygonal shapes, the level-set function was constructed
using Eq. (55), and replacing r. by the distance between the
center xf and x; defined as the intersection between {xf — x}
and the boundary of the polygonal shape. For the non-convex
shapes, we have used the following function describing their
radius in cylindrical coordinates:

R(6) = Ry + Asin(B6), (56)

where Ry is the reference radius, B denotes the number of

oscillations and A is the amplitude of oscillations. In the

example, we have chosen B =4 and B = 8,and A = 0.4Ry.
The associated volume area can be derived by:

v 4A’Br + 8AR) + 8B R} — 8AR cos(2B)
N 8B

A?sin(4Brm)
+ =g
which allows to chose the size of the square box in order to
meet the desired volume fraction, which here is chosen to be
f=02.

Results for the normalized effective bulk modulus are
reported in Fig. 17. We notice that size effects occur inde-
pendently of the shape of the nanostructures. As expected,
we note that the shape greatly influences the effective bulk
modulus. The circular shape offers the best stiffness against
compression, while the non-convex shapes do not resist well
to compression.

(57)

6 Conclusion

In this work, a numerical procedure has been proposed to
compute the overall elastic properties of nanomaterials and
nanostructures with surface/interface effects. For this pur-
pose, the coherent interface model has been adopted, leading
to an additional stiffness matrix. Since the ratio between the

@ Springer

surface and bulk strain energies is not preserved when the
volume fraction of the nano-inhomogeneities in a material
remains fixed but their sizes or/and shapes change, the effec-
tive properties of the material depend on the sizes and the
shapes of the nano-inhomogeneities. To handle efficiently
complex and arbitrary nano-inhomogeneities only through
regular meshes, we have developed a level-set approach in
tandem with an extended finite element method. This
approach allows the generation of complex microstructures
in an automatic manner without the burden of meshing, and
hence constitutes an efficient numerical tool for analyzing
highly inhomogeneous materials. The proposed XFEM/level
set approach has been validated in the 2D context by applying
it to different problems with known exact analytical solu-
tions. The proposed approach has also been employed to
determine the effective elastic moduli of materials with ran-
domly distributed nanopores. As expected, the effective elas-
tic moduli are not only size-dependent but also shape-
dependent with respect to nanopores.

The implementation and application of the proposed
XFEM/level set approach in the 3D context are in progress.
Note that this approach can also be extended to other mecha-
nical and physical phenomena involving imperfect interfaces.
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