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Modeling the Size-Dependent Nanostructures:
Incorporating the Bulk and Surface Effects

Long Zhang, Ph.D."; Binglei Wang?; Shenjie Zhou®; and Yiguo Xue*

Abstract: To precisely model the size dependencies in nanostructures, the surface effect and bulk effect are incorporated. From the physical
point of view, size dependencies stem from not only the surface, but also the bulk. The surface energy theory and strain gradient elasticity
theory are introduced to characterize the surface effect and bulk effect, respectively. The new models for Bernoulli-Euler and Timoshenko
beams are developed. Governing equations, initial conditions, and boundary conditions are derived simultaneously by using Hamilton’s
principle. The new models, incorporating the Poisson effect, contain three material length scale parameters and three surface elasticity con-
stants to capture the size effect in the bulk and surface layer of the beam, respectively. The models recover the models, where either the bulk
effect or the surface effect is considered, and also can degenerate into the corresponding modified couple stress models or the classical models
when some constants are ignored. In addition, the new Timoshenko beam model recovers the new Bernoulli-Euler beam when shear
deformation is ignored. To illustrate the new models, the static bending and free vibration problems of the simply supported nanoscale
Bernoulli-Euler and Timoshenko beams are solved, respectively. Numerical results reveal that the differences in the deflection, rotation,
and natural frequency predicted by the present model and the other models are large when the beam thickness is small. These differences,
however, are decreasing or even diminishing with the increase in the size of the beams. The models may guide the precise design of nano-
beam-based devices for a wide range of potential applications. DOI: 10.1061/(ASCE)NM.2153-5477.0000117. © 2016 American Society of

Civil Engineers.

Author keywords: Bernoulli-Euler beam; Timoshenko beam; Size effect; Strain gradient theory; Surface elasticity.

Introduction

Micro/nanostructures such as beams and plates have been widely
used in microelectromechanical system (MEMS) and nanoelectro-
mechanical system (NEMS) devices. Numerous experiments
have observed the size-dependent behaviors in metals (Poole et al.
1996), brittle materials (Vardoulakis et al. 1998), polymers (Lam
and Chong 1999; Lam et al. 2003; McFarland and Colton 2005),
and polysilicon (Chasiotis and Knauss 2003; Sadeghian et al.
2011). These behaviors cannot be explained using the classical
continuum theory, which has no material length scale parameters.
Recently, size-dependent continuum theories have thus received in-
creasing attention in modeling micro/nanostructures and devices,
such as nonlocal continuum theory (Eringen 1983), surface energy
theory (Gurtin and Murdoch 1975), couple stress theory (Yang et al.
2002), and strain gradient elasticity theory (Lam et al. 2003).
When applying the nonlocal theory (Eringen 1983), a paradoxi-
cal conclusion arises: The small length-scale effect vanishes in the
bending deflection for the Euler-Bernoulli cantilever nanobeam
under a transverse point load (Liang et al. 2015). Moreover, the
nonlocal theory predicts a softening effect, which is inconsistent
with the stiffening effect observed in experiments (Lam et al. 2003).
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For surface energy theory, it is considered that the surface prop-
erties cannot be overlooked in the study of nanostructures and
nanomaterials due to the large value of surface area to volume ratios
in nanoscale structures (Gurtin and Murdoch 1975). A number of
works have been conducted to study the size-dependent behaviors
in nanostructures (Jiang and Yan 2010; Koochi et al. 2013). With
surface energy effects considered, the general Euler-Bernoulli and
Timoshenko models based on the Gurtin-Murdoch continuum
theory were presented to analyze thick and thin nanoscale beams
with an arbitrary cross section (Chang and Rajapakse 2010). Gao’s
group also proposed beam and plate models with microstructure
and surface energy to study the size-dependent mechanical proper-
ties (Gao 2015; Gao and Mahmoud 2014; Shaat et al. 2014).

The couple stress theory is a nonclassical continuum theory in
which higher-order stresses, known as the couple stresses (Koiter
1964) exist. Afterward, Yang et al. (2002) modified the classical
couple stress theory and proposed a modified couple stress theory
involving only one additional material length scale parameter
(MLSP). Since then, numerous works have emerged and been
developed to study the size effect of the linear and nonlinear
Bernoulli-Euler beam (Fathalilou et al. 2014; Park and Gao 2006;
Xia et al. 2010), the linear and nonlinear Timoshenko beam
(Asghari et al. 2010b; Ma et al. 2008), the linear functionally graded
Euler-Bernoulli beam (Asghari et al. 2010a), the Timoshenko beam
(Asghari et al. 2011), the Kirchhoff plate (Tsiatas 2009), and pull-in
phenomena in MEMS (Yin et al. 2011).

The strain gradient elasticity theory (Lam et al. 2003), which
can reduce to the modified couple stress theory (Yang et al. 2002)
previously mentioned, introduces three MLSPs to capture the size
effects. In other words, the strain gradient elasticity theory is a more
general theory than the modified couple stress theory as the au-
thors’ previous work has pointed out (Wang et al. 2010). Strain
gradient elasticity theory has been applied to study the linear
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(Kong et al. 2009) and nonlinear (Zhao et al. 2012) Euler beam,
linear (Wang et al. 2010) and nonlinear (Asghari et al. 2010b)
Timoshenko beam, and Reddy-Levinson beam (Wang et al. 2014),
and is also employed to investigate the size-dependent pull-in phe-
nomena in MEMS (Liang et al. 2015; Wang et al. 2011c, 2012).
The modified couple stress theory only introduces symmetric
rotation gradient tensor, resulting in one length scale. While the
strain gradient theory introduces not only the symmetric rotation
gradient tensor but also the dilatation gradient tensor and the de-
viatoric stretch gradient tensor, resulting in three length scales.
These length scales are internal parameters for a given material
and should be determined from experiments with different sizes,
e.g., axial, uniaxial, tensile or compressive, torsional, or bending ex-
periments. The strain gradient theory can degenerate into the modi-
fied couple stress theory. That is, the modified couple stress theory is
a special case of the strain gradient theory. Compared with the modi-
fied couple stress theory, the strain gradient theory is more versatile.
It is noted that the surface energy theory characterizes the
size effect, considering only the effect of the surface layer; and
the modified couples stress theory and strain gradient theory char-
acterize the size effect, considering only the effect of the bulk
material. In other words, these theories characterize the size effect
either from the bulk part or from the surface part: the surface energy
theory is the former, while the modified couple stress theory and
strain gradient theory are the latter. In the current literatures, size
effect in miniaturized structures has been studied either from the
point of the bulk or from the surface, why not from both? Although
these theories are widely applied to study the size-dependent
behaviors individually, one has to admit that the mechanical proper-
ties are not only relative to the surface part but also relative to the
bulk part because the characteristic length is in the bulk, such as the
grain size or atomic lattice spacing. In literature, almost all the
works characterize the size effect either from the surface or from
the bulk (Wang et al. 2010, 2011a). Few works are carried out to
study the size effect with both effects included (Gao 2015; Gao and
Mahmoud 2014). The couple stress theory introduces only one
MLSP, while the strain gradient theory introduces three MLSPs.
Compared with the couple stress theory, the strain gradient theory
is versatile. But no work has been developed to study the size effect
based on the surface energy theory and strain gradient theory.
The paper aims to close the aforementioned gap by establishing
versatile size-dependent beam models incorporating the surface
and bulk effect. The rest of the paper is organized as follows.
In section “Formulation,” the variational formulations of the nano-
scale Bernoulli-Euler and Timoshenko beams based on the strain
gradient elasticity theory and surface energy theory are in detail
deduced by using the Hamilton’s principle. Then governing equa-
tions, initial conditions, and all possible boundary conditions are
obtained simultaneously. Subsequently, the static bending and free
vibration problems for the simply supported Bernoulli-Euler and
Timoshenko beams are solved respectively, and the corresponding
numerical results for both problems are analyzed and discussed in
section “Case Study for a Simply Supported Nanobeam.” Finally,
some major conclusions are summarized in section “Conclusions.”

Formulation

According to the strain gradient theory proposed by Lam et al.
(2003), the strain energy Up in a deformed isotropic linear elastic
material occupying region € is written as

1 1) (1 .
Up = 5[2(01‘/‘5:'; +pi+ Tﬁjﬁnﬁ,ﬁ +m};xi;)dV (1)
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where
1
€ij =5 (uij+uj;) (2)
Vi = 2’5mm,i (3)
m_ o Lo S s
nijk = nijk - g (6ijnmlnk + éjknmmi + ékinmmj) (4)
S 1
Xij =75 (€ipg€ajp T €jpacaip) (5)

where ¢;; = strain tensor; ; = dilatation gradient tensor; 77[(/1,2 =
deviatoric stretch gradient tensor; x;j; = symmetric rotation gradient
tensor; u; = displacement vector; ¢,,, = dilatation strain tensor;
0;j» and e;j are the Knocker symbol and the alternate symbol, re-
spectively; and 77;, = symmetric part of second-order displacement
gradient tensor, given by

1
Mk = 3 (Ui ji + Wjgi + g ij) (6)

In the subsequent equations, unless otherwise stated, the index
notation will be used with repeated indices denoting summation
from 1 to 3.

And the corresponding stress measures are respectively given as

Oij = NO;j€mm + 211E;; (7)
pi = 2uldy; (8)

i = 2ub) 9)
m; = 2pl3x}; (10)

where [, /1, [, = additional independent MLSPs associated with
the dilatation gradients, deviatoric stretch gradients, and symmetric
rotation gradients, respectively. The parameters A and y in the con-
stitutive equation of the classical stress ¢;; are Lamé constants.
They can be written in terms of the Young modulus £ and the Pois-
son’s ratio v as

Ev E

S Ty (7 R Ty )

(11)

On the other hand, based on the surface elasticity theory
(Gurtin and Murdoch 1978), the in-plane components of the sur-
face stress tensor 7,4 are given by

Tag = [To + (Mo 4 T0) Uy )00 + po(tha g+ Us0) — Tottge  (12)

where 7 = residual surface stress (i.e., the surface stress at zero
strain), and po and )\, are the surface elastic constants, which
can be determined by atomistic simulations (Shenoy 2005). Obvi-
ously, Eq. (12) shows that 7,4 is not symmetric.

The out-plane components of the surface stress tensor are given
by (Gurtin and Murdoch 1978)

Tha = ToUpa (13)
where n = direction of the outward unit normal »n on the surface.
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Fig. 1. Schematic of a nanobeam with surface layer
Model of the Bernoulli-Euler Nanobeam , OPw , 0w
, , , , , =—2ulzo 5. P —2/%? (20)
Consider a straight Bernoulli-Euler beam subjected to a static x
lateral load g(x), as shown in Fig. I, in which the loading plane 5
coincides with the x-z plane, and the cross section of the beam par- 2 M
. . . my, = my, uls 5 (21)
allels to the y-z plane. As shown in Fig. 1, the beam is considered to 0.
have an elastic surface (mathematically zero thickness) perfectly
bonded to its bulk material. The surface layer has distinct material ) 4 83w M 2 ,0w
properties and accounts for the surface energy effects (Gurtin and T = 75 < hliz P 7333 = g“l 1572
Murdoch 1975, 1978). 8 Pow
According to the Bernoulli-Euler hypothesis, the displace field 7511)3 = Tg1>1 = 7(113)1 =—1s w3 el
of the beam can be expressed as X
1 1 1 1 2 o’w
ow(x, 1) 7'(22>| = 7'<12>2 = 7'(21)2 = 7'(%3)1 = 7'23)3 = Tgl)z 3 o=
uy(x,y,2,1) = —z————=, uy(x,y,2.1) =0, *
Ox 2 Pw
(1) — (1) = 12 (22)
uz(x,y,z,t) = w(x, 1) (14) T3 = T3pn = 2%2 e s
Using Egs. (2) and (14), the nonzero strain ¢;; can be obtained as From Egs. (12)-(14), it follows that
Pw Pw ow
1 = _ZW (15) Txx =T0— ()‘0 + 2”0)Zﬁ7 Thx = 7—Onza (23)
Substituting Eq. (15) into Eq. (3), it then follows that where n, = z-component of the unit outward normal vector 7 to the
s 5 beam lateral surface.
_ @ _ 87”’ 16 The total strain energy in the elastically deformed beam is given
N=—i73. B="33 (16)
Ox Ox by
From Egs. (5) and (15), it leads to 1 L (1 o s
q Ur=Up+Ug== (Uz‘jﬁij +pivi+ Tﬁjﬁnﬁjﬁ + mixi;)
s, 19w (17)
X2 = X0 = 759, x dAdx + 5 / FoaTiseisdsdx (24)
By using Egs. (4), (6), and (14), it leads to . .
where Up = strain energy in the bulk of the beam based on the
(1) 2 Pw M 10w strain gradient elasticity theory; and U g = strain energy in the surface
it = 735%53" 33 =552 layer based on the surface elasticity theory. L = length of the beam,
4 Pw A = cross-sectional area of the beam, and 0A = boundary of A.
17511)3 = 77;?1 = 77(121 By using Eqgs. (15)—(24), the first variation of the total strain
1502 X energy in the beam in the time interval [0, 7] can be determined
(1) (1) m 1 o 1 0w as [the superscript (i) denotes ith differentiation with respect to x]
T2t = Thay = Thiz = 1331 = Th33 = 313 = 58753
A = ) — ) :i82_w ) SUr=06Ug+6Ug
223 322 232 7 1592

By substituting Eq. (15) into Eq. (7), the nonzero components of
stresses 0;; can be achieved

Pw Pw
o1 :—(A+2M)2Wﬁ 02 = 033 :—)\Z@ (19)
By using Eqgs. (8)—(10) and (16)—(18), the nonzero components

of the stress measures p;, mj;, and T, ik are respectively
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/ / [SW®) + (N +2p0) [ pw®) — Kw(®) — 708 pw" | Swdxdt
/ [—Sw® 4+ Kw®) — (Ng+200) I pw® + 70 S pw'| 6wk dt
1
+A |:SW”—KW ()\0+2M0)IPW —ET()PA 6W’|0

T
+/ Kw®éw" |kdt (25)
0
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where
24 0
K = 1(2uly + 5 ply),
8
S = (A+2u)l +2ul3A + G ul2A + pl3A (26)
in which
1= / 2dA (27)
A
and Sp is defined as
Sp = thy ntds (28)

and Py, Ip are the first and second moment of beam cross-sectional
perimeter, respectively, defined by

Py =tf,,zds (29)

Ip = i, 22ds (30)

The first variation of the work can be written as
L
oW = / géwdx + Véwl|k + Méw'|k + M"éw"'|§ (31)
Jo

where ¢ = external force, V = boundary shear force, M and M" are
the boundary classical and nonclassical moments, respectively.

The first variation of the kinetic energy of the beam, in the time
interval [0, T], can be determined to be

[ [ ()

L
_ / / (—mgivéw)dxdt + / (mowow)[=Tdx  (32)
0 0 0

where

. 0w . ow
m():pA, W:W, W:E (33)

It is noted that some works (e.g., Kong et al. 2009) ignored
the kinetic energy corresponding to the velocity of u;, so it is
not considered here.

According to Hamilton’s principle

5/'2[T—(UT—W)}dt:o (34)

by substituting Egs. (25), (31), and (32) into Eq. (34), it then leads
to

T (L
/ / [SW® + (N + 200) I pw®) — Kw© — 70Spw’” + moiv — gléwdxdt
o Jo

T
+ 3+ Kw®) —
0

—I—/ {Sw” Kw® 4 (N + 2p0) [ pw"’
0

— (Mo + 2u0) 1pw® + 7o Spw’ —

V]éw|kdt

1
_ETOPA —M:| 6W/|6'df

T 3) hig o 11|L L Ow =T
+ | [Kw) — M™"| 6w’ |5 dt + ; moEéw |I=fdx =0 (35)

The preceding variation equation implies that each term must be equal to zero, so the governing equation of the beam is given by

Swi 4 (N + 2p0) [pw®) — Kwl®) — 10Spw!" + mgiv — g = 0 (36)

The boundary conditions can be written as

[—Sw® + Kw) — (N + 2p0) [pw® + 70Spw’ — V][5 =0 or w=Ww atx=0 and x=L

1
SW” - KW<4) + ()\0 + zuo)IPWH — ETQPA — M:|

[Kw®) —M"|k =0 or w''=w"

where the overbar represents the prescribed value.

And the initial conditions can be written as

5 =0 (38)

(mgwéw) |t

Model of the Timoshenko Nanobeam

Consider a straight Timoshenko beam, which is subjected to dis-
tributed loads ¢, f,, and f, through the longitudinal axis x of the
beam, as shown in Fig. 1, in which the loading plane coincides with
the x-z plane, and the cross section of the beam parallels to the y-z
plane. As shown in Fig. 1, the beam also is considered to have an
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=0 or w=w atx=0 and x=1L

atx=0 and x=1L (37)

elastic surface (mathematically zero thickness) perfectly bonded to
its bulk material. The surface layer has distinct material properties
and accounts for the surface energy effects.

The displacement fields based on the Timoshenko beam theory
can be given by (Dym and Shames 1973)

uy(x,y,z,t) = u(x,t) — zo(x, 1), uy(x,y,2,t) =0,
uz(x,y,z,t) = w(x, 1) (39)

By using Egs. (2) and (39), the nonzero components of strain
tensor are
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Ou Do dw
511:a—za, 513:531*—(——¢> (40)
Substituting Eq. (40) into Eq. (3) then leads to

Fu P 96
=——I70> == 41
7 8.762 Z 8X2 ’ V3 x ( )

From Egs. (5) and (40), it follows that

s g 1 /*w 0O¢
X2 = X21 = 2 (W + a) (42)
By using Eqgs. (4), (6), and (39), it follows that
(1) Pu_ 9\ ) ﬁ , 99
i = x> ax 333 = Ox? ax

1 4 82W 8¢
U§1)3 = 7721)1 77(13)1 = 15 (W_ 25
1 0%u Ioate)
o9 =i =it = bt =i = =3 (55 -2 5%)

1 1 1 1 (0w ¢
=it =) = -1z (G 2% @)

By substituting Eq. (40) into Eq. (7), the nonzero components of
stresses 0;; can be achieved

0 0 0 0
UIIZ(A+2M)(OZ Zaff), 022:033:/\(571_Z87f)

o= [ 22-0) w

It is worth noting that the variation of o3 and o3, depends only
on x. In order to take the nonuniformity of the shear strain into
account over the beam cross section, a correction factor k,, which
depends on the shape of the beam cross section, is introduced to the
stress component o3 and o3; as follows:

ow
013 = 031 = ks,u(a— ¢) (45)

By using Eqgs. (8)—(10) and (41)—(43), the nonzero components
of the stress measures p;, mi,, and T ! are, respectively

1/’ ijk
0*u 0?
P = 2ul? <a 5 za—xf), p3 = —2ul a¢ (46)

By using Egs. (40)—(50), the total strain energy is

B P s
my, = my,

MF ( a2 8—(;5) (47)

1 4 Pu 0P 1 2 Pw 8¢
=g (GE-ege) W =-ti(5E -2
1 | 8 Pw aqb
T<11)3 = 7'(31)1 = 7(13)1 13 /Ll% <6x2 T ox

1 1 1 2 8214 82¢
7'<22>1 = 7'122 = 7'(21>2 = 7'g3>1 = 7'1%)3 = 7'§1>3 = le (__ 52

Ox? Ox?
1 1 2 0w 8(;5
O ] A (48)

From Egs. (12), (13), and (39), it follows that, with o, 5 € {x, s}
on the beam lateral surface

Ou 0
Tee = To + (Ao + 240) (8x 8?)

ow
xs {(MO - TO) a - UO¢:| Ny = Ty Ny

Il
\]
3

xzlty»

ow
Tox = {Hoa— (o —To)¢}”y

ow

" (49)

Tpx = Toll,
where n, and n, = y- and z-components of the unit outward normal
vector n to the beam lateral surface, respectively
(i.e., ny = cos? and n, = sin@). In addition, 6 = angle between
the y-axis and the normal vector n, which is shown in Fig. 1,
and s denotes the direction of the unit tangent vector s on the boun-
dary of the beam cross section. When § =0, 7., and 7., = the
values of 7, and T, respectively.

The total strain energy in the elastically deformed beam is
given by

L[r W (0 s
Ur=Up+Us=7 (Uijgij + Pivi + Tiphin + mixi;)
x dAdx + — / BoaTiCijdsdx (50)

where Uy = strain energy in the bulk of the beam based on the
strain gradient elasticity theory; and Uy = strain energy in the sur-
face layer based on the surface elasticity theory. L = length of the
beam, A = cross-sectional area of the beam, and JA = boundary
of A.

1L f
UT=UB+US:§/O // %511+P171+T§]l12771<,k+m,,xl, dAdx + - /yfaATUa dsdx

1 [L  ( 1
:EA /A(UHEH + 2013813+ iy + P33 +7'11177§1>1 +7'33377“

1
+ 37'(1 ) 77113 + 3T<22>377223 + 6722)177(22>1 + 2mi,xi,)dAdx

L
+ E[) ﬁaA (Txxgxx =+ Txs€xs =+ TsxEsx =+ 2Tnx‘€nx)d5dx (51)
where
1 ow 10w
Esx — E (_d) + a) ny = Exs,s Enx = Eanz = (52)
© ASCE 04016012-5 J. Nanomech. Micromech.
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By using Egs. (40)—(52), the first variation of the total strain energy in the beam in the time interval [0, 7] can be determined as follows

[with the superscript (i) denoting the ith differentiation with respect to x]:

T T T [L T 1
0 0 o Jo 0
T T 1 1
+/ klullfsu/‘;iédﬂr/ <_k7W(3) +k5W,+k6¢>”—k5¢>+§Qsl +§Qs2 +7'05PW/) owliZgdr
0 0

T T 1 T
+ / (kyw'" — k") W' [\ =G dt + / (k4¢’ — kew' — k33 — M, + _TOPA) SB[ =gdt + / ksd¢'[=gdt
0 0 0

2
where
ON
= k¥ —kgu'" — ===
100 100
Ty = kgw® — kgg© +k5(—W”+¢')—§Wﬂ—§ﬁ—7'ospw”
oM, 1 1
fo) = kso® + kew® — ko' + ks(—w' + ¢) + o EQJI —EQsz
and
o 4o , 4
kl:/,LA 210+§ll R k2 =A(/\+2u), k3:/LI 2ZO+§ll
b 2, 1,
16 1 8 1
ke = 1A R p—_— ks = l2 2
6 “(15 42)’ 7 (15 *y )
where
I:/zsz
A
and
N, = gfaATxxds, M, = gﬁaATxxzds, O = gfaAszngds, Oy = EﬁdATunde
and

Sp= ﬁaAngds, Cp= yfaAds, P, = ﬁaAzds
From Eqgs. (49), (57), and (58), it leads to

[ Ou 1))
Ny = |To+ (Mo + zﬂo)a} Cp— (N + 2MO)PAa

[ u 0
Mg = |79+ (Ao + 2%)8_} Py —(Xo+2p0)1p 8¢

- 8 a
O, = _(Mo —To)a—v:—ﬂoqs] T, O = [/‘Oa_v:_ (o = 70)¢| T

where
Ip = ﬁaAzzds, Tp = 553/;”5‘15

The first variation of the kinetic energy of the beam, in the time interval [0, 7] can be determined to be

s Ll () + (5 e

u Pw 0% L ou aw 0
—/0 /0 <m0W6u+m0W6w+m2W6¢)dxdt+A (m()&ﬁu—i-moaéw—}—ngégb

where

© ASCE 04016012-6
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my = pl (62)

The first variations of the work done by the forces applied on the beam in the time interval [0, 7] can be expressed as

T T L T
6/ Wdt = / / (fubu + qéw + f46¢)dxdt + / (NS6u + Nyou' + N%ow + NLow' + NO6p + NLo¢') =k dt (63)
0 0 0 0 ‘ ‘

where f, and g are the x- and z-components of the body forces per unit length, respectively; and f, = body couple per unit length.
N3, Ni, Ny, Ni,, N3, N} are external forces work conjugate to du, du’, dw, dw’, §¢, 6¢', respectively

According to Hamilton’s principle

[5)
5/ -
4

By using Egs. (53), (61), (63), and (64), it can be achieved

—W)]dt =0 (64)

2
//{(fu— () m062>5u+(q o m082>(5w+(f@—f(,,,)—mzaa—t?)&b]dxdt

1
—/ Kkzu —ku® + Ny —-7,C, —
0 2

1 1
+ (ks = N})8¢' + (5 Os1 +5Q52 + ToSpw’ —

L Ou ow 190} =T

t=0

N?V> w + (kyw'! — ko' — Nvlv)ﬁw’}

1
)6“ + (klu” - NL)(SM, + (k4¢, - k6W” - k3¢(3) —MS +§7'0PA —Ng)é(j)

Due to the variation, Eq. (65) implies that each term must be equal to zero, it then leads to

0%u
S :fu—mow»

Sy =q-

By substituting Eq. (54) into Eq. (66), the governing equations of the beam are given by

kju® — [ky + (Mo + 200)Cplu'" + (N + 2410) Pag"’ =

kyw® — kep?) + [ks +

k3@ + kew'®) — ky9" + [ks +5 (2uo — 7o) T, } (=" + @) + (Ao + 2p0) Pau"" — (Mo + 2p0)1p9"" = [y — my

The boundary conditions can be written as

1
5 (210 — TO)Tp:| (=" + ') = ToSpw" =g — my s

1
kzu/—klu@)—&—NS—ETon:Ng or u=u atx=0 and x=1L

kiu/ =N} or u' =@’ atx=0 and x=1L
kaw'' —kep! =N, or w'=w' atx=0 and x=1L
k4¢/ - k(,W k3¢<3 o

ky=N, or ¢'=¢ atx=0 and x=1L

where the overbar represents the prescribed value.

And the initial conditions can be written as

ou =T ow =T
(m055u> =0 B O’ (mo?éw) =0 B 0,
t=T
(m2 %&;ﬁ) =0 (69)
=0

Actually, the governing equations and boundary conditions of
the new Timoshenko nanobeam model can degenerate into those
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1 _
M—FETOPA:NQ or ¢=¢ atx=0 and x=1L

x=L
dt
x=0
(65)
Pw 0%
mysr. S =fo-mgs (66)
0%u
i 24
00
O*w
¢
FL
1 1 , o B
EQsl +§Qs2+7-0SPW =N% or w=w atx=0 and x=1L
(68)

r

of the new Bernoulli-Euler model if the shear deformation is
ignored. Moreover, the new models can reduce to the correspond-
ing models, in which size effects either only from the surface or
only from the bulk are considered. These models can further reduce
to the models that are based on the modified couple stress theory
and the classical continuum theory. For clarity, the new models and
the reduced models are summarized in Table 1. (Note: CT, CS, and
SG represent the classical continuum model, the model based on
modified couple stress theory, and the model based on strain gra-
dient elasticity theory, respectively; SE represents surface effect.)

J. Nanomech. Micromech.
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Table 1. References for Different Beam Models

Bernoulli-Euler BEAM

Timoshenko BEAM

Different models Without SE With SE Without SE With SE

CT Dym and Shames (1973) Chang and Rajapakse (2010) Dym and Shames (1973) Chang and Rajapakse (2010)
CS Park and Gao (2006) Gao and Mahmoud (2014) Ma et al. (2008) Gao (2015)

SG Kong et al. (2009) Present work Wang et al. (2010) Present work

l P b
x
+ _____________________________________________ 2 Ih
7@: 7777 b z
e L
-
Fig. 2. Geometry and loading of a simply supported nanobeam
Case Study for a Simply Supported Nanobeam e
v Py Stpp wx) =Y Whsin (?) (73)
n=1

In order to illustrate the new size-dependent Bernoulli-Euler and
Timoshenko nanobeam models developed in section “Formu-
lation,” the static bending and free vibration problems of a simply
supported beam shown in Fig. 2 are solved in this section. For
simplicity, axial deformation is not considered in the following ex-
amples. The simply supported beam is subject to a concentrated
force at center point, and the geometrical parameters are given
in Fig. 2. Unless otherwise indicated, the beam studied here is taken
to be made of aluminum with the following properties (Liu and
Rajapakse 2010): the elastic modulus E = 90 Gpa; the density
p = 2,700 kg/m>; Poisson’s ratio » = 0.23; the material length
scale parameter [ =3 nm; [ly=1[1, =1, =1, hy=6nm; the
thickness of the beam h =k - hy; k is the dimensionless size
scale; b = 0.5h; L = 20h; Py = 1.0 nN; the concentrated force
P=k-Py; and the surface material properties are o=
—5.4251 N/m, Ay = 3.4939 N/m, and 77 = 0.5689 N/m.

The boundary conditions of the static bending problem can
be identified as (Ma et al. 2008)

W‘X:() = W|x:L =0
(bllx:O = ¢l|x:L =0 (70)

For a rectangular cross section with height # and width b, using
Egs. (56), (58), and (60), the following can be achieved:

ulx:() = u‘x:L = 0’

W' limo = w"lor =0,

_1 3 _1 3 1 2 _
I_Ebh, IP_6h +2bh, Cp=2(b+h),
szzb, Tp:2h, PA :0 (71)

Static Bending of Simply Supported Bernoulli-Euler
Nanobeam

For the static bending problem, the time derivatives are set to
zero in Eq. (36), then the governing equations for static problems
are given by

Sw 4 (N + 2p0) Ipw®) — Kwl®) — 70S,w’ — g =0 (72)

To derive the solutions, w(x) can be expanded as the following
Fourier series:
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where W2 = Fourier coefficients. It is clear that the expansions
in Eq. (73) satisfy the boundary conditions in Eq. (70) for any W2,

Based on Eq. (73), the applied load ¢(x) can also be expanded in
a Fourier series as

o0
5 . [nmX
= — 4
o)=Y otsin("FY) (74)
For a given g(x), QF in Eq. (74) can be readily attained as
2 L
0f =~ / q(x) sin (?) dx (75)

For the present problem as shown in Fig. 2,
q(x) = P6(x — L/2), where 6() is the Dirac delta function and
P is the concentrated force that has been given earlier. By substi-
tuting ¢(x) of Eq. (74) into Eq. (75), it then leads to

2

0l = Psin <%> (76)

Substituting Egs. (73) and (74) into Eq. (72), then, leads to
nm\4 nm\4 nm\°
SwWE <T> + (Ao + 2p9) [ pWE (f) +KWB (T)

2

+ 7S, WE (%) = Q8 (77)

Solving the preceding linear equation [Eq. (77)], W2 can be

calculated as

B
wh = - (78)
SCE* + (o + 200) L () + K (55)° + 708, (4F)?

The analytical solutions of w(x) for the static bending of the
simply supported Bernoulli-Euler beam subjected to the concen-
trated force P are determined by substituting Eq. (78) into Eq. (73).

J. Nanomech. Micromech.
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——CT--+--SE
—+—CS--+--CS+SE
——SG--+--SG+SE

{ b=0.5h, L=20h

Deflection, w(10™)

x/h

Fig. 3. Deflection of simply supported Timoshenko nanobeam based
on different models

Deflection, w (10‘9)

b=0.5h, L=20h

—T T T T T T T T T T T T T T
o 2 4 6 8 10 12 14 16 18 20

Fig. 4. Deflection varying with dimensionless size scale k

The deflection w(x) of a Bernoulli-Euler beam is plotted in
Fig. 3. Here, k = 1; the other parameters have been given earlier.
From Fig. 3, it can be seen that the size effect is rather obvious. The
deflection predicted by the present model is smaller than that pre-
dicted by the other five models. When the surface energy effects are
considered, the deflection is smaller than that predicted by the cor-
responding models without considering surface energy effects.

Fig. 4 shows the variation of displacement of the simply sup-
ported Bernoulli-Euler beam with the size scale of the beam for
different models. Here, the dimensionless size scale k is the ab-
scissa in Fig. 4, and the other parameters have been given earlier.
For the classical model, the normalized stiffness remains un-
changed as the size scale increases. And for the other five models,
apart from the classical model, the normalized stiffness increases
nonlinearly as the size scale increases. The differences between
these models are reduced with the size scale increasing, while with
a smaller size scale (i.e., smaller beam dimension for the same
material), the present model shows strong size effect, and that leads
to a higher normalized stiffness. Although the modified couple
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stress model and strain gradient model can also predict the size
effect-induced increase of stiffness, the size-dependence is smaller
than the present model. The couple stress theory considers the ef-
fect of the symmetric rotation gradient tensor, while the strain gra-
dient theory considers the effects of the dilatation gradient tensor,
the deviatoric stretch gradient tensor, and the symmetric rotation
gradient tensor. Compared with the other models, the strain gra-
dient theory model is more versatile because it is more physical.
Fundamentally speaking, the increased stiffness predicted by the
present model is contributed by the surface energy effects and
the three strain gradient tensors of the strain gradient elasticity
theory that underpins this model.

Free Vibration of Simply Supported Bernoulli-Euler
Nanobeam

Considering the free vibration problem of a simply supported
Bernoulli-Euler beam shown in Fig. 2, all of the external force
vanishes. Then the equation of motion of the beam satisfies

Sw® + (N + 2u0) Ipw® — Kw® — 708w + mgiv =0 (79)

Similar to the procedure of a static bending problem, w(x) can
be expanded as the following Fourier series:

o0
w(x, 1) = Z W)Y sin (nLix) elnt (80)
n=1

where w, = vibration frequency; i = usual imaginary number; and

WY = Fourier coefficient. Clearly, the expansion in Eq. (80) satis-

fies the boundary conditions in Eq. (70) for any W).
Substituting Eq. (80) into Eq. (79), then leads to

[S ("L—”>4 + (o + 2p0)p ("L—”>4 + K(%)ﬁ

2
4 7oSp ("L—W> - mowg} WY =0 (81)

For a nonzero solution of WY, it is required that
nm\4 nm\* nm\° nm\?2
S| — Ao+ 2p0) I p | — K|— Spl —
<L> + (Ao + MO)P(L) + (L) +7 P(L)
—mow? =0 (82)

which leads to

W2 = SEE)* 4+ (No 4 2p0) p (4F)* + K(%F)® + 70Sp(2F)* (83)

mg

w, can be easily obtained:

VS + Qo + 201 ()° + KCP)° + moSp(E)?
VMo

Fig. 5 shows the change of the first order natural frequency of
the simply supported Bernoulli-Euler beam predicted by six models
with dimensionless thickness of the beam (k). From Fig. 5, it can be
seen that the natural frequency predicted by the present model is
larger than that predicted by the other five models. The results pre-
dicted by the models considering surface energy effects are larger
than those predicted by the corresponding models neglecting sur-
face energy effects. It is known that the higher frequency represents
the higher stiffness, which results in the smaller deflection, so that
shown in Fig. 5 is consistent with that shown in Fig. 4. With the

Wy, =

(34)
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214
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124

Normalized natural frequency, k(1 0° Hz)

Fig. 5. Normalized natural frequency varying with size scale for dif-
ferent models

dimensionless size scale increasing, those differences gradually de-
crease. This illustrates that the size effect is prominent when the
beam thickness is very small.

Static Bending of Simply Supported Timoshenko
Nanobeam

For the static bending problem, the time derivatives are set to zero
in Eq. (67), the shear coefficient of Timoshenko beam k; is taken to
be (54 5v)/(6 + 5v), and for simplicity, the axial deformation is
not considered here (f, = 0), then the governing equations for
static problems are given by

Substituting Egs. (86) and (87) into Eq. (85), then, leads to

R T e R

k) — kgt + [k + 3 2 = 7o)y | (" + 89 =708 =

1
k3 + kew'®) — k0" + [ks T3 (2p0 — TO)TP]
X (=w'+ @) + (Ao + 20) Pau' — (Ao + 2p0)Ip¢" = 0 (85)

To derive the solutions, w(x) and ¢(x) can be expanded as the
following Fourier series:

w(x) = i W sin (?) o(x) = i o7 cos (?) (86)

where WT and ®! = Fourier coefficients. It is clear that the expan-
sions in Eq. (86) satistfy the boundary conditions in Eq. (70) for
any WI and ®7.

Based on Eq. (86), the applied load ¢(x) can also be expanded
in a Fourier series as

_ i 07 sin (?) (87)

For a given g(x), QT in Eq. (87) can be readily attained as

0f =7 [ atysin( "7 ) ax (38)

For the present problem, ¢(x) = Pé(x —L/2), where P =
concentrated force, which has been given before and ¢(-) = Dirac
delta function. By substituting ¢(x) of Eq. (87) into Eq. (88), then it
leads to

or = %P sin (7) (89)

nm 2 1 nmw
{kﬁ (T) + [ks +5 20— TO)T[?:| }fq)r{ =0;

nm\*4 nm\?2 1 nm\?2 nm\?2 1 nm
{ks (T) + ky <f) + {ks + 5(2,“0 - TO)Tp:| + (Ao + 2p0) 1 p (T) }(1)5 - {k() <f> + {ks 3 (2p0 — TO)Tp:| }TWZ =

(90)
Solving the linear equation [Eq. (90)], WI and ®! can be achieved:
WT — {k3 (UF)* + kg (%)% + [ks + 5 (20 — 70)T ] + (Ao + 200) I p(“F)*} O
T —
’r 1 T
oT — {ke("T)* + [ks + 5 (20 — 70)T ]} = OF o1)

A

A:{k7(nL—7r>2+{k5+1(2MO—TO)T}+TOSP}{{I{3<”L> +ka+ (o +2u0)1 Kfﬂ) {k5+ 2u0—ro)rp”("L—“)2
T

- {k6 ("L—W>2 + [ks +%(2u0 - TO)TP:| }{k6 (’2—”)2 + {ks + ; (2po —

The analytical solutions of w(x) and ¢(x) for the static
bending of the simply supported Timoshenko beam subjected
to the concentrated force P are determined by using Egs. (86),
(91), and (92).
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oy (z) 2

Using the newly developed Timoshenko beam model, the static
bending problem of a simply supported Timoshenko beam is inves-
tigated. Here, k = 1, and for simplicity, parameters have been given
earlier. Figs. 6 and 7 show the deflection and the corresponding
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Fig. 8. Deflection varying with dimensionless size scale
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Fig. 7. Rotation of simply supported Timoshenko beam

rotation of the simply supported Timoshenko beam, respectively. It
can be clearly observed that the deflection predicted by the present
model is smaller than that of the other five models. The absolute
values of the rotation of the simply supported Timoshenko beam
predicted by three models in Fig. 7, show the similar trend as shown
in Fig. 6.

Fig. 8 shows the variation of displacement of the simply sup-
ported Timoshenko beam with the dimensionless size scale of
the beam. For the classical model, the normalized stiffness remains
unchanged as the size scale increases. And for the other five mod-
els, apart from the classical model, the normalized stiffness in-
creases nonlinearly as the size scale increases. The differences
between these models reduce with the size scale increasing, while
with a smaller size scale the present model shows strong size effect,
and that leads to a higher normalized stiffness. Although the modi-
fied couple stress model and strain gradient model can also predict
the size effect-induced increase of stiffness, the size-dependence is
smaller than the present model. Compared to the modified couple
stress theory, the strain gradient elasticity theory introduces addi-
tional dilatation gradient tensor and the deviatoric stretch gradient
tensor in addition to the symmetric rotation gradient tensor. So the
strain gradient theory is more versatile. Fundamentally speaking,
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the increased stiffness predicted by the present model is contributed
by the surface energy effects and the three strain gradient tensors of
the strain gradient elasticity theory that underpins this model.

Free Vibration of Simply Supported Timoshenko
Nanobeam

Considering the free vibration problem of a simply supported
Timoshenko beam shown in Fig. 2, all of the external force
vanishes. Then the equations of motion of the beam satisfies

1
Jwt® — ke + [ks T3 (2p0 — To)Tp] (=w'" +¢") = ToSpw”

B O*w
=—mGr

1
k3™ + kew® — ky0'" + [ks +3 (240 — To)Tp] (—w'+9)

¢

+ (N + 2p0)Pau’ — (Mo + 2p10) I pp"" = Mox

(93)

Similar to the procedure of the static bending problem, w(x) and
¢(x) can be expanded as the following Fourier series:

o0
. [(nmx\
w(x, 1) = Z W2 sin (T) et
n=1

$x.1) = > ®Pcos ("Li") et (94)
n=1

where w,, = vibration frequency; i = usual imaginary number; W2

and ®P = Fourier coefficients. Clearly, the expansions in Eq. (94)

satisfy the boundary conditions in Eq. (70) for any W2 and ®2.
Substituting Eq. (94) into Eq. (93), then leads to

o (e 09

where
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L
2 1
E) + [ks T3 (20 —

nm 2 1

nm\ 2 )
70)T, | + (Ao + 2p0)Ip 7 ) T mwn (96)

For a nonzero solution of W2 and ®2, it is required that the determinant of the coefficients matrix of Eq. (95) vanishes, which leads to

eyt et 4+e3=0 (97)

where

€] = mymy

nm\4 1 nm\ 2 nm\ 2
e Z—{k7 <f) + {ks +§(2IJ‘0_TO)T[7:| (f) +TOSP<T> }mz

nm\4 nm) 2 1
—mo{k3<f) +k4(f> + [ks +5(2M0—To)

Tp} + (o + 2u)p <”L—7T>2}

o) 2 (2 ) ) (5

+ |:k5 + % (210 = TO)T”] T Go 2ol (nL_W> 2}

The equation of w? can be easily obtained by solving the quad-
ratic equation [Eq. (97)]:

2_—62—\/6%—46163 (99)

Wy = 2¢
1

Fig. 9 shows the change of the first order natural frequency of
the simply supported Timoshenko beam predicted by different
models with the dimensionless size scale of the beam. From Fig. 9,
it can be seen that the natural frequency predicted by the present

-
©

——————— SE -~ CS+SE - SG+SE

-
(o2}
1

b=0.5h, L=20h

Normalized natural frequency, ka)i(IO9 Hz)
Y
1

Fig. 9. Normalized natural frequency varying with dimensionless size
scale for different models
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- {k6 <”L—”)2 + {k5 +%(2u0 ~ 7’0)ij| }2 (%)2 (98)

model is larger than that predicted by the other five models. The
results predicted by the models considering surface energy effects
are larger than those predicted by the corresponding models ne-
glecting surface energy effects. The higher frequency represents
the higher stiffness, which results in the smaller deflection, so that
shown in Fig. 9 is consistent with that shown in Fig. 8. With the
dimensionless thickness increasing, those differences gradually de-
crease, which illustrates that the size effect is prominent when the
beam thickness is very small.

Conclusions

With size effect originating from the surface and bulk included, the
size-dependent nanoscale Bernoulli-Euler and Timoshenko beam
models are developed based on surface elasticity theory and strain
gradient elasticity theory by a variational method. The new models,
containing three material length scale parameters and three surface
elasticity constants, can capture the size effect in the bulk and sur-
face layer of the beam. These two models recover the models con-
sidering only the microstructure dependence or the surface energy
effect. And these two models also can degenerate into the modified
couple stress models or the classical models as limiting cases. In
addition, the new Timoshenko beam model recovers the new Ber-
noulli-Euler beam when shear deformation is ignored. The static
bending and free vibration problems of a simply supported nano-
scale Bernoulli-Euler beam and Timoshenko beam are solved re-
spectively to illustrate the new models. Numerical results reveal
that the differences in the deflection, rotation, and natural frequency
predicted by the present model and the other models are large when
the size of the beam is small. These differences, however, are de-
creasing or even diminishing with the increase of the size of
the beam.
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