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Abstract

Atoms at a free surface experience a different local environment than do atoms in the bulk
of a material. As a result, the energy associated with these atoms will, in general, be different
from that of the atoms in the bulk. The excess energy associated with surface atoms is called
surface free energy. In traditional continuum mechanics, such surface free energy is typically
neglected because it is associated with only a few layers of atoms near the surface and the ratio
of the volume occupied by the surface atoms and the total volume of material of interest is
extremely small. However, for nano-size particles, wires and films, the surface to volume ratio
becomes significant, and so does the effect of surface free energy. In this paper, a framework is
developed to incorporate the surface free energy into the continuum theory of mechanics.
Based on this approach, it is demonstrated that the overall elastic behavior of structural
elements (such as particles, wires, films) is size-dependent. Although such size-dependency is
negligible for conventional structural elements, it becomes significant when at least one of the
dimensions of the element shrinks to nanometers. Numerical examples are given in the paper
to illustrate quantitatively the effects of surface free energy on the elastic properties of nano-
size particles, wires and films.
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1. Introduction

Nanomaterials in general can be roughly classified into two categories. If the
characteristic length of the microstructure, such as the grain size of a polycrystal, is
in the nanometer range, it is called a nano-structured material. If at least one of the
overall dimensions of a structural element is in the nanometer range, it may be called
a nano-sized structural element. This may include nano-particles (Alymov and
Shorshorov, 1999; Pei and Hwang, 2003), nano-belts (Pan et al., 2001), nano-wires,
nano-films, etc. Clearly, nano-sized structural elements must, by necessity, be made
of nano-structured materials.

This paper is primarily concerned with the elastic behavior of nano-sized
structural elements such as nano-particles, nano-wires and nano-films. In particular,
the size dependency of the overall elastic behavior of such nano-sized structural
elements will be investigated.

The elastic behavior of a material is characterized by its elastic modulus, which
defines the proportionality between the stress and strain when the material is
subjected to external loads. Strictly speaking, modulus is an intensive property
defined at each material point when the material is assumed to be a continuum.
Therefore, it should be independent of the size of the material sample being
considered. However, for inhomogeneous materials such as composites, it is often
convenient for engineering design to define the overall (or effective) modulus of the
material. Such effective modulus of a composite may depend on the properties of its
constituents and the relative volume fraction of each constituent.

The reduced coordination of atoms near a free surface induces a corresponding
redistribution of electronic charge, which alters the binding situation (Sander, 2003).
As a result, the energy of these atoms will, in general, be different from that of the
atoms in the bulk. Thus, the elastic moduli of the surface region may differ from
those of the bulk. In this sense, all structural elements (large or small), are not strictly
homogeneous. However, the surface region is typically very thin, only a few atomic
layers. It is thus perfectly acceptable to neglect the surface region and to use the bulk
modulus of a structural element as its overall modulus, when the size of the element
is in micrometers or larger. For nano-sized structural elements, however, the surface-
to-volume ratio is much higher and the surface region can no longer be neglected
when considering the overall elastic behavior of nano-sized structural elements.
Consequently, the effective modulus of nano-sized structural elements should be
considered, and by definition becomes size-dependent.

To include the surface region in modeling nano-sized structural elements
inevitably involves discrete (or atomistic) analysis because the boundary region is
only a few atomic layers thick. So, one of the fundamental issues that needs to be
addressed in modeling the macroscopic mechanical behavior of nano-sized structural
elements is the large difference in length scales. To establish a link between the
atomistic structure of surfaces and macroscopic bulk elastic behavior, we propose a
two-step approach. First, the surface atomistic structure and interactions should be
captured and cast into surface free energy, a thermodynamic quantity of a
continuum. Then, this surface free energy will be included in the phenomenological
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description of strain energy density in modeling the macroscopic behavior of nano-
sized structural elements. The surface energy calculation based on molecular
dynamics will be presented in a separate paper (Dingreville et al., 2005). In the
present paper, we focus on the second step, namely, developing a continuum
framework that incorporates the surface free energy into the analysis of macroscopic
deformation of nano-sized structural elements. In particular, we study the effects
of surface free energy on the effective modulus of nano-particles, nano-wires and
nano-films.

Previous work most relevant to this paper is the study on surface and interface
stress effects in thin films. It has been found (Cammarata and Sieradzki, 1989, 1994;
Kosevich and Kosevich, 1989; Banerjea and Smith, 1987; Nix and Gao, 1998) that
the surface free energy could increase the apparent in-plane bi-axial modulus of a Cu
(100) free standing film of 2 nm thick by about 15-25%. Some experimental work
(Catlin and Walter, 1960) seems to indicate that the modulus enhancement could be
as much as 50%, although it has been pointed out by later studies (Itozaki, 1982;
Baker et al., 1993) that such a large enhancement might be due to experimental
errors. When the thickness reduces to below 5nm, modulus enhancement/reduction
of 20% was also predicted (Streitz et al., 1994a, b; Cammarata and Sieradzki, 1989)
and confirmed experimentally for several multilayered metal films such as Cu—Nb
(Fartash et al., 1991). More recently, Miller and Shenoy (2000) developed a simple
model to incorporate surface stress in determining the size-dependent elastic
modulus of plates and rods. Using molecular dynamic simulations, Zhou and Huang
(2004) have shown that, depending upon the crystallographic orientations, the
effective elastic modulus of a thin free-standing film can either increase or decrease as
the film thickness decreases. The effect of surface stress on the growth of thin films
has been investigated by several researchers (e.g., Cammarata, 1997; Nix and
Clemens, 1999; Cammarata et al., 2000).

Another relevant area of research is the examination of elastic properties of grain
boundaries. A number of publications have suggested that the elastic moduli in the
grain boundary domain may differ significantly from those of the bulk. Wolf and co-
workers (Wolf et al., 1989; Wolf and Lutsko, 1989; Kluge et al., 1990; Wolf and
Kluge, 1990), who studied superlattices of (00 1) twist boundaries, as well as Adams
et al. (1989), who examined the X = 5(00 1) twist boundary in a thin film of copper,
have found an increase of the Young’s modulus perpendicular to the boundary plane
and a substantial decrease of the shear modulus in the boundary plane in the atomic
layers adjacent to the boundary. Bassani and co-workers (Alber et al., 1992; Bassani
et al., 1992; Vitek et al., 1994; Marinopoulos et al., 1998) defined the local elastic
modulus tensor and determined the values of the local elastic modulus tensor near
grain boundaries in several face center cubic metals using molecular dynamic
simulations. They, too, found that the local elastic moduli are significantly different
for atoms near the grain boundaries.

Since grain boundaries have distinct elastic properties, the effective modulus of
polycrystalline materials should also be dependent on the grain size because the
interface-(grain boundary) to-volume ratio is inversely proportional to the grain size.
Unlike the thin film case, however, existing literature has shown mixed results on the
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dependency of modulus on grain sizes. Some have reported reduction of elastic
modulus by as much as 30% (Suryanarayana, 1995; Gleiter, 1989; Korn et al., 1988)
for nano-structured materials. Others (e.g., Nieman et al., 1991; Krstic et al., 1993;
Fougere et al., 1995) argued that such reduction is purely due to porosities. However,
careful molecular dynamic simulations of copper polycrystal (Schiotz et al., 1998)
have shown that the Young’s modulus is indeed reduced by over 25% when the grain
size is reduced to 5 nm, even when the polycrystal is fully dense. Similar reduction is
seen in simulations where the nanocrystalline metal is grown from a molten phase
(Phillpot et al., 1995).

It should be mentioned in passing that an elegant mathematical theory
incorporating surface stress and interfacial energy into the continuum mechanics
formulation was proposed in the 1970s by Gurtin and his co-workers (e.g., Gurtin
and Murdoch, 1975, 1978; Murdoch, 1976; Gurtin et al., 1998). Based on this theory,
Sharma and Ganti (2003) have developed the size-dependent Eshelby’s tensor for
embedded nano-inclusions incorporating interfacial energy. The size-dependent
effective modulus of an elastic matrix containing spherical nano-cavities at dilute
concentration was obtained by Yang (2004).

2. Surface free energy and surface stress

There are different ways in which the properties of the surface can be defined and
introduced. For example, if one considers an ““interface” separating two otherwise
homogeneous phases, the interfacial property may be defined either in terms of an
inter-phase, or by introducing the concept of a dividing surface. In the first approach,
the system is considered to be one in which there are three phases present—the two
bulk phases and an inter-phase; the boundaries of the inter-phase are somewhat
arbitrary and are usually chosen to be at locations at which the properties are no
longer varying significantly with position. The inter-phase then has a finite volume
and may be assigned thermodynamic properties in the normal way (e.g., Capolungo
et al., 2005, 2005). In the second approach where a single dividing surface is used to
separate the two homogeneous phases, the interface contribution to the thermo-
dynamic properties is defined as the excess over the values that would obtain if the
bulk phases retained their properties constant up to an imaginary surface (of zero
thickness) separating the two phases. In this paper, we adopt this second approach.

The concept of a dividing surface was first introduced by Gibbs (1928) through the
use of Gibbs surface free energy (also called surface tension in some literature). The
Gibbs density of surface free energy, 7, is defined as the reversible work involved in
creating a unit area of mew surface at constant temperature, volume, and total
number of moles. To further illustrate the concept of surface free energy density for a
discrete system, consider a representative volume near the surface of a bulk crystal as
shown in Fig. 1(a). For simplicity, assume the surface is flat and homogeneous.
Results derived under these assumptions remain valid for non-planar surfaces
provided that the radius of curvature is significantly greater than the width of the
transition region, which is typically a few atomic layer thick (Blakely, 1973).
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Fig. 1. (a) Free surface of a bulk crystal and (b) surface free energy as a function of the distance away from
the surface.

The surface free (excess) energy, w,, of a near-surface atom is defined by the
difference between its total energy and that of an atom deep in the interior of a large
crystal. Clearly, w, depends on the location of the atom. For the crystal surface
shown in Fig. 1(a), the x3-dependence of w, is schematically shown in Fig. 1(b), i.e.,
it reaches its maximum value on the surface and tends to zero deep into the crystal.
In addition, w, is a function of the intrinsic crystal surface properties, as well as the
relative surface deformation. If there are N atoms underneath an area A, see
Fig. 1(a), then the total surface free energy associated with area A is given by
Zi\;l wy. Thus, the Gibbs surface free energy density is defined by

1 N
V=D e (1)
n=1

Note that the above definition is in the deformed configuration. It can be viewed
as the Eulerian description of the surface free energy density. For solid crystal
surfaces, the Lagrange description of the surface free energy density can be defined
by

r=ty @
- AO o ns

where Ay is the area originally occupied in the undeformed configuration by the same
atoms that occupy the area A in the deformed configuration. It can be easily shown
that the two areas are related through

A= Aol +¢,), 3)

where Ep is the Lagrange surface strain relative to the undeformed crystal lattice.
Continuity of the strain field requires, for example, in the particular coordinate
system shown in Fig. 1(a),

8:(/3 = 80:/;|x3=0, O(,ﬁ = 1,2,
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where ¢; is the bulk Lagrange strain of the crystal under a given external loading. In
the above and the rest of this paper, Roman indices range from 1 to 3 and Greek
indices range from 1 to 2, unless otherwise indicated. For future reference, the
Lagrangian strain measure will be used in this paper.

Having defined the surface free energy density, one can now introduce the concept
of surface stress. Surface free energy corresponds to the work of creating a unit area
of surface, whereas surface stress is involved in computing the work in deforming a
surface. Specifically, the change in surface free energy should be equal to the work
done by the surface stress as it deforms the surface area, i.c.,

d(I' o) = Ao275 dey, 4)
where 27 is the second Piola—Kirchhoff surface stress tensor. It thus follows that
dr
= e &)

This can be considered as the Lagrange description of the well-known Shuttle-
worth (1950) relation.

Now consider the total surface free energy of a given surface. Let S be the surface
area after the deformation, and Sy be the corresponding area in the undeformed
crystal lattice. It then follows from Eq. (4) that the total strain energy stored in the
deformed surface is given by

82/5
Usurface = / |:/ Ziﬁ(e:ci) deo:ﬁ:| dsSo, (6)
So LJO

where 8‘;,3 is the surface strain in the final deformed configuration, eys is the
integration variable representing the surface strain, and the fact that the surface
stress is a function of the surface strain is explicitly indicated.

Assuming the surface free energy density is a smooth function of the surface
strain, one may expand the surface free energy density into power a series of surface
strain, s;ﬁ,

or 1 ar 1 o'r

I')=Iog+——=¢ - .
( “ﬁ) 0 +68§ﬂ L) aa;ﬁaeb i T 6 aaiﬁasiﬁa;n A m

M ) ()
=To+ T pe,+ 3 I opiapts + 5 L i EapCerboy s (7
where 'y, I' ;]ﬁ), -+ . are material and surface dependent. For a given material surface,
they can be either measured experimentally or computed using atomistic simulations
(Ackland and Finnis, 1986). Their values computed using molecular dynamic
simulation will be reported in a separate publication (Dingreville et al., 2005) for

some common materials. Because of symmetry, one has I’ glﬁ) =T ;}; , T ;2/),),\ , =T fffw =
(2) (3) _7r® —_ 73 2 ©)) i :
L and I aprim = L pacimn = Dizapn = Licipmap- These conditions imply that there are

at most three independent parameters in I ;lﬁ), six in I fﬁ)m and eighteen in I’ %)wl”m'
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Substitution of Eq. (7) into Eq. (5) yields,

(1) (2) s 1pG) s o

ocﬂ - FU/i + Faﬁk/l‘srscﬂ + Fy/im/n iAé'T)ﬂ (8)
Clearly, I, (1) =TIy (1) gives the internal stress of the surface. It represents the part
of surface stress that exists even when the surface strain is absent (i.e., when

the surface atoms remain in their positions as if they were deep inside a large
afkl chzﬂ)oc[f = F}i«)}&) = ngzﬁ)mc
represents the surface elasticity tensor, while the two-dimensional sixth-order
tensor I’ Sﬁ)k_m can be viewed as the tensor of the third-order elastic constants of the
surface.

Another important comment that must be made here is that both surface free
energy density and surface stress are macroscopic thermodynamic quantities. The
basic idea of Gibbs surface energy is based on the concept of a dividing surface that
separates the two adjacent phases. Under this assumption, the surface contributions
to the thermodynamic quantities (e.g., surface free energy and surface stress) are
defined as the excesses over the values that would obtain if the bulk phases retained
their properties constant up to the dividing surface. In other words, the interface (not
interphase) is a mathematical surface of zero thickness over which the thermo-
dynamic properties change discontinuously from one bulk phase to the other. The
excess amount is associated only with the dividing surface. Obviously, this is only an
idealization of the realistic situation. In the case of a free surface, for example,
contributions to the surface free energy come from several layers of atoms near
the surface. Molecular dynamics simulations show that free surface induced lattice
distortion extends about three layers of atoms into the bulk. So, strictly speaking, the
surface free energy derives from not only atoms at the free surface, but also other
atoms near the surface. The idealization of the dividing surface is thus valid if and
only if the bulk crystal is much larger than several atomic sizes. If the bulk crystal
contains only a small number of atoms, the validity of macroscopic thermodynamic
quantities such as surface free energy is questionable.

To close this section, we note that deformation in an elastic solid due to surface
stresses has been studied quite extensively. Although not explicitly related to surface
free energy, Gurtin and Murdoch (1975, 1978), and Gurtin et al. (1998) have
developed a continuum framework for elastic surfaces of solids.

crystal). The two-dimensional fourth-order tensor re

3. Effective modulus of a particle

Conventionally, the elastic modulus of a material is an intensive property. It is
defined as a point-wise quantity that relates the stresses and strains at each point in
the material. When a material is not homogeneous, such as a composite material, its
elastic modulus may vary from point to point. In this case, the concept of effective
modulus can be introduced. For example, effective modulus is used to characterize
the overall stiffness of a fiber reinforced composite, where the fiber and matrix have
different elastic moduli.
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Now consider a particle made of a single-phase material. On or near the particle
surface, the atomistic structure is somewhat different from that of the bulk.
Therefore, a particle of a single-phase material, strictly speaking, is not a
homogeneous body. The overall stiffness of the particle needs to be characterized
by its effective modulus. However, when the particle size is large enough, the surface
region is negligible in comparison to the particle volume. In this case, the surface
region can be neglected and the particle can be considered as a homogeneous body.
Therefore, its elastic modulus is uniform and is the same as that of the material from
which the particle is made. This is no longer the case when the particle size shrinks to
the nanometer range, where the surface region becomes significant in comparison to
the particle size. Consequently, the particle must be viewed as an inhomogeneous
body, and the effective modulus of the particle needs to be used to characterize the
stiffness of the particle. In this section, a formulation is developed to compute the
effective modulus of a particle that incorporates the effect of its surface.

To this end, consider a perfect crystal of infinite extent. Within the infinite crystal,
let Q be an ellipsoidal region consisting of a certain number of atoms. Let the initial
volume of Q be V), and its surface area be Sy. Now imagine that Q is removed from
the infinite crystal to become a stand-alone particle, as shown in Fig. 2. The newly
created surface of the particle gives rise to surface stresses. Consequently, the particle
may deform. The self-equilibrium state of the particle will be discussed later in this
section. For now, simply let 7 and S be the volume and surface area, respectively, of
the particle in its self-equilibrium state.

To describe the deformation of the particle, let us introduce a uniform strain ¢; in
the bulk of the particle, where ¢; is measured from the perfect lattice of an
undeformed crystal of infinite extent. For an ellipsoidal particle, see Fig. 3, the
surface strain is related to the absolute bulk strain within the particle through a
coordinate transformation

& = Lulpieyls, )

where the transformation tensor ¢,; for the ellipsoidal surface is derived in
Appendix A.

Bulk Crystal

7

{ Q 1

' .
, ;
- v

S,
el
\

1

0

Fig. 2. A particle is created by removing it from a bulk crystal.
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Fig. 3. An ellipsoidal particle.

The total strain energy of the particle corresponding to &; can then be written as,
U = Upuik + Usurface: (10)

where Upyik is the total strain energy in the bulk of the particle,

Vo= [ [ g desdvo= [ 106 - a01avs, (n
Vo Cij

where @ is the bulk elastic potential, which can be expanded into a series of the bulk
strain tensor,

1 1)
P = 5Cyziiens + cCoipmnCiretemn + s (12)

where Cj; and CI i ATE, TEspectively, the tensors of second- and third-order elastic
constants of the perfect crystal lattice. Substituting Eq. (12) into Eq. (11) and
neglecting higher order of strains leads to

3
Upuk = Vo [%Cijklgijskl + %nyk)lmngzﬁkﬁmn} : (13)

The total surface free energy on the entire particle surface follows from Eq. (6),

g
Usurface = / |:/ Z;;(eml) deoc[f:| dsSp. (14)
So 0

Substituting Eq. (5) into Eq. (14) yields,

&y dIl
UMM=/{ ' dmh&=/V@»4mm&. (15)
So LJO dea,; So
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Making use of the expansion (8) in Eq. (15), one has
2
Usurface = / |:F§¢1ﬁ) ;ﬁ + lrg(/f)}cl?xﬁgh/u + Faﬁ;c)w] 1ﬁ€1c)8m dSO’ (16)

where the surface strain is related to the bulk strain within the particle through the
coordinate transformation (9). Substitution of Eq. (9) into Eq. (16) yields the strain
energy stored in the surface of the ellipsoidal particle Q2 when it is subjected to the
bulk strain &,

Vo Vo Vo
Usutface = 7 Tiigj + % Qijklsij'gkl + a Pijklmngijgklgmm (17)

where a is the smallest of the three semi-axes of the ellipsoid and

_ 4 Q) _ ¢ )
T = 70/50 I ptaitpy dSo, Oy = 70/&] I g taitpitintir dSo, (18)

Pijklmn = VO/S F;—;}k}m O(ltﬁj Kkt/Jt)m nn dSO (19)

The fourth-order tensor Q;;, can be viewed as the surface rigidity tensor. It
represents the combined effect of the surface stiffness, I'? Py and the surface
geometry. Note that the surface rigidity tensor has the dimension of force per unit
length. It possesses the usual symmetry of stiffness tensors, Qi = Oy =
Qi = Oy~ The integrals in Egs. (18)—(19) can be further written as

3 2n n

= /0 { /0 Ity dqs} do, (20)

3 2n n @
Qz_‘ik/ = E/O [/0 Faﬁ,(;itozit[i/‘t;ckt/llp dd):| d0, (21)

3 2n n 3
Pty = — r taitgitiiciitymtynp dep | O, 22
ikl 4n/0 UO aprcign Ly ik Lt ymyn ¢] 22)

where

p = sin d)\/sm ¢ cos? 0 +4 b_ sin” ¢ sin® 0 + cos2 o. (23)

It is important to observe that these tensors depend on the shape of the ellipsoid, but
not the size.
It then follows from substituting Eqgs. (17) and (11) into Eq. (10) that

Vo Vo 1 Vo 1
U= a — Tij&jj + 7 (Cykl + - szkl) &ijkl +— 6 (Cffk)lmn + E Pijk[mn) EijCkl€mn-

24)

This gives the total strain energy of the particle when it deforms relative to the
undeformed perfect crystal lattice of an infinite extent.
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Because of surface stresses, the self-equilibrium state of the particle is different
from the perfect crystal lattice of an infinite extent. The strain tensor, &;, that
describes the deformation from the perfect crystal lattice to the self-equilibrium state
of the particle can be found by minimizing the total strain energy. To this end,
consider

1 . 1 1 . n 1
= (Cijkl + E Qijkl) ekl + = (Cgk)lmn + EPI'jklmn) Elemn + Efij =0.

V()aﬁ,'j 2

S,‘,‘:é‘,‘/
(25

This is a set of six quadratic equations which, in general, needs to be solved
numerically for the six components of self-equilibrium strain tensor ;. Once &; is
found, the effective modulus tensor of the particle at the state of self-equilibrium can
be defined as

- * (U
Cijkl - asyaskl (70)

Note that in deriving Eq. (26), it has been assumed that the strain in the ellipsoid
bulk is uniform. Consequently, the effective modulus tensor given by Eq. (26) is
generally an upper bound.

When the self-equilibrium strain is small, i.e., &; < 1, the quadratic term in Eq. (25)
can be neglected. This yields the self-equilibrium strain,

1 | R
= Cijkl + E Q;’/’kl + (Cf;k)[mn + 5P1f/'klmn> Emn- (26)

e=¢

) 1 1 -
by~ (Cijkl + QW) Thi- (27)
Substitution of Eq. (27) into Eq. (26) leads to
~1
- 1 1/ 3 1 1
Cijkl = Cijkl + 2 Qg/‘k] - E Cijklmn + EP ijklmn Cmnpq + 5 anpq Tpq- (28)

This is the effective elastic modulus tensor of the particle.
Further, if one assumes

1 1
Cijr > 2 Qi C?ﬁ/mn > a Pijctmn, )

Eqgs. (27)—(28) can be simplified to obtain the explicit expressions of the self-
equilibrium strain and the effective elastic modulus tensor,

. | 1

& ~ _Ecijklrkl = —ZMijklfkla (30)
- 1 ()

Cir = Cijra + E(sz/k] - Cg,'kzmannquM)' S

where M = C,-;kl, is the compliance tensor of the bulk crystal.

As mentioned earlier, Q;;; and Py, are independent of the particle size a.
Therefore, the assumptions made in Eq. (29), for a given material, effectively place a
lower limit on the particle size for which the explicit expressions (30)—(31) are valid.
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All of our numerical experiments have shown that Eq. (29) is met for a as small as a
few nanometers.

It is seen that the contribution of the surface energy to the effective modulus of the
particle is inversely proportional to the particle size. It will be shown later
numerically that the surface energy contribution is negligible unless the particle size
approaches the nanometer range.

To close this section, it is worth mentioning that if the surface stiffness tensor is
independent of the location, i.e., the surface is homogeneous, then the tensor O,
can be obtained analytically for spherical particles (¢ = b = ¢), wires and fibers.
Their expressions are given in Appendix C.

3.1. Thin films

Consider a thin film made of a single crystal with cubic symmetry. Further, it is
assumed that the top and bottom surfaces of the film are the {100} planes of the
cubic crystal. In the crystallographic coordinate system shown in Fig. 4, the second-
and third-order elasticity tensors of the crystal are denoted by Cj;; and Cff,g,mw
respectively. Using the Voigt notation, the non-zero, independent components of
these tensors are Cyy, C1p and Cyy for Cyyg, and Cyyy, Cii2, Ci23, Ciag, Ciss and Cysg
for Cgk)zmn- The relationship between indices of the Voigt and tensorial notations is
given in Appendix B. For example, 11 — 1, 23 — 4, thus, Cjjp3 = Cj4 and
C(131)2323 = Ciu.

In this particular case, the integrals in Eq. (18) can be easily evaluated to yield the
non-zero components of t; and QO

T =133 =Ty, (32)

0100 = 03333 =K+ 188, O3 =K — 1%, QOgps =110, (33)

where I'yy, K* and p° are related to I Sﬁ? and I' ;?;c). as indicated in Appendix B.
Substituting the above into Eq. (31) yields the effective modulus tensor. Non-zero
components of the effective modulus tensor for the thin film in terms of the Voigt
notation are given in Appendix C.

:

Y

X3
2a
X2

Fig. 4. A single crystal film.
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It is seen from these expressions that the effective modulus tensor no longer has
cubic symmetry. It becomes orthotropic. One quantity of interest is the in-plane
unidirectional Young’s modulus in the (100) direction,

5 = =2
_ _ _ - - C1Cyn—C
Enooy = En = FE; =(Cn—Cy)|l +$_;2 : (34)
CnuCn—Ch
Substituting Egs. (C.4)—(C.9) into Eq. (34) and keeping terms only up to 1/a yields
_ 1
Eqoo =E<100>+5(KSK+F11X), (35)
where
2C%
Eioop=Cip — 12— 36
100) = E T Cn (36)
is the unidirectional Young’s modulus of the bulk crystal in the (1 00) directions and
2 2
w (C11+2C12> < Cn )
K=—|——] +|=——F]), 37
K\ CnCn Cii+Cn G
_ n [(2@2 - C?l - 2C12C%1 - 2C%2C11> C
’1= 3 111
(Ci1 + Ch2) CiiCr
2, 4C? 2C4
+(6C11—J+—12>C112+2(C11—2C12— 12>C123]- (38)
Cn  Cy Cn

Clearly, ¥ and y are due to surface stress and third-order elastic constants. The
parameter # in the above equation is defined in Appendix C by Eq. (C.10).
The in-plane biaxial Young’s modulus is defined as

=2
_ - - 2C
Ey=Cn+ Cyn——212. (39)
Cn
Substituting Eqs. (C.4)—(C.9) into Eq. (39) and keeping terms only up to 1/a yields
_ 1
Ey = Ep +5(2KS+F11X), (40)
where
207
Ey=Cp+Cp——312 (41)
Cn

is the biaxial Young’s modulus of the bulk crystal in the {1 00} planes and

4c1, 1 2 1 4Cp, 6
- | +3 -5 |Cin+—=—C
<Cfl Cp) M Cu Cn (3 e,

1=n . (42)

Clearly, y is due to surface stress and third-order elastic constants.
Under biaxial loading, 02, = 633 and o1; = 0, one can define an effective biaxial
Poisson’s ratio, 7, = —é&; /e, where ¢ = &, = ¢33 because of the cubic symmetry in
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the x>x3-plane of the film. Making use of the above equations in conjunction with
Eqgs. (C.4)~(C.9), one arrives at

Vb

:2C12+ 2l'n

4Cy, 204,
—1)Cia — Ci — Cins |, 43
C]] aCnClz ( ) 112 C2 111 123 ( )

Cyj 1

where the first term is the biaxial Poisson’s ratio for a bulk crystal.

It is noted here that when 7, is assumed to be independent of the film thickness,
i.e., neglecting the second term in Eq. (43), the effective biaxial Young’s modulus
(40) reduces to the effective biaxial modulus derived by Streitz et al. (1994a).

The self-equilibrium strain of the film follows directly from Eq. (27),

2/C 0 0
p=t 0 —1cn 0 | (44)
“ 0 0 —1/Cp

Clearly the sign of I'j; determines whether there is a negative (contraction) or
positive (dilatation) relaxation of the film in the plane directions. For Cj;>0,
positive I'1; would yield negative in-plane strain and positive transverse stain. The
same result for the in-plane self-equilibrium &, = &3 has been obtained by Streitz
et al. (1994a).

3.2. Thin wire of square cross-section

Now, consider a thin wire of square cross-section made of a single crystal with
cubic symmetry as shown in Fig. 5. Again, assume that the surfaces of the wire are
the {100} planes of the cubic crystal. The corresponding effective modulus tensor of
the wire can be directly computed from the general formulas given by Egs. (27)—(40).
The non-zero components of the effective modulus tensor are given in Appendix C,
see Egs. (C.20)+(C.25).

It is seen from Egs. (C.20)—~(C.25) that, just like in the case of the film, the effective
modulus tensor becomes orthotropic. The unidirectional Young’s modulus in the
axial direction is given by

_ 1
Eioo =E<100>+5(KSK+F11X)7 (45)
X1 A
X3 \1,
Xo 2a
N

Fig. 5. A thin wire of square cross-section.
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where
204,
Cii+Cp

is the unidirectional Young’s modulus of the bulk crystal in the (1 00) directions and

Eqoo = Ci1 — (46)

(G2t Chach )
K\ Cin+Cn (Cii + Cp)*’
2
n Cn)
= — > 13(2C;; —4Cp—— | C
g (Cn +C12)2{ < " PTcon) "
4¢3,
+(C1112_C_1;) C111+6C11C123} (48)
The Poisson’s ratio is given by
1
Vi3 =73 =vi3+ E(KSK +T'1iy), (49)
where
Cn
=V = 50
Vi3 = V23 i+ C (50)
is the Poisson’s ratio of the bulk crystal and
C e 2C
o= 1 2_M_S 1+ 122) (51)
(Ci+Cn)” K (Ci+C)
n Ci
-1 _I(1-2=22)cC
* (Cii+ C)* K Cll) 111
3C11 4C12 Cll 2C12
4 — — C 3——— Cinl. 52
+< Chy C”) 112+< C12+ C”) 123] (52)
The self-equilibrium strain is given by
[ C11 —2Cp T
_—= 0 0
CinCn
. =TIy Cip —2Cy2
= 0 —_—
¢ a CinCn (53)
2
0 0 —_—
L C12_

3.3. Spherical particles

Consider a spherical particle made of an isotropic elastic solid. Furthermore,
assume that the particle’s surface is homogeneous and isotropic. Clearly, this is an
idealized case, for in reality a curved crystal surface inevitably involves different
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crystallographic surfaces, and thus becomes non-homogeneous and anisotropic. It is
nevertheless interesting to study such an idealized case because of the simplicity of
the solution.

Under such assumptions, the tensors Q,;; and Ry = Cf;k)lm”M mnpgTpq Can be easily
obtained analytically by setting ¢ = b = ¢ in the equations derived earlier. Their
expressions are given in Appendix C, see Egs. (C.26)—(C.28).

Making use of Egs. (C.26)—(C.28), one can easily find that the effective stiffness
tensor is still isotropic for an isotropic spherical particle with isotropic surface. For
such a particle of radius a, the effective bulk and shear moduli are

_ 47 . I (3 4

K_K+§{K K(2L+3M+3N>}, (54)
171 or

=g+ |= (K +61’) — =L 3M +4N)|, (55)
als 3K

where K and u are, respectively, the bulk and shear moduli of the bulk material, L,
M and N are the third-order elastic constants related to Cy, see Appendix B.

Making use of Eq. (27), one can compute the self-equilibrium strain of the
spherical particle,

2I'y
3aK 7

This is identical to the result given by Cammarata (1997). It is seen from Eq. (56)
that a positive I';; would mean a contraction of the sphere due to surface stress.

&j = — ;Mijklfkl = (56)

4. Numerical examples and discussion

In this section, several numerical examples for the effective modulus and effective
Poisson’s ratio of copper spherical particles, wires of square cross-section and films
are presented. For the films and wires, it is assumed that they are made of copper
single crystals and that their crystallographic directions coincide with the surfaces of
the films and wires as shown in Figs. 4 and 5. The cubic (second-order) elastic
constants of the copper single crystals are C;; = 167.38 GPa, C, = 124.11 GPa. The
third-order elastic constants and the surface properties are given in Table 1. For
the spherical particles, the isotropic elastic properties given in Table 2 are used. The
elastic properties listed in Tables 1 and 2 are taken from (Dingreville et al., 2005).

Table 1
Bulk and surface elastic constants for single crystal copper

Ci11 (GPa) Ci12 (GPa) Ci23 (GPa) Iy (J/m?) K* (J/m?) u* (J/m?)

832.02 —621.92 15.29 1.3961 2.6755 —3.5524
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Table 2
Bulk and surface elastic constants for polycrystal copper (isotropic)
K (GPa) u (GPa) I (J/m?) K*(J/m?) & (J/m?)
138.53 43.28 1.3961 2.6755 —3.5524
25
e — E<100>/E<100> (film)

4 2.0 —— E;, /E, (film)

g _

= E<100> / E<100> (Wire)

8 1.5 1

=

3

> AAAAAAAAAAAAAA

Bl1O+-—————————— P wh S v S =i TS CFEE S

N

B

£

2 05 4

0.0 T T
0 4 8 12

Thickness 2a (nm)

Fig. 6. Normalized effective Young’s modulus of Cu films and wires of various sizes.

The effective unidirectional and biaxial moduli for single crystal Cu films and
wires of various thicknesses are plotted in Fig. 6. For the wires, the axial Young’s
modulus increases as the wire becomes thinner. For a Cu wire with diameter of 4 nm,
the axial modulus is almost 20% more than its bulk value. A similar trend is seen for
the biaxial modulus of Cu films. However, the uniaxial Young’s modulus for the film
shows the opposite trend, i.e., it decreases with film thickness. For a 2 nm thick film,
the uniaxial modulus is almost 20% less than its bulk value. Intuitively, one would
think that the uniaxial Young’s modulus for the film should behave more like the
axial Young’s modulus of the wire, because a film under uniaxial tension can be
viewed as a row of many wires placed side-by-side under identical axial tension. This
would be the case if the surface effect were not a factor. When the surface effect is
significant, a row of wires placed side-by-side is no longer equivalent to a film
because the surface area for the row of wires would be much larger.

The Poisson’s ratio for the wire and the biaxial Poisson’s ratio for the film are
plotted in Fig. 7 for wires and films of various thicknesses. The dashed lines indicate
the bulk values without the effect of free surfaces. It is seen that the bi-axial Poisson’s
ratio of the film decreases with decreasing film thickness, while the axial Poisson’s
ratio of the wire increases with decreasing wire thickness. In both cases, a sharp
change occurs around thickness of 2nm. It is interesting to note that molecular
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Fig. 7. Poisson’s ratio for the films and the wires of various sizes.
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Fig. 8. Self-equilibrium strain for films and wires of various sizes.

dynamic simulations by Diao et al. (2003, 2004) have shown that single crystal gold
wires undergo a phase transformation from face-centered cubic symmetry to body
centered tetragonal symmetry when the wire diameter reduces to around 2 nm due to
surface stress, giving rise to a significant increase in Poisson’s ratio.

Plotted in Fig. 8 is the self-equilibrium strain for the films and wires. The in-plane
strain for the film and the axial strain for the wire are both negative, indicating a
reduction in size (area of the film, or length of the wire). This is due to the tensile
surface stress for Cu in the (100) direction. Accompanying the size reduction is the
thickness increase indicated by the positive transverse strain for both film and wire.
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Fig. 9. Normalized effective modulus for spherical particles of various sizes.
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Fig. 10. Self-equilibrium strain for spherical Cu particles of various sizes.

It is noted that the self-equilibrium strain is rather significant. For example, a film of
4nm thickness could have an in-plane shrinkage of over 0.6% and transverse
expansion of almost 1%.

Now, consider a spherical particle made of isotropic elastic material with elastic
properties given in Table 2. The effective shear and bulk moduli of the particle are
shown in Fig. 9. It is seen that the shear modulus is much less influenced by the
surface energy. The self-equilibrium strain of the particle is shown in Fig. 10. Clearly,
for a Cu particle, the surface tension tends to shrink the particle. For a particle of
2nm in diameter, the radial strain is about 1%.
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Fig. 11. Comparison of the in-plane uniaxial Young’s modulus of Cu films between the results of MS
simulation and the present method.

Finally, as a partial validation of the model developed here, the effective Young’s
modulus of thin films of various thickness was also computed using molecular static
(MS) simulations. The embedded atom method was used in conjunction with the
conjugate gradient method in the MS simulations. A detailed description of the MS
simulation can be found in Dingreville et al. (2005). It is worth mentioning here,
though, that the MS simulation is much more computationally intensive than the
method developed here. The MS simulation results for the in-plane uniaxial Young’s
modulus are shown in Fig. 11 together with the results from the present model. It is
seen that the agreement is excellent for a film as thin as 1 nm. It is also noted that the
values shown in Fig. 11 also agree very well with the results by Zhou and Huang
(2004) using molecular dynamic simulations and ab initio calculations.

5. Summary

In this paper, a framework is developed to incorporate the surface free energy into
the continuum theory of mechanics. Analytical expressions were derived for the
effective elastic modulus tensor of nano-sized structural elements that account for
the effects of surface free energy. Explicit expressions of the effective elasticity
tensors were obtained for thin films, wires and spherical particles. The solutions
derived here show that the overall elastic properties of structural elements (such as
particles, wires, films) are size-dependent. Although such size-dependency is
negligible for conventional structural elements, it becomes significant when at least
one of the dimensions of the structural element shrinks to nanometers. Numerical
examples for copper were given in the paper to quantitatively illustrate the effects of
surface free energy on the elastic properties of nano-sized particles, wires and films.
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It is found that the effect of surface energy on the elastic behavior becomes
significant when one of the characteristic dimensions is below about 10 nm.
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Appendix A. Coordinate transformation

Consider the ellipsoid Q shown in Fig. 3. When the ellipsoid is subjected to a
uniform strain field, ¢;, the surface of the ellipsoid deforms accordingly. Let the two-
dimensional surface strain tensor, s;ﬂ, be defined in a local coordinate system
(i, 1p,13), where i; and i, are tangent to the surface, and i3 is normal to the surface.
Clearly, the choice of i; and i, is not unique. The following approach is taken to
uniquely define the local coordinate system on the ellipsoidal surface.

In the spherical coordinate system,

x;=rcosOsin ¢, x;=rsinfsin¢, x3=rcosd,
0<0<2n, 0<p<m, (A1)
a point on the surface of the ellipsoid can be represented by the vector,
R(0, ¢) = a cos 0 sin ¢pI; + b sin 0 sin ¢l + ¢ cos ¢ls. (A.2)

A local coordinate system at this point may be introduced by the following three
unit vectors:

1
i3 =— (cos 0 sin ¢I; + a sin 0 sin ¢l +g cos ¢I3), (A.3)

d] b C

OR /||OR 1 a .
i = @/H@H = A <_E sin 01; + cos 912), (A.4)
i =iy x iy = — cos 0 cos ¢l +a725in9cosd>l —@sin(bl (A.5)
TR R T i, " bed d, T d » '

where
.2 Clz .2 .2 a2

di = y/cos?0sin” ¢ +? sin” 0'sin” ¢ +c—2 cos? @, (A.6)

2
dy = ,/% sin 0 + cos2 0, (A.7)
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The transformation matrix between the global (I}, I,,1I3) and the local (i, i, i3)
coordinate systems is thus given by

[ @ . dy . ]
dids cos 6 cos ¢ bedids sin 6 cos ¢ 4 sin ¢
a 1
1= - 0 — 0 0 ) .
[#7] b, sin & cos (A.8)
1 . a . .
_ d—lcos9smq§ Msm@smqﬁ ol cosqﬁ_

Therefore, according to the tensor transformation rule, the surface strain in the
local coordinate system can be written as

s,;[; = tyilp;sij. (A.9)
For a spherical particle (¢ = b = ¢), the transformation matrix reduces to
cos B cos ¢ sinfcos¢ —sin ¢
[tj]1=| —sin0 cos 0 0 . (A.10)

sin ¢p cos 0 sin ¢ sin @ cos ¢

Appendix B. Bulk and surface elasticity tensors

When subjected to a strain field ¢;, the strain energy of an elastic body can be
written as

b= Cl/klgljgkl +¢ C,]k/mngt/gklgmn + - (Bl)

where C,]kl is a fourth-order tensor consisting of (second-order) elastic constants,
and C( 4 1s a sixth-order tensor consisting of the third-order elastic constants of the
solid. It can be easily shown that the following symmetry conditions must be met by
these tensors:

Ciwi = Cjirr = Cray, (B.2)
(3) 3 _ ~3) 3 _ B _ A0 (3)
Cz/klmn - Cjiklmn - Cklmm/ - Cmnzjkl Czjmnkl Cnmkly Cklijmn' (B3 )

Instead of the tensorial notation, it is convenient in certain cases to use the Voigt
(contracted) notation for these tensors. For example, Cy; is used for Cyyy;, Cy3 is
used for Cyy2, Cia3 is used for Cyj7 233, etc. The general rules to contract the indices
are (11) — (1), (22) = (2), (33) — (3), (12) — (6), (13) — (5), (23) — (4). Of course,
the symmetry properties of the elasticity tensor remain in their contracted form, e.g.,
Cip = Cy1 and Cip3 = Capa.

For solids with cubic symmetry, there are three independent non-zero second-
order elastic constants for Cyy,

Cii=Cpn=Cpn, Cp=Ci3=Cy, Cyu=Css=Ce (B.4)
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and six independent non-zero third-order elastic constants for ct

ijklmn>
Ciit = Cp = C333, Ciag = Coss = Cip, (B.5)
Cin=Cii3 = Cin = Ci33 = Cyp3 = Ca33, (B.6)
Ciss = Cio6 = Coas = Cog6 = Caas = C355, Cio3, Cyse. (B.7)

For isotropic solids, the number of independent elastic constants is further
reduced. For Cjy, there are only two independent ones. They are

4 2
C11=C22=C33=K+?M, C12=C13=C23=K—?ﬂ, (B.8)
Cyy = Cs5s = Cg6 = I, (B.9)

where K is called the bulk modulus, p the shear modulus.
For isotropic solids, C®  has three independent non-zero constants L, M, N.

They are related to Cju b”;dm"
Ciit = Cop = Cyz3 = L+ 6M + 8N, (B.10)
Cryg = Coss = C366 = M, (B.11)
Ciin=Cii3=Cin=Ci33=Cn3 = Co3 =L +2M, (B.12)
Ciss = Cie6 = Coas = Cae6 = C3as = C355 = M + 2N, (B.13)
Cis= L. Caso=N. (B.14)

In terms of the Kronecker delta J;, these elasticity tensors can be written
conveniently as,

2
Cijkt = Ko + ﬂ(éikéjl + 0udjik — §5U5kl>, (B.15)
ng3k?/mn = L(Sijékl(smn

+ M(ai/‘akméln + 5(/510151)11 + 5[1715_/n5k1 + 51’n5/‘mék1 + 51’k5_/‘15mn
+ 51’15jk(smn) + N(éikéjméln + 5im5jk51n + (Sil(sjmékn + 5in15j15kn

+ 0k 0ju0im + Oin0jkOim + 0i10jn0km + 0inji0m). (B.16)
Next, consider the surface elasticity tensors I’ S/}) and I (yzﬁ)K ;- Again, it follows from
the definition (7) that certain symmetry conditions must be met,
1) _ () @ _r@ _ @
Fazﬁ - Fﬁot’ Fozﬂic/l - Flc).oc/i’ - Fﬁoac).' (B17)

@)

ofKi

defined). For isotropic surfaces, both I (a;) and I

In general, I Sﬁ) and I can be anisotropic in the surface (where they are

@ should be isotropic. It can be

ofik
shown (Aris, 1962) that I' ;1/3) is isotropic if and only I’ (112) =T (211) =0and I (111) =T (212),
and F%)M is isotropic if and only F(121)12 = F(122)22 =0, and F(lzl)“ =
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r (222)22 =T (121)22 +2I' (122)12. This is the case if the surface has a rotation axis of three-fold
or higher symmetry (Buerger, 1963). Therefore, for a {111} surface, which has
three-fold symmetry, and for a {100} surface, which has four-fold symmetry, the
surface stiffness tensors can be written as

r') = I'11048, re

aff T aficl

= K®3,40,; + 15000 + 05501 — OupOics). (B.18)

Appendix C. Special cases
C.1. Films

For the film shown in Fig. 4, the integrals in Eq. (18) can be written as integrals on
the top and bottom surfaces of the film. On these surfaces, the integrands in both
integrals are constants. Thus, they can be easily carried out to yield Egs. (32)
and (33). Consequently, the non-zero components of the fourth-order tensor Rj; =

3 .
Cg.jk),anmnpqrpq are obtained as

c c Ci+C 2C
Ry = ZF”"(%_C;IIII)’ Ri1 = Rz = Fll"( 123Clz - C;:z)’
(C.1)

Cin+ G 2C Ciz_Cis

R2222:R3333=F11’7( 111C]2 - C11]12>’ R2233=2F1117(C11122— Cl]213>,
(C.2)

o Cra+ Ciss  2C
Roypz = 2F“’7(C11525_C114:)’ Rizi3 = Ripip = F11’7< 144C12 - C11155>’

(C.3)

where Cyy are related to their third-order elastic constants as indicated in Appendix
B and 7 is defined by Eq. (C.10). The non-zero components of the effective elasticity
tensor for the thin film in terms of the Voigt notation can then be obtained from
Eq. (31),

_ 21y (Cm Cllz)
1 1 P i Cn (€4
_ - I'iin (2C112 Ciz+ Chnn
Cir=Cp=C — , C.S5
12 13 12+ P ( Cu ch (C.5)
_ _ 1 ) ) 2C C C
C22=C33=C11+—[(K5+M5)+F1117( IENR T 112)}, (C.6)
a Ci Ci
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Cis Cin

Cypy=Ci+- [(K5 —u )+2F1m(C—1_C—12>]

= 1 Ciaa  Ciss
Cos = Cag +— |8 + 20 (28 =150 |
44 44+a [,u + 11’7(C“ C]2>:|

Cos = Coe = Cus +F11'7 (2C155 _Ciu+ C155>’

a C]] Clz
where 7 is a non-dimensional constant given by
_ CnCn
(C11 +2C)(Cii — Cra)

1851

(C.7)

(C.8)

(C.9)

(C.10)

Note that the positive definiteness of the strain energy density requires Cy; > |Ca|.

Thus, =0 if C,=0.

C.2. Wires

For the wire shown in Fig. 5, the integrals in Eq. (18) can be written as integrals on
the lateral surfaces of the wire. On these surfaces, the integrands in both integrals are

constants. Thus, they can be easily carried out to yield,

m=tmn=1In, t33=2",
O = 00 =K+ 18, Q333 = 2(K° + 1),

01133 = 003y = K° — 1%, Qo3 = Q313 = 11

(C.11)
(C.12)
(C.13)

Consequently, the non-zero components of the fourth-order tensor Rji =

O

ijkimn

Ry = Rpxn = Fni’l(

M pynpqTpq are obtained as

Cin+3Ci2 2(Cin + Cllz))
Ci Cii ’

2
R3333=2F1117<C1”+C”2 C112>

C

2
R1122:2F11n<C112+C123 C112>

C

2
Rii33 = Rz = F1111(C123 lecm - (CHZC—S Cm)),

2
R2323 = ]€1313 — Fll"](C144 leCISS _ ((/1144CV—:—l C]55)>’

C C 2C
Rispy = 2F11’1< 144 + Cyss _ 155>.

Ci Cii

(C.14)

(C.15)

(C.16)

(C.17)

(C.18)

(C.19)
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The non-zero components of the corresponding effective elasticity tensor are thus
given by

_ - 1 2(C C C 3C
C11=C22=C11+5[(K5+M5)+F1111(( it Cp) _ Con 112)},

Cy Cp2
(C.20)
- 1 2C Cip1+C
C33=C11+—{2(KS+MS)+2F1117< 2 “zﬂ, (Ca1)
a Ci Ci
- 2I'n (2C1H2 Ciz+ Crnn
Cp=C — C.22
12 12+ P (C“ Ch >, ( )

_ _ [ 2(C C 3C C
Cis = oy = C12+5 (KS—MS)+F1171< (Cii2 + 123)_ 12 + 123)},

Ch Ciz
(C.23)

_ _ 1] . 2(C C C 3C
Co = Css = C44+5 ,ub-l-Fm']( (Caa+ Ciss)  Cia+ 155)} (C.24)

Cu Ci

_ 2r 2
Cog = Cag + 201 Ciss  Cia+ Ciss ' (C.25)
a C11 C12
C.3. Spherical particles
4 | s 2
Ok = 3 K601 + E(K + 67| ik + 0idj — 3 0ii0x1 |, (C.26)
T = 2I'110y, (C.27)
2F11 8
Ry = =L (3L+6M+-N)s;
ijki 3K (3 + 6M + 3 N) 5/51(]
2r 2
+ le(w +4N) <5ik5j, + 00 — 35!-,5”) . (C.28)
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