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Size effects of mechanical behaviors of materials are referred to the variation of the mechanical behavior
due to the sample sizes changing from macroscale to micro-/nanoscales. At the micro-/nanoscale, since
sample has a relatively high specific surface area (SSA) (ratio of surface area to volume), the surface
energy effect, although it is often neglected at the macroscale, becomes prominent in governing the
mechanical behavior. In the present research, a continuum model considering the surface energy effect
is developed through introducing the surface energy to total potential energy. Simultaneously, a corre-
sponding finite element method is developed. The model is used to analyze the axial equilibrium strain
problem for a Cu nanowire at the external loading-free state. As another application of the model, from
dimensional analysis, the size effects of uniform compression tests on the microscale cylinder specimens
for Ni and Au single crystals are analyzed and compared with experiments in literatures.
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1. Introduction

Recent researches have shown that the micro-/nanostructured
materials or materials at the micro-/nanoscale possess the superior
mechanical, physical and chemical properties [7,9,18]. At the mi-
cro-/nanoscale, size effects of mechanical behavior often become
prominent, and they are usually considered as a result from
imposed deformation gradients in crystalline materials [8,28,15]
etc. Recently, several studies emphasize that at the micro-/nano-
scale, the sample geometry size affects the mechanisms of defor-
mation and strength. Using molecular dynamics simulations for
simple shear of Ni single crystals, Horstemeyer et al. [14] found
that the yield strength depends on the specific surface area (SSA)
of the sample without considering strain gradient effects. Micro-
scale cylindrical pillars were tested under the uniaxial compression
for pure Ni and Ni-base alloys [25,4] and for Au single crystals
[11,26]. The stress-strain curves showed dramatic size effects
when sample dimensions are at the micro- or sub-micron scale.
Samples were machined from a bulk single crystal by focused ion
beam milling, and hence they are considered to have identical
initial internal structures. Size effects are mainly induced by the
variation of sample geometric sizes.

At the micro-/nanoscale, since material has a relatively high
SSA, the surface energy effect becomes prominent. The surface
stress effects on size-dependent elastic properties of nanoscale
structures have been studied widely [23,24,29,5,6,12,10] etc. For
example, Gao et al. [10] developed a finite element method to com-
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pute the surface energy effect which was described by adopting a
set of surface elastic constitutive equations of Miller and Shenoy
[20] within a surface layer and leading to introduce the surface
stress and strain components. However, it is difficult to measure
the surface stress tensor of solids experimentally, and it is still nec-
essary to adopt the atomistic simulations to calculate surface stres-
ses or determine the surface elastic constants. Recently Park et al.
[21] presented a surface Cauchy-Born model to study surface ef-
fects while the homogeneous deformation assumption is required.

In this paper, the surface energy effect is still expected to be
prominent in governing size effect on the mechanical behavior of
single crystals, and the surface energy density (7) is still assumed
a material constant [30] within a length scale region from sub-mi-
cron to macroscale. Based on the assumption, a continuum
mechanics model considering the surface energy effect will be
developed. A new finite element method corresponding the new
model is also developed for the model application. The model will
be used to analyze the axial equilibrium strain variation of a Cu
nanowire. Based on the modified continuum model, size effects
of compression tests on the sub-micron scale cylinder specimens
of Ni and Au single crystals are analyzed and compared with exper-
imental measurements in literatures.

2. Quantity level analysis of surface energy effect

Geometrically, the specific surface area (S/V) of a sample is a
function of sample sizes,

S
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From dimensional analysis, Eq. (1) can be written as a non-
dimensional relation

S (L L

From Eq. (2), the SSA can be expressed by a characteristic length
(L) and several normalized shape parameters. SSA relations for
three typical samples are shown in Fig. 1. From Eq. (2) and Fig. 1,
the relation between the SSA and characteristic length for a spher-
ical or a cubic sample is linear in the logarithmic coordinate sys-
tem, as shown in Fig. 2. It can be seen that S/V is of order
108 m~! at the sub-micron scale approximately, while it is of order
10°m~! at the macroscale. For the typical metal materials, the
quantity levels of the stress (a), strain (&), strain energy density
(Up) and surface energy density (y) are given as follows

0~10'-10°MPa &~ 1072-107",
Up~0-¢/2~10°=108J/m?, y~1]J/m>

Therefore, the order of the ratio (surface energy to strain en-
ergy) is given as

(3)

7S 10°-103

UoV 107°-107", (4)
at the macroscale, and

7S 110

UoV (1-107). (5)

at the micro-/nanoscale.

Both Eqs. (4) and (5) imply that surface energy effect can be
rationally ignored at the macroscale while it should be considered
at the micro-/nanoscale.
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Fig. 1. Relations of specific surface area with characteristic size for three typical
samples.
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Fig. 2. Quantity level variation of specific surface area (S/V) with characteristic size
of samples.

3. A surface energy model and corresponding finite element
method

According to analysis in the last section, the surface energy ef-
fect should be considered when sample sizes are at the micro-/
nanoscale. The conventional minimum potential principle will be
revised to include the surface energy effect. In the new model,
the total potential energy of solid (IT) is consisted of three parts,
the strain energy (U”), surface energy (U°) and external force po-
tential (—W). The total potential energy can be expressed as

n=U+U0°-w (6)
In Eq. (6), U? and —W can be expressed as usual
U = / UodV,
Vv
W= / Fudv — [ fuds (7)
Jv JSs

where Uy is strain energy density, f and &; (i = 1, 2, 3) are body force
and applied surface traction, respectively.
The surface energy (U®) can be calculated by

U= [ yas. ®)
Js

where S’ is the deformed surface area, which can be related with
initial surface area (S) by

dS' ~ [1 + Llej + mime; + Lliggmymgey, — (imjeg)® /2] - dS, 9)

from deformation geometrical analysis, where g; (i, j =1, 2, 3) are the
surface boundary strain components in global strain field, which are
different from that of the surface strains within a surface layer spe-
cially defined by Miller and Shenoy [20] by presenting a set of sur-
face constitutive equations; I and m are the orthogonal unit vectors
on surface of solid, which are expressed as

1= bk m=[mmyms], (10)

(i, m;) (i=1, 2, 3) are the direction cosines of I and m relative to the
global coordinate system.

From Egs. (6)-(9), (1), the variational relation of total system
can be expressed as

/ oeledV + / 0¢" (R + Dyg)ydS — ( / ou'fds + / 5quds) =0,
14 S Vv So
(11)

where ¢ and ¢ are the strain vector and stress vector respectively,
defined as

— A T
&= [ngy &z /xy yyz yzx}

oU
o= 20D (12)

Dy, is elastic-plastic matrix. In Eq. (2), matrix R and matrix Ds
can be expressed as

R=R; +R,, D;=RR, + R:R] — R:R}
R, = [LEBL L)
R, = [m?mim2mymymymsmsmy |’ (13)
R; = 2limy2l,my2lmslimy + Lmibms + bmalsmy + 11m3]T
From Egs. (2)-(4), one can obtain
Ka=P (14)

where a is the node displacement vector of the total system; stiff-
ness matrix and node force vector can be expressed as
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K=) GKG, K =K;+K;
P=>"GP°, P°=P;+P+P; (15)
e

G, is the connectivity matrix [1] by which the element displacement
matrix can be transformed into a; K} and K¢ are stiffness matrixes
of the bulk element and surface element respectively. The equiva-
lent nodal force matrixes of elements, P; P; and P¢, are calculated
through the known body forces, surface tractions and surface en-
ergy respectively. Ki, K¢, Py, P{ and P; can be expressed as

K = /V _BDBydv, K= /S B!D,By)dS,
PZ:/VENdeV, P;?:/SE N'tds, Pf;:—/seBERyds, (16)

where B, and B; are the strain matrixes of the bulk element and sur-
face element respectively, and (N) is the matrix of shape functions.

In our finite element method considering the surface energy ef-
fect, the 20-node hexahedral brick isoparametric element is chosen
as the bulk elements. It is worth noting that a surface element cor-
responds to a face of the bulk element, with 8 nodes. For the 20-
node hexahedral brick isoparametric element, two unit vectors I
and m given in Eq. (1), which describe the orientation of the sur-
face element, can be expressed by the Gram-Schmidt orthogonal-
ization in parametrical coordinates (&,#,{) as

r; r:—(r:-hl .

I=— and m= > for surface elements with n = +1
] o= ronl ==
r: r, — (r,-Dl .

I=— and m=-" 1 for surface elements with { = +1
i L=, 00 ==

(17)

r, e — (ry - D o

I=-—" and m=———-—=(for surface elements with ¢ = +1)
[y re — (r¢- Dl

where r;, 1, and r; are defined by global coordinates (x, y, z) and
parametrical coordinates (&, #,() as

0x dy 0z _{@ggr ] {axayaz}T

T
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From Egs. (4), (6), (7), (8), (9), the equilibrium Eq. (5) can be ex-
pressed completely. It should be noted that the global stiffness ma-
trix, K in Eq. (5), is positive definite after the treatment of constraints
in the traditional finite method [19]. However, K is generally a
sparse, symmetrical but non-positive definite matrix in the present
model considering the surface energy effect, so some usual methods
such as Cholesky decomposition can not be used to solve Eq. (5).

An elastic-plastic material with power-law hardening feature is
considered here,

oo {se/SV

oy (Se/(‘ly)N (e > ay),

(18)

(ae < 0\’)7 (19)

where g. and ¢, are the Von Mises effective stress and effective
strain respectively, N is the strain-hardening exponent; oy is the
initial yield stress at the macroscale, and ¢y is the corresponding
yield strain, &y = oy/E, where E is the macroscale Young’s modulus.

4. Applications of the surface energy model
4.1. Free relaxation of external loading-free nanowires

Metal nanowires have an interesting *r*nechanical property. By
using atomistic simulations, Diao et al. [2,3] found that for an
external loading-free Au nanowire, the compressive residue stress
always exists in the interior of the nanowire, and the <1 00> nano-
wire will undergo a phase transformation process from face-cen-

tered-cubic (FCC) structure to body-centered-tetragonal (BCT)
structure when nanowire size (width of square cross-section) is
less than 2 nm. By molecular dynamics simulations, Liang and
Zhou [17] observed that for Cu nanowire when cross-section size
is smaller than 2.17 x 2.17 nm, spontaneous lattice was reoriented
with the cross-sectional shape changing from square to rhombic,
and the wire decreased in length by 29.3% at a temperature of
300 K, approximately.

From the present surface energy model, for the external load-
ing-free nanowire case, due to the surface energy effect, the ten-
sion stress is formed on the surface, which is balanced by the
compressive stress in the interior of nanowire. At the self-balance
state, generally the length of the nanowire will be shortening due
to the interior compression, which can be determined by calculat-
ing the axial equilibrium strain. In this subsection, our surface en-
ergy model will be used to investigate the free relaxation of single
crystalline Cu nanowires and calculate the axial equilibrium strain.
Initial length of the nanowire is L; and the size of square cross-sec-
tion is L. Assume that the surface energy density is a material con-
stant at the sub-micron scale. Both 3-D elastic-plastic and 1-D
elastic analyses are performed.

For the external loading-free nanowires using the 1-D elastic
analysis, Eq. (6) can be simplified as a theoretical formulation,

IT = Ee2LL1 /2 + p[2L%(1 — ve)® + 4LLy (1 — ve)(1 + &), (20)

where ¢ is axial equilibrium strain of nanowire, v is Poisson’s ratio.
The axial equilibrium strain with respect to the nanowire size and
the surface energy density can be found from the functional station-
ary condition (6I1 = 0) to ¢, one have

4v—4(1-v)-(L4/L)

CSER) L LD 4 8y (/L) (21)

The 3-D elastic—plastic analysis model has been depicted in de-
tail in the last section. In the numerical examples, for the Cu single
crystals, material parameters are taken as: E=200GPa, v =0.3,
N=0.2, oy =300 MPa, y=1.725]/m?, where the value of surface
energy density used in this study is come from Hirth and Lothe
[13]. The finite element method developed in last section is used.
In the present calculations, the 20-node hexahedral brick isopara-
metric element is chosen as the bulk elements, and the surface ele-
ment corresponds to a face of the bulk element, with 8 nodes. The
cuboid element is used and the mesh is divided along the sample
length direction and cross-section by 50 x 3 x 3. Total element
number is 450. For each element, 27 Gauss points are adopted in
the integration. For the given surface energy density, the displace-
ment field is computed, so that the axial equilibrium strain can be
obtained.

The simulation results based on both 1-D and 3-D surface en-
ergy model are compared with the results of molecular static
(MS) results given by Liang et al. [16], as shown in Fig. 3. All the re-
sults show nanowires contraction in their length direction. With
decreasing the size of cross-section, the axial equilibrium strain
(contraction) increases. From the results of 3-D surface energy
model, long and slender nanowires contract more than short and
thick nanowires, which are consistent with the conclusion based
on the surface Cauchy-Born model [22].

4.2. Size effects of flow stress in compressive tests for single crystalline
samples

Both surface and volume effects affect the flow stress of single
crystalline materials at the micro- or sub-micron scale [11,4].
According to the present surface energy model given in the last
section, we have an additional material parameter, surface energy
density ). Referring to the dimensional analysis method using by
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Fig. 3. Axial equilibrium strain as a function of the size of single crystalline Cu
nanowire with square cross-section is shown, using 1-D model Eq. (18) and 3-D
model (finite element method developed in the present paper). The results of
molecular static simulations (MS) with three orientations [16] are also shown.

Zheng [30] who analyzed fracture strength of solid considering the
surface energy effect, we can easily develop a relationship between
flow stress and the surface energy density. The flow stress (o;) of
single crystal samples can be described by two types of indepen-
dent dimensionless parameters (taking a cylinder sample as exam-
ple here)

as Yy L

o=l t) .
where the dimensionless parameter, y/(oyL) describes a ratio of
surface energy to volume deformation energy for the uniform load-
ing sample, another parameter L, /L is the aspect ratio, oy is the flow
stress of material at the case of macroscale sample size. The order of
magnitude analysis about the surface energy effect is given in Table
1. From Table 1, it is clear that for the elastic-plastic case, the sur-
face energy effect is considerably large at the nanometer scale.
When Eq. (13) is expanded into a Taylor series, and the first-order
quantity in the series is kept, one can easily obtain a linear relation
between the normalized flow stresses and the normalized surface
energy density as,

Js b Ly
)
and can be compared with the recent experimental results given by
Greer et al. [11] and Dimiduk et al. [4], where the undetermined
function f; is only dependent on the sample aspect ratio.
Similarly, for an elastic case, one can obtain a concise relation of
Young’s modulus (Eg;) with surface energy density based on the
present surface energy model through dimensional analysis,

Eg o b L]

E- 1 +ﬁ‘//l <T> (24)
where E is the Young’s modulus at the case of macroscale sample
size. The expression (15) is similar to that given by Wang et al. [27].

Table 1
Order of magnitude analysis of surface energy effect and influence on the flow stress
for elastic-plastic materials and on the Young’s modulus for elastic materials.

L 1m 1 mm 1 pm 10 nm 1nm
& 1078 10°° 1072 10° 10!
5 10" 108 10> 103 102

Y ~1]Jm~2 g, ~ 10> MPa, and E ~ 10° GPa.

12

10

GS/GY

Experiments:
Squares for Ni (Dimiduk et al., 2005)
Triangles for Au (Greer et al., 2005)
1 " 1 " 1 1 "

0 " 1 1 n
0.00 002 0.04 0.06 008 010 0.12 0.14
71 (a,L)

Fig. 4. Variation of material flow stress with surface energy density. Experimental
results can be modeled effectively using the theoretical model.

The order of magnitude analysis about the surface energy ef-
fects on the flow stress and Young’s modulus is given in Table 1.
From Table 1, y/(oyL) is of order 1072 at the micrometer scale.
However, 7/(EL) is of order 1072 at the nanometer scale. This indi-
cates that for plastic case the size effects are usually prominent
starting from microscale to smaller scale, while for elastic case
they are prominent starting from nanometer scale to much smaller
scale. It is interesting to note that the intrinsic length scale y/E can
be traced back to the classical Griffith theory for brittle fracture
[27].

In Fig. 4, the above linear relation Eq. (14) is used to describe the
experimental results. The experimental data are from microscale
uniaxial compression tests. From Fig. 4, one can find that this sim-
ple relation can describe the size effects of the flow stress of single
crystals effectively.

5. Concluding remarks

In the present research, through the order of magnitude analy-
sis for the SSA, a new model considering surface energy effect has
been developed. The corresponding finite element method has also
been developed. The surface energy model has been used to ana-
lyze the axial equilibrium strain variations for the external load-
ing-free nanowires. Based on the surface energy model, the size
effects of flow stress and Young’s modulus have been analyzed
from dimensional analysis, and the analysis results are used to suc-
cessfully describe the experimental data. The order of magnitude
analysis for the surface energy density and its influence on the flow
stress has been performed. The main results obtained in the pres-
ent research can be summarized to the following key points: (1) as
a length scale parameter, the SSA of sample undergoes a huge in-
crease when sample size changes from the macroscale to micro-/
nanoscale, so that the surface energy effect becomes obvious, espe-
cially when sample size reaches at the micro-/nanoscale. (2) Taking
the surface energy density as a material parameter, a surface en-
ergy model has been developed through introducing the surface
energy density to the conventional continuum theory. The corre-
sponding finite element method has been developed. Through ana-
lyzing a typical nanoscale problem, the relaxation of external
loading-free nanowire, the effectiveness of the model has been tes-
tified. (3) Through the order of magnitude analysis for the surface
energy effect and for its influence on the flow stress and Young’s
modulus, we have found that for a plastic problem the size effects
are usually prominent starting from microscale to smaller scale,
while for an elastic problem they are prominent starting from
nanometer scale to much smaller scale.
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It is worth noting that in the present research, about size effects
of mechanical behavior, although some important features can be
described and captured by using the surface energy model, how-
ever, the surface energy density is assumed as a material constant
and only single crystal materials are discussed. Generally speaking,
the surface energy density should be a variable as a function of SSA,
surface deformation or surface temperature etc. Further and in-
depth research work on surface energy effects is still needed. On
the other hand, the size effects should be dependent on both the
surface effect and the volume effect. About the volume effect, the
strain gradient effect should be important at the micro-/nanoscale,
which is not considered in the present model.
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