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Abstract

The mechanical response of nanostructures, or materials with characteristic
features at the nanoscale, differs from their coarser counterparts. An important
physical reason for this size-dependent phenomenology is that surface or inter-
face properties are different than those of the bulk material and acquire significant
prominence due to an increased surface-to-volume ratio at the nanoscale. In

K. Mozaffari - S. Yang - P. Sharma (<)
Department of Mechanical Engineering, Cullen College of Engineering, University of Houston,
Houston, TX, USA

© Springer Nature Switzerland AG 2019 1
W. Andreoni, S. Yip (eds.), Handbook of Materials Modeling,
https://doi.org/10.1007/978-3-319-50257-1_48-1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-50257-1_48-1&domain=pdf
https://doi.org/10.1007/978-3-319-50257-1_48-1

2 K. Mozaffari et al.

this chapter, we provide an introductory tutorial on the continuum approach
to incorporate the effect of surface energy, stress, and elasticity and address
the size-dependent elastic response at the nanoscale. We present some simple
illustrative examples that underscore both the physics underpinning the capillary
phenomenon in solids as well as a guide to the use of the continuum theory of
surface energy.

1 Introduction

In a manner of speaking, a free surface or an interface is a “defect.” We will use
the word “surface” to imply both a free surface as well as an interface separating
two materials. It represents a drastic interruption in the symmetry of the material —
much like the more conventionally known defects such as dislocations. Imagine
the atoms on a free surface. They have a different coordination number, charge
distribution, possible dangling bonds, and many other attributes that distinguish
them from atoms further away in the bulk of the material (Ibach 1997; Cammarata
2009). It is therefore hardly surprising that the surface of a material should have
mechanical (or in general other physical) properties that differ from the bulk of the
material. In other words, as much as conventional defects (such as dislocations)
impact the physical response of materials, so do surfaces. However, for coarse-sized
structures, the surface-to-volume ratio is negligible, and so even though surfaces do
have different properties, they hardly matter in terms of the overall response of the
structure. This situation changes dramatically at the nanoscale. As a rather extreme
example, 2 nm cube of Copper has nearly 50% of its atoms on the surface. What
length scale is “small enough” for surface effects to become noticeable arguably
depends on the strength of the surface properties. For hard crystalline materials, this
length scale is certainly below 50 nm and often only of significant importance below
10nm (Miller and Shenoy 2000). Ultra-soft materials (with elastic modulus in the
1-5kPa range) are an interesting exception where even at micron scale, surface
energy-related size effects may be observable (Style et al. 2013).

In a continuum field setting, the role of surfaces may be captured by assuming
that they are zero-thickness entities and possess a nontrivial excess energy that is
distinct from the bulk. The surface energy concept for solids encompasses the fact
that surfaces appear to possess a residual “surface tension”-like effect known as
surface stress and also an elastic response, termed “surface or superficial elasticity.”
In the context of fluids, “capillarity” has long been studied, and the concept of
surface tension is well-known (see Fig.1). The situation for solid surfaces is
somewhat more subtle than fluids in many ways since deformation is a rather
important contributor to surface energy — which is not the case for simple liquids.
For a simple liquid, surface energy, the so-called surface stress and surface tension
are the same concept. This is not the case for solid surfaces. For further details, see
a recent review article by Style et al. (2017). Given the existence of an extensive
body of work on this subject, we avoid a detailed literature review and simply point
to the following overview articles that the reader may consult (and the references
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Fig. 1 The ramifications of surface energy — in the form of surface tension — are well-known from
our daily lives and are illustrated in this schematic. Surface tension forces, for instance, assist in
overcoming gravity and enable the floatation of a ball. The ability of a water spider to walk on the
water surface is another example. Also shown is a schematic of a capillary tube, frequently used
by biologists and chemists, to highlight how surface tension causes water to be drawn up the tube

therein): (Javili et al. 2013; Duan et al. 2009; Wang et al. 2010, 2011; Li and Wang
2008; Cammarata 2009; Ibach 1997; Miiller and Sauil 2004). We will primarily
follow the approach pioneered by Gurtin, Murdoch, Fried, and Huang (Gurtin and
Murdoch 1975b; Biria et al. 2013; Huang and Sun 2007) and attempt to present
a simplified tutorial on the continuum theory for surface energy. For the sake of
brevity and with the stipulation that this chapter is merely meant to be a first step to
understand surface elasticity, we avoid several complexities and subtleties that exist
on this topic such as choice of reference state in the development of the continuum
theory (Huang and Wang 2013; Javili et al. 2017), consistent linearization from a
nonlinear framework and differences in the various linearized theories (Javili et al.
2017; Liu et al. 2017), curvature dependence of surface energy (Steigmann and
Ogden 1997, 1999; Chhapadia et al. 2011; Fried and Todres 2005), and generalized
interface models that may allow greater degree of freedom than just a “no slip”
surface c.f. (Gurtin et al. 1998; Chatzigeorgiou et al. 2017). We also present three
simple case studies or illustrative examples that both highlight the use of the theory
and the physical consequence of surface energy effects. While the focus of the
chapter is primarily on mechanics and, specifically, elasticity, the framework used
in this chapter can be used as a starting point for applications outside mechanics.
Indeed, surface energy effects are of significant interest to a variety of disciplines
and permeate topics as diverse as fluid mechanics (de Gennes et al. 2004), sensors
and resonators (Park 2008), catalysis (Miiller and Sadl 2004; Haiss 2001; Pala and
Liu 2004), self-assembly (Suo and Lu 2000), phase transformations (Fischer et al.
2008), biology (Liu et al. 2017), and composites (Duan et al. 2005), among others.
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2 Preliminary Concepts
2.1 The Need for Surface Tensors

In the study of mechanics of surfaces, we have to contend with tensor fields that
“live” on a surface. For example, we will need to define the strain field experienced
by a surface. The general machinery of curvilinear tensor calculus then becomes
necessary to describe surface mechanics which (at least for our taste) becomes
somewhat cumbersome. A direct notation was developed by Gurtin and Murdoch
(1975b) which we (prefer and) briefly motivate in this section.

To establish the basic idea, for now, consider just a flat surface shown in Fig. 2
with outward unit normal n = e3. On physical grounds, assuming that there is no
“slip” between the surface and the underlying bulk material, the surface strain is
simply the strain field of the bulk material at the spatial position of the surface. In
addition, intuitively, the normal components of the strain tensor ought not to exist
for the zero-thickness surface, i.e., Es(x) = EPk(x) projected on the tangent
plane of the surface where x is on the surface. To make this idea more concrete,
assume a body occupies a domain §2y experiencing a strain E : 29 — R3%3. We

sym *
then expect the surface strain to be simply
Ey E2 0
E;:=|E; Ep0]. (D
0 00

Our intuition works well for flat surfaces, but we must generalize the mathe-
matical framework to contend with general curved surfaces. This brings to fore
the question of how we define surface tensors on arbitrarily curved surfaces. To
understand this, we define next the surface projection tensor. More details on the
mathematical preliminaries can be found in the work of Gurtin, Murdoch, and co-
workers (Gurtin and Murdoch 1975b, 1978; Gurtin et al. 1998).

/J\ Undeformed body Deformed body
€ e

2

Fig. 2 Schematic of the deformation of a body that occupies the domain §2¢. The upper surface is
artificially separated from the underlying bulk to highlight the surface deformation E (x). Cartesian
coordinates with a positively oriented orthonormal basis {ej, e, e3} are shown here and the
outward unit normal to the upper surface is n(x) = e3
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2.1.1 Surface Projection Tensor

As discussed in the preceding section, we will often need to project second-order
tensors on to a curved surface. To that end, the surface projection tensor for the
tangent surface with outward unit normal n(x) is defined as

P(x) =1—n(x) @ n(x). 2

Here I is the second-order identity tensor, and “®” denotes the tensor product (or
the dyadic product).

If we choose the flat upper surface shown in Fig.2 as an example, the normal
to the upper surface is n = e3 in Cartesian coordinates with a positively oriented
orthonormal basis {eq, e2, e3}. With the definition in (2), the projection tensor on
the flat upper surface admits the form

100
Px)=T—-e30e3=e1 Qe +e2Qer:=| 010 . (3a)
000
{e1.e2,e3}

Another example is the projection tensor on a spherical surface with radius R
that can be represented by § = {x € R? : x - x — R?> = 0}. The outward unit normal
to this surface is n = e, in spherical coordinates {r, 6, ¢} with basis {e,, eg, ey}.
From the definition of the projection tensor in (2), we have

000
Px)=I-e Qe =en®@ey+es,Qep:=| 010 : (3b)
001

{er.eq.ep}

The projection tensor in (3b) can also be easily expressed in the Cartesian
coordinates by using the identities eg9 = cos 8 cos ¢e; + cos O singer, — sinfes
and ey = — sin ¢e| + cos ¢e; as well as the tensor product between two vectors.

2.1.2 Surface Vector and Tensor Fields

Let v(x) be a smooth vector field and T (x) be a smooth second-order tensor. Their
projections v, (x) and T's(x) on a smooth surface with outward unit normal n(x),
respectively, are

vy =Pv and T, =PTP, 4)

where the projection tensor PP is defined in (2).

For example, consider a vector field v = v;e; and a second-order tensor field
T = Tije; ® e; in Cartesian coordinates with a positively oriented orthonormal
basis {e], ez, e3}. Take the upper surface with outward unit normal n(x) = e3. The
projection tensor in (2) becomes P(x) = I —e3 ® e3 = e1 Q@ €] + €2 ® e>. Thus,
with (4), the projected vector and tensor on the upper surface, respectively, are
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v, =Pv=1(e1 ®e; +erRer)vie; = vie| + vrer (5a)

and
T,=PTP=(e;1®e; +e2Qe2) Tije; Qe;-(e1 Qe+ e ® er)

=Tnhe1®e1+Tne1®ex+Thiex®e +Trnex @ e

5b
Ti1 T2 0 (5b)

T51 T2 0
0 0O

Equation (5b) makes it evident how the surface strain in (1), written earlier by
intuition, may be formally derived from the bulk strain field.

By (4),, the projection of the identity tensor I on the surface with outward unit
normal n(x) can be obtained as

I = PIP, 6)

which is called the surface identity tensor on the surface and is often used in the
context of second-order tensors.

2.2 Differentiation and Integration on a Surface

2.2.1 Surface Gradient, Normal Derivative, and Curvature Tensor
Consider a smooth scalar field ¢(x) : 29 — R and a smooth vector field
v(x) : 20 — R3 over the domain £2y. By using the gradient operator V, their
(three-dimensional) gradients are represented by V¢ (x) and Vv(x), respectively.
In contrast, the surface gradient operator on a surface with unit normal n is denoted
by Vi, and together with the projection tensor IP in (2), the surface gradients of the
two fields can be represented by (Gurtin et al. 1998)

Vs¢p =PVep and Vv = (Vo)P. 7

We now define the normal derivative of fields on a surface with outward unit
normal n. Following the scalar field ¢ and the vector field v in (7), we define their
normal derivatives as

¢ av

5-=n-V¢ and - = (Vo ®)

a
The normal derivative —¢ can be regarded as the rate of change of ¢ in the

n
direction n. By (2) and (8), the surface derivatives (7) can be recast as

Vi¢p =V — (g—i)n and Vv =Vv— (2—:) ® n. ©)]
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Equation (9) represents the relation between the surface gradient, the gradient,
and the normal derivative. We note that Egs. (7) and (9) are two (alternative but
equivalent) ways to represent the surface gradient.

The curvature tensor of a surface with outward unit normal n is then defined as
(Gurtin et al. 1998)

L =—Vn, (10)

which is symmetric and hence tangential, that is, L. = .7 and L7n = 0.

In order to enhance the understanding of these definitions, we now consider some
simple examples by referring to Fig.2. In Cartesian coordmates the gradients of
the scalar and vector fields, respectively, are V¢ = —e, and Vv = ax ®e; =

"”’ 9x; i ® e. The outward unit normal to the flat upper surface is n = e3, and then its

pr0]ect1on tensoris P = e; ® e| + e» ® e> which was mentioned in (3a).
By (7) and the Kronecker delta, the surface gradients on the flat surface in Fig. 2
are

¢ Lo ¢
Vip =(e1 Qe +e2R@e)—e; = —e; + —e (11a)
0x; 0x1 d0x2
and
ov ov v
Vio=(—0Qe¢;)(e1Qe1+e2Re)=—®e+— Qen. (11b)
8Xj ax1 0x2

By (8), the normal derivatives on the surface in the example are

9 9 9 9 9 9
9 6. 290 2% nd —”:< v®e,) -2 (12)

on T0x; 0x3 on 0x; 0x3

Using (9), together with (12), we can obtain the same surface gradients as (11).
Similarly, using (10), together with (11b), we find the obvious answer that the
curvature tensor L of the flat upper surface in Fig. 2 is

L=- Se3=—aﬁ®e1—aﬁ®e2=0. (13)
8X1 8XQ
As another illustration, we may consider the curvature tensor for a spherical
surface of radius R. In spherical coordinates {r, 8, ¢} with orthonormal basis
{er, €9, ey}, the outward unit normal to the spherical surface is n = e,, whose
gradient is Ve, = r~(es @ eg + ey ® eyp). By (7) and (10), the curvature tensor in
this example is

1
L=—-V,e, = —(Ve,)P = —E(ee ®eg+ep®ey), (14)

which is symmetric . = .7 and tangential L e, = 0.
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2.2.2 Surface Divergence, Trace, and Mean Curvature
The surface divergences of a vector field v(x) and a tensor field T (x) are defined as
follows:

divgv = tr(Vsv) and a-divgT = divs(TTa), (15)

where “tr”, here and henceforth, denotes the trace and @ € R3 is an arbitrary
constant vector. An important identity related to the surface divergence operator
is

divg(TTn) = n - divyT + T - V,n. (16)

For further useful surface identities, the reader is referred to the work (Gurtin and
Murdoch 1975b).
The mean curvature is then simply

1 1 1
K = ztr(IL) = —Etr(Vsn) = —zdivsn. (17

For the same example in Eq. (11b), the corresponding surface divergence is

(18)

divyv = r(Vyv) = tr(% Ber+ ) ez) L L
X1

X2 T xg xoy

Similarly, for a second-order tensor T = T;;e; ® e;, its surface gradient is a
vector, and its k-th component, by (15),, can be represented by

aT; 0T,
kL 9%k

(diveT)x = ey - divsT = divs(T T e) = £,
0x1 0x2

19)

where the identity T Ter = Tyie; and the example result in (18) are used. Regarding
the examples of the curvature tensors (13) and (14), their mean curvatures are 0 and
—R™!, respectively.

2.2.3 Divergence Theorem for Surfaces
Consider a surface Sy C 3£29 with a smooth boundary curve 3Sy. For a smooth

vector u that is tangential on the surface Sy and a smooth tensor field T, the
divergence theorem is defined by Gurtin and Murdoch (1975b) and Gurtin et al.

(1998)
/ divsu :/ u-v, / diVST:/ Tv, (20)
So 380 So 8So

where v is the outward unit normal to the boundary curve 9Sp.
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3 Theoretical Framework for Surface Mechanics

With the mathematical preliminaries necessary for surface mechanics described
earlier, we can now proceed in a rather standard manner to derive the pertinent
governing equations. The original theory by Gurtin and Murdoch (1975b) was
derived by employing stress as the primitive concept. We (following Huang and co-
workers Huang and Wang 2006; Huang and Sun 2007) favor a variational approach
where we take the surface energy as the primitive concept.

3.1 Kinematics

Assume a deformable solid that occupies the domain 2y in the reference configura-
tion shown in Fig. 3. The boundary of the domain is denoted by 9£2¢, which can be
divided into two parts: the displacement boundary 92 and the traction boundary
052} Mathematically, 982 U 852 = 982 and 02 N 382) = @.

A material point is denoted by x € £2p. Consider a smooth mapping y : £2o —
R3, that is, y(x) = x + u(x). Here u is the displacement vector. The deformation
gradient is defined as F = Vx. The displacement and traction boundary conditions
are

u=uy ond2f and ¢t ==ty ondIs. (21)

u=1uy

Fig. 3 Schematic of a deformable body that occupies the domain £2p with the boundary 9£2¢. The
material point is denoted by x € £2, and the outward unit normal to 952 is represented by n.
The displacement boundary is u = u( while the traction boundary is ¢ = #(. In particular, the
surface effect is shown on the surface Sg C 9£2p. On the boundary curve 39S of the surface Sy,
the outward unit normal to 39Sy is denoted by v
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3.2 Energy Variation and Equations of Equilibrium

We explicitly assume that the surface or the interface does not “slip” from the rest
of the material. Gurtin et al. (1998) have dealt with the special case where interfaces
may not be coherent and admit jumps in displacements. We do not consider that
complexity here. The energy functional of the general system shown in Fig.3 is
then:

9’[u;x]=f W(Vu)+/ Fs(Vu)—/ to-u, (22)
20 So 992}

where W is the strain energy function per unit volume of the bulk, Iy is the
surface energy function per unit area of the surface Sy C 982, and ¢ is the
dead load applied on the traction boundary 896 in the reference configuration.
The reference configuration taken here is actually the initial configuration, which
is neither subjected to any body force nor tractions. We note that in the reference
configuration, there exists the surface stress, which is regarded as “residual.” The
residual stress field can be described according to the surface energy function I'y. To
further clarify the surface effects on the energy functional, Huang and Wang (2006,
2013) proposed an extra configuration, a “fictitious stress-free configuration.” For
further details on such subtleties, the reader is referred to their work.

We now invoke the principle of minimum energy to seek the equilibrium state of
the deformed body:

min{.Z[u] : u € .7}. (23)

Here the set . denotes the smooth function space over the domain §2p, and the
displacement field must satisfy # = ug on 9§2; in (21);.

If we assume the state u to be the minimizer of the energy functional in (22),
then by the principle of energy minimization (23), we have

Flul < Flu+eul, (24)
where € € R and u + €u; belongs to the set of all kinematically admissible
deformations in the neighborhood of the deformation u. We only consider small
perturbations, so the norm |eu;|| < 1. By the displacement boundary (21),, the
variation u satisfies

u; =0 ondgy. (25)

The inequality (24) leads to the following first and second variation conditions

§Ful=0 and §>Z[u]>0. (26)
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In this book chapter, we only limit our attention to the first variation that leads to
the equilibrium equations and the natural boundary conditions. The first variation is
written as

dF
5] = ST T emll 27)
de e=0
Using (27) and the chain rule, the first variation of (22) reads
Sj[u]zf S-Vu1+/ S~Vu1—f to-uq, (28)
20 Sy a2}
where
ow or,
=— and S=—". (29)
oVu oVu

Here S in (29) is the first Piola-Kirchhoff surface stress tensor (Gurtin et al. 1998),
and S is the first Piola-Kirchhoff bulk stress tensor.

Employing the surface gradient of a vector in (9), as well as the property of the
surface tensor S, that is, Sm = 0, the integrand S - V| in (28) can be recast as

0
S-Vm:S'Vsu1+%-8n=S~Vsu1. (30)
n

In the work by Gurtin et al. (1998), they derived the identity Sm = 0 on the surface
So (see their Eq.(37)) by assuming an arbitrary function % on the surface Sy. Here
we obtain this identity through the definition of a surface tensor (4),, that is, for an
arbitrary surface tensor Ty = PTP, we have Tyn = PTPn = PT0 = 0 since
Ph=0—-n®n)n=>0.

By the identity (16), we further have

S- Veu; = divg(STu) — uy - divsS. 31)

Thus, by (31) and the divergence theorem (20), the second integral in (28)
becomes

S Vu, = / [divy(STup) — uy - div,S| = f uy - Sv — / uy - divsS.
So S() 8SO SO
(32)
Similarly, by using the divergence theorem in volume, we obtain

/ s.vm:/ [diV(STul)—ul-diVS]:/ ul-Sn—/ u - divs.
20 20 a2 2
(33)

Substituting (32) and (33) into (28), we have
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69[u]=—/ ul-diVS+/ u1~Sn+/ up - (Sn — divgS)
20 3520\So So

—i—/ ui ~Sv—/ to-uq. (34)
3So 992}

It is known that 982§ U 852} = 92 and 02 N 02 = & as well as Sg C 382p.
However, the relation between S and 8.(26 (or 982) is not given before. To simplify
the discussion, we regard Sy as a subset of 8.(26, that is, Sg C 896. Thus, the last
integral in (34) can be reformulated as

—/ t()'ulz—/ to-ul—/ to-uj. 35)
982} 320\So So

Also, with u1 = 0 on 92§ in (25), the second integral in (34) reduces to

/ ul-Snz/ up-Sn. (36)
8520\So 382{\So

Using (35) and (36), the first variation finally becomes
59[u]=—/ ul-diVS-I—/ ul-(Sn—to)—i-/ ui - (Sn — divgS — tg)
20 9825\So So

+/ up - Sv. (37)
39Sy

Since the variation u; in (37) is arbitrary, the vanishing of the first variation
8.%[u] = 0 and the fundamental lemma of calculus of variations (Courant and
Hilbert 1953) leads us to the following set of governing equations

divS§ =0 in £2¢,
Sn =ty ondf2}\ S,
Sn —diveS =tg, Sn=0 on Sy,
Sv=0 ondS,.

(38)

Here we rewrite the equation Sk = 0 on Sy (see the statement above (30)) in (38).
Equation (38), together with (21); and (29), forms a well-defined boundary value
problem. For the readers convenience, we reiterate the notations here: S denotes the
first Piola-Kirchhoff stress, S the first surface Piola-Kirchhoff stress, n the outward
unit normal to the surface, v the outward unit normal to the boundary curve, and ¢
the applied dead load.
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3.3 Constitutive Equations and Elastic Stress Tensors

In (29), we have defined the first Piola-Kirchhoff bulk stress tensor S and the first
Piola-Kirchhoff surface stress tensor S through the partial derivative with respect
to the displacement gradient Vu. By the chain rule, these two first Piola-Kirchhoff
stresses can also be defined as

oW (F Al (F
_WE) 4 s= 350 (39)
oF oF
where F = V(x +u) =1+ Vu and
U(F)=¥(Vu)|g,_py and T(F)=T(Va)|g,_p - (40)

By the frame indifference in the strain energy functions (Gurtin et al. 2010) and
the polar decomposition F = RU, R € Orth™ = {all rotations}, and U is the right
stretch tensor, we have

U(F) =W (RT"F) =¥ (RTRU) = ¥ (),
) ) ) _ (41)
I (F)=I(R"F) = IL(R"RU) = I(U).

Using the relation U = \/UTp = \/U{RTRU v F = +/C, we can
introduce strain energy functions ¥ (C) and I'5(C), such that

P (C) =¥ (VC) =¥ U) = ¥(F),
i} 42)
[1(C) = I(VC) = [ (U) = [(F).

Similarly, by the definition of the Green strain tensor E = %(C —I), we can
express strain energy functions ¥*(E) and I';*(E), such that

UHE)=¥(C) =¥ (U) =¥(F), )
I¥(E) = [(C) = I(U) = [(F).

In contrast to the two first Piola-Kirchhoff stresses (39), by (43) and E = %(C —
I), the two second Piola-Kirchhoff stresses are defined as

¥ U*(E I, I*(E
r =00 _WE) =260 LNE) (44)
aC IE aC IE

By (39), (43), (44), and the chain rule, the relations between the first P-K stresses
(S, S) and the second P-K stresses (T', T) are (P-K is the abbreviation for the Piola-
Kirchhoff stress.)
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S=FT and S=FT. (45)

The relations between the first P-K stresses (S, S) and the Cauchy stresses
(0,0%) are

S=(detF)oF T and S=(detF)o*FT. (46)

34 Linearized Bulk and Surface Stresses and Constitutive Choice

A peculiarity of considering surface effects is the perceived presence of residual
stresses — the surface tension-like quantity in solids is precisely a residual stress
state. This becomes evident if we linearize the energy functions around a reference
configuration which is not stress-free.

For small deformation, the Cauchy-Green tensor C = FTF = (I + Vu)" (I +
Vu) can be reduced to C = I4+Vu+Vu’, |Vu| < 1, by dropping the higher-order
terms o(|Vu|). Thus, the strain tensor E = %(C — I) in (44) may be approximated
by the infinitesimal strain:

1
E=_(Vu+ vul), 47)

Using Taylor series, (44), gives

_ QWH(E)
~ JE

2U*(E)
E—0 IE?

-E +o(|E)), (48)

E=0

where o(]| E|) denotes the higher-order terms.
Since the reference configuration is assumed to be stress-free for the bulk portion

of the material, it follows that "%}E ) = 0 and the elasticity tensor is

E=0

_ *WH(E)

C:= B 49)

E=0

Thus, as usual, the linearized small-deformation stress-strain relation of bulk
portion of the material is

T =CE. (50)
Consider the first P-K stresses S = FT in (45); and the Cauchy stresses 0 =
(det F)"1SFT in (46), of bulk materials at small deformations. By the relation (50)

and the infinitesimal strain (47), it is easy to show that to a first order

S=T=o. 1)
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The equivalence of the first P-K, the second P-K, and the Cauchy stresses in (51),
however, does not hold for surface stresses due to the existence of the residual stress.
This is rather important to note. In linearized elasticity (without residual stresses),
it is usual to ignore the distinction between the various stress measures. For surface
elasticity, even in the linearized case, we must take cognizance of the different
interpretations of the various stress measures. The first P-K stress measure is the
most useful since it represents the force per unit referential area and is likely to
be the quantity controlled in traction-controlled experiments (as opposed to Cauchy
traction).

From previous works (see Eq. (40) in the work of Gurtin et al. 1998 and Eq. (7.9)
in the work of Gurtin and Murdoch 1975b), we can show that the second P-K surface
stress T in (44), and the first P-K surface stress S in (45), can be recast as

_AL(Ey)

T= , S=0+PV,u)T, 52
oF, I+ PVsu) (32)

where E;, in contrast to the infinitesimal strain (47), is the infinitesimal surface
strain

1
E, =PEP = 5[vau + (PVu)’]. (53)

Using the Taylor series for (52);, for small deformation, we have

ry*(E 2Iy*(E
T(Ey = ED | L OLTEI g ). (54)
8E5 E;=0 aES E;=0

With an appropriate choice of an elastic constitutive law (i.e., specification of I'y*
and ¥*), we now have all the governing equations and can solve the pertinent
boundary value problems of physical interest. Analytical solutions are rather hard to
come by for the anisotropic case, and by far, most problems solved in the literature
have been restricted to isotropic continua.

For isotropic linear elastic materials incorporating the residual surface stress, we
have (Gurtin and Murdoch 1975a,b)

Ay (E Iy (E
ole TEED o PLNE)| 55)
0E; g, 0E? g,
where 79l is the residual stress and the surface elasticity tensor C; gives
Cs[Es] = rotr(E)I + 20 E (56)

with surface elastic moduli Ag and .
By (55) and (56), a general linearized constitutive law for isotropic linear
materials in terms of the second P-K surface stress T in (54) can be written as
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T(E;) = ol + Aotr(E)I + 210 Es. (57)

For solving actual boundary value problems (including the ones we present later
in this chapter), we will need the first P-K stress tensor. To do so, we take cognizance
of the relation between the two P-K stresses. By (52), and (57), the first P-K surface
stress S becomes

S(Vsu) = ol + Aotr(Es)L + 2o Es + 10 Vsu, (58)

where the higher-order terms |(Viu)tr(Es)| and |(Vsu)Eg| are omitted. Here and
henceforth, the difference between Vsu and PV;u is not specified for simplicity.

By (46), and a similar argument as (52), the Cauchy surface stress o* and the
first P-K stress S in (58) have the relation

o = [det(l + Vou)] 'S + Viu)T. (59)

For small deformation, [det(I + Viu)]~' = 1 — tr(Vsu) = 1 — tr(E,); thus, o
in (59) can be recast as

o* = [1 — t(Ey)][tol + Aotr(E)L + 20 E5 + 1o Vsul (I + Viu”)
= [tol 4+ Aotr(E)I + 2u0 Eg + toVsu — totr(E)I([I + Viul) )
= 1ol + Atr(E)I 4+ 2uoEs 4+ toVsu — totr(Eg)I + oVul

= ol + (ho — ©)U(EDL + 200 Es + 10 (Vs + Vsu')
by dropping the higher-order terms related to the product between these terms

tr(Ey), Ey, Vsu, and Viu® .
Using the definition of surface strain in (53) and (60) finally becomes

0" = 1ol + (ho — T (EN)I+2(ko + 10) Es = 0l + Astr(E) I+ 21 Eg. (61

Here
As=Xd—T0 and pug=po+ 710 (62)

are the Lamé constants of the surface.
In contrast to the equivalence (51), S in (58), T in (57), and o° in (61) are not
equivalent if the residual stress is nonzero tp # 0, namely:

S#T+#o° for 1y #0. (63)

In the literature, sometimes (including the work by the corresponding author),
the distinction between the various forms of the surface stress has often been blurred.
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For the most part, this does not lead to qualitative differences, but care must be
exercised when solving surface elasticity problem to ascertain which precise stress
measure and constitutive parameters are being deployed. As self-evident, there is a
distinction between (Ag, ts) and (Ag, (o).

If we set the surface Lamé constants (A, () to zero in (62), we obtain A9 = T
and g = —10, and then the result in (58) is what is often called the surface tension
(in the reference configuration) (Gurtin and Murdoch 1975a)

S=1y[l +tr(EH) —219E + 19 Vsut. (64)

This is to be contrasted with the expression in the current configuration where
the Cauchy surface tension from (61) by setting (g, ;£5) to zero will be in the form
of isotropic “pressure”

o’ = 7ol (65)

4 lllustrative Examples

In this section we choose three illustrative examples that highlight both the use of the
surface elasticity theory as well as provide insights into the physical consequences
of surface energy at the nanoscale. These examples are inspired from Altenbach
et al. (2013), Murdoch (2005), and Sharma et al. (2003) although, to be consistent
with our own style (presented in the preceding sections), we have modified them
slightly. Germane to the study of analytical study of nanostructures, we also note
parallel developments in the literature on the so-called surface Cauchy-Born rule
and numerical methods (Park et al. 2006).

4.1 Young’s Modulus of a Nano-rod Considering Surface Effects

This example addresses how the elastic modulus of an isotropic nano-rod alters
due to the influence of surface energy. This particular problem is inspired from the
work by Altenbach et al. (2013) although there are some minor differences in our
solution. Consider a circular cylinder (rod) with radius Ry whose axis coincides
with the e, direction. To interrogate the elastic response, we assume that the rod is
under uniaxial tension and the coordinate system used for this problem is cylindrical
coordinate with basis (e,, eg, e;) as shown in Fig. 4.

For isotropic elastic materials without surface effects, the uniaxial tension
along the axial direction admits a homogeneous deformation. To simplify the
discussion, we assume the deformation here incorporating the surface effect is also
homogeneous, namely:

u = Are, + Bze,, (66)
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Fig. 4 A schematic of a
nano-rod under a uniaxial
tension. Surface effects are
only considered on the radial
surface 02, and edge effects
are ignored. Force F is
exerted in the e, direction

where A and B are constants. The assumed displacement (66) can be used for either
small or finite deformation.

For the radial surface with outward unit normal n = e,, the projection tensor is
P =ey ®@ey + e; @ e;. By (66), the displacement gradient Vu, the strain tensor
E = %(Vu +VuT) for small deformation, the surface displacement gradient Vyu =
(Vu)P, and the surface strain tensor E; = PEP for small deformation become

Vu=FE=A(e, e, + ey Qey) + Be, Qe,,

(67)
Vsu=E; = Aeg Q eg + Be; Qe,.
By the constitutive law of isotropic linear materials and (67);, we have

S+ 0 0
S=Ar(E)I+20E = 0 Sg9 O |, (68a)

0 0 S

where A and u are Lamé constants of bulk materials and

Srr = Sep =A2A+ B)+2uA, S;;=12A+ B)+2uB. (68b)

In addition, by the constitutive law (58) and by setting tp = 0, together with
(67),, we have

S = Aptr(Es)I 4 2uoEg = Seo 01 (69a)
0 S,
where
Seg = Ao(A + B) +2uoA, S;; = Ao(A+ B) +2uoB. (69b)

Using the Young-Laplace equation (38);, without external load £y = 0 on the
radial surface (r = Rg) with unit normal e,, we have the equality Se, = div¢S. By
(68a), the identity (16), and STe, = 0in (38)3, we can obtain
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S,y =e,-Se, = e, -divyS = —S - Ve,. (70)

Since Vie, = (Ve,)P = (}ee ® e9> (o Qeg+e;, Qe;) = %6’9 ® eg, (70)
implies

See
S = R (71)
By (68b), (69b), and (71) be written as
M(A + B) +2upA
WA+ B) +2uA = — 20 +R)+ HoZ (72)
0
which gives the ratio
A A+ Xo/R
A__ + 2o/ Ro . (73)
B 2% +2u + (Ao + 210)/ Ro
By (67) and (68b), the Young modulus for uniaxial tension is
S M2A+ B) +2uB A
EFd = 22 = =r(14+2=) +2u, 74
E.. B t2p )2 (74)

where the ratio A/B is given by (73). By the equilibrium of the rod in the axial
direction (Altenbach et al. 2013), the effective Young’s modulus can be defined as
ET = (S;; + 52/ Eee = 2 (14 2%) + 21 + - [o(1 + ) + 2u0].

This simple example makes clear that the effective or apparent elastic response of
nanostructures becomes size-dependent as a result of surface energy effects and that
with smaller Ry, the effective elastic modulus may become significantly different
than its bulk value. We remark that if surface effects are ignored, that is, g = o =
0 and the ratio A/B = —A/(2A + 2u) in (73), then the Young modulus in (74)
becomes E™9 = (31 4+ 21)/ (A + pu)—which is essentially the relation between
bulk Young’s modulus and the Lamé constants.

4.2 Influence of Surface Effects on the Thermoelastic State of a
Ball

We consider the equilibrium state of a spherical ball (radius Rp) in vacuum
undergoing thermal expansion — following Murdoch (2005). Only traction boundary
conditions need to be considered here; hence, (21); can be omitted. Moreover, (38),
and (38), are also omitted since the entire surface of the sphere is considered, that
iS, SO = 3[20 = 396.

We now proceed to solve the reduced boundary value problem that consists of
(38)1, (38)3, and (29). As before, we assume the ball material to be isotropic and
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that the ball is in its natural, stress-free state in the reference configuration. Hence,
we assume constitutive equations for the bulk and surface as follows:

S = Mptr(E)I +2upE — a ATT, (75)
S =1l + (As + )t (EHI+ 2(us — 1) E5 + 10(Vsut) — 09 AT, (76)

where S is the first P-K stress field in the reference configuration, A, and u; are
Lamé constants for the ball material, AT is the temperature difference, « is the
coefficient of thermal expansion, and « is the thermal expansion coefficient of the
surface.

In this example we use spherical coordinates with basis (e, ey, ey) with the
origin at the center of the ball. For the surface with outward unit normal n = e,, the
projection tensor is P = ep ® eg + ey ® e4. Given that the problem is spherically
symmetric, the form of the displacement field can be assumed to be

u=u,r)e,. (77)

Then the displacement gradient, the strain tensor, the surface gradient of the
displacement, and the surface strain in (75) and (76) can be written, similar to (67),
as

ou, u,
Vu:E:a—rer®er+7(e9 ey +eyey),

" (78)
Vsu = E; = Tr(eg Reyg+ey@ey).

From (78), (75), and (76), we have

8u, 214,« aur Uy
S=x + I4+2up | —e ®e, + —(egQepg+ep Rey) | —aATI,
ar r ar r

2u,

r

u
S =10l + A < )H + 2us + t0) (Tr) (eg @eg +ey ®ey) —apATLL

(79)
Substituting (79); into the equilibrium equation (38),, together with the diver-
gence of a tensor in spherical coordinates, we obtain

92 9
2 ar”; + Zr% —2u, =0. (80)

The general solution of (80) is u,(r) = Ar+ Br~2, where A and B are constants
to be determined by the boundary conditions. The displacement at the origin must
vanish for the field to be bounded, i.e., and consequently B = 0 and then

uy(r) = Ar. (81)
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Thus, the stresses (79) are reduced to
S =[AQGA +2up) —a AT, S =[10+AQAs+ 215 +70) —agATIL.  (82)
We must now deploy the boundary condition in (38);. Since the ball surface is
traction-free, that is, £9 = 0, (38)3 can be reduced to Se, = divS. By (82), we can
further simplify this to
S, =e,-Se, =e,-divyS atr = Ry. (83)

By using the identity (16), (82),, (38)5, and (14), we finally obtain

2Spe

1
Sy = e, -divgS = =S Ve, = —S- {;(eﬂ ey + ey ®e¢)} = R (84)
0
By (82) and (84), we have
2
3ApA + 2upA — a AT = —R—{to(l + A) +2A(ks + ps) — o AT} (85)
0
By defining the surface modulus K as
Kg =205 + 1s), (86)
(85) yields the solution of A in the displacement (81), namely:
—219/Ro (o + 200/ Ro) AT

A= + .
(BAp +2up + 2K/ Ro + 270/ Ro) ~ (3Ap +2up + 2K/ Ro + 270/R0287)

This example, as can be noted from (87), nicely shows how a positive surface
residual stress 79 may hinder the thermal expansion in a size-dependent manner.

4.3 Effect of Residual Stress of Surfaces on Elastic State of
Spherical Inclusion

The solution of an embedded inclusion in another material is a canonical problem
in classical solid mechanics (known as Eshelby’s inclusion problem) and has been
applied to situations as diverse as phase transformation to effective properties of
composites. Accordingly, in this section, we consider the problem of spherical
inclusion with radius Rg but incorporating surface effects. The solution here is
a slight modification of the work by Sharma et al. (2003). We use spherical
coordinates with basis (e,, ey, eg) with the origin at the center of the sphere in this
problem. We assume that a far field stress is exerted on the matrix as follows:
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S|, = 5% (88)

r—00

To make analytical progress, we further stipulate that the inclusion, the matrix,
and the interface are isotropic and that the inclusion is in its natural state in the
reference configuration. The constitutive equations for the bulk are as follows:

S = Mtr(E)I+2u, E, (89)
where S is the first Piola-Kirchhoff stress and A, and w, are Lamé constants of the

material corresponding to either the inclusion(I) or the matrix(M). For the surface
we use the constitutive equation defined in (58), i.e.:

S =1l + (s + 10)tr(E)I 4+ 2(1s — 10) Es + 10(Vsur). (90)

Like the previous example, this problem also has spherical symmetry and
accordingly the displacement vector is of the form

u=u,(re;. 1)

Therefore, the displacement gradient and the strain are similar to (78). Hence,
the stress in the bulk and on the surface stress can be expressed as

ou 2u ou u
S=ip| —+ "L )T4+2u [ —e, ®e, + —(eg Reg + ey Dey) |,
ar r ar r

2u Uy
S = ol + A (Tr> I+ us + t0) (7> (eg R ey +ep Dey).

92)
We have used (38) in spherical coordinates. The boundary value problem that
consists of (38);—(38)3 becomes

28214, ou,
m-i-?.rar —2u, =0 r < Ry,
9%u ou
2 r r
2r— —2u, = Ry,
rE e T r= o 93)
[[Srr]] = — r = Ry,
Serl, oo = 8% r— o0.

The “[-]” denotes the jump across the interface. Similar to (80), the general
solutions of (93); and (93), are

Ar+ Br—2 r < Ry,
ur(r) = B (94)
Cr+Dr r > Ry,
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where A, B, C, and D are constant. Since u,(0) = 0, B = 0. Substituting (94), into
(92)1, the far field (93), gives C = S*°/(3K ), where Ky = Ay + 21037 /3. Using
the continuity of the displacement at the interface, that is, [u,] = 0 at r = Ry, and
the Young-Laplace equation (93)3, we obtain two algebraic equations of A and D.
The routine calculation is not shown here and we just list the final results. Thus, the
displacement (94) is obtained as

ar r < Ro,

u(r) = R3 (95)
E®r + (@ — E¥)=2 r > Ry,
r

BKy +4um)E> —219/Ro
dpp + 3K +2Ks/Ro + 210/ Ro’
21 /3 is the inclusion bulk modulus, and K = 2(A; + is) is defined as the surface
modulus.

In particular, by setting A; = 0 and p; = 0, we obtain the much-studied case of
a void in a solid. The displacement (95), for this special case is

where E* = §S*°/(BKy), o = K; =i +

R3
u(r) = E®°r + ﬂ—g r > Ry, (96)
r

_ BKm +4um)E™ —219/Ro _

where § :=
4y + 2K /Ro + 270/ Ro
bulk stress (92); in the matrix (r > Rp) is

E® and E®® = §°°/(3K);). Thus, the

3
§=85%I+2 B a-3 7
= nup—3 (I=3e ®e). o7

If there is no far stress field, S = E®° = 0, the bulk stress S becomes

—2719/Ro R(3)
§0 =2 Va-3 ) 98
rm <4MM+2KS/R0+2TO/RO) 3 A3 ®er) ©8)

Assume a nonzero far stress field, S°° £ 0. By (97) and (98), we may then define
the stress concentration factor at r — Rg as

So0 — Sp
SOO

S.C.=

1< 1 —2(Ks+ 1) /BKmRo) >

2 \ 1+ K,/ QumRo) + 0/ (2iear Ro)

r—>Rop
99)

In the absence of surface energy effects, i.e., 79 = K; = 0 in (99), we obtain a
stress concentration factor of 1.5 which is the well-known classical elasticity result
for a spherical void under hydrostatic stress. We have graphically plotted the results
in Fig. 5 that illustrates the qualitative behavior of how stress concentration on a

void alters due to size and the surface elasticity modulus (Interestingly, the surface
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Fig. 5 Stress concentration on a spherical void under hydrostatic stress is plotted with respect
to the size of the void for three different surface modulus K. For coarser void size, the stress
concentration asymptotically approaches the bulk value of 3/2. For the plot, we have chosen
properties of Aluminum as bulk, with (Ayy = 62.29GPa, uyy = 36.71 GPa). The surface
properties are the following: Case (a) considering positive surface modulus Ky = 2(A; + u5) by
using Ay = 6.842 N/m, uys = —0.3755 N/m, and 79 = 0; Case (b) without considering surface
effects; and K; = 0; Case (c) considering negative surface modulus Ky = 2(A; + us) by using
As = 348912 N/m, uy = —6.2178 N/m, and t9p = 0. (The surface and material properties are
taken from Miller and Shenoy 2000; Cammarata et al. 2000)

elasticity modulus can have negative values as shown via atomistic simulations by
Miller and Shenoy 2000.).

5 Perspectives on Future Research

Despite extensive work on surface elasticity, some aspects of this field are still
somewhat understudied and represent avenues for future exploration. We briefly
articulate them below:

* As well-motivated by Steigmann and Ogden (1999, 1997), under certain cir-
cumstances, the dependence of surface energy on curvature must be accounted
for. This was recently explored by Fried and Todres (2005), who examined
the effect of the curvature-dependent surface energy on the wrinkling of thin
films, and Chhapadia et al. (2011) who (using both atomistics and a continuum
approach) explained certain anomalies in the bending behavior of nanostructures.
However, due to the complexity of the Steigmann-Ogden curvature-dependent
surface elasticity, relatively few works exist on this topic.

* Intriguing recent experiments by Style and co-workers (Style et al. 2013, 2017)
on capillarity and liquid inclusions in soft solids have revealed that the pertinent
size effects due to surface effects may be observed at micron length scales (in
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contrast to the nanoscale for hard materials). This represents an important future
direction and requires the use of nonlinear surface elasticity due to the need
to account for the inevitable large deformations in soft matter. Arguably, the
study of capillarity in soft matter will also require the development and use of
numerical methods cf. Henann and Bertoldi (2014).

* Finally, the literature on coupling of capillarity with electrical and magnetic fields
is quite sparse.
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