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Highlights

• Thermo-Coupled surface Cauchy-Born Theory for
nanowire thermomechanical response is proposed.

• Surface energy included in thermomechanical model-
ing.

• The method is based on utilizing temperature depen-
dent interatomic potential.

• The proposed method is verified with Molecular Dy-
namics simulation.

• Computational efforts are reduced without compro-
mising physics of the problem.
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Abstract

There are remarkable studies geared towards developing thermomechanical analyses of nanowires based on quasihar-
monic and Molecular Dynamics simulations. These methods exhibit limited applicability due to the associated compu-
tational cost. In this study an engineering finite-temperature model based on Surface Cauchy-Born theory is developed,
where surface energy is accounted for in the prediction of the thermomechanical response. This is achieved by using a
temperature-dependent interatomic potential in the standard Cauchy-Born theory with a surface energy contribution.
Simultaneous calculation of thermal and mechanical stresses is achieved by eliminating the diagonalization matrix of
entropy in the quasiharmonic system. This leads to a reduction in the degrees of freedom by more than 99% in compar-
ison with equivalent Molecular Dynamics models. For the purpose of validation, results obtained on copper and nickel
nanowires through the proposed method are compared with those of the more involved Molecular Dynamics simulations.
This comparison verifies the significant reduction in the computational process with an acceptable accuracy. Hence, the
proposed method provides a promising engineering tool without compromising the underlying physics of the problem
and has potential implications in the effective modeling of the nanoscale thermomechanical behavior.

Keywords: Surface Cauchy-Bron; Temperature; Nanowire; Finite element; Surface Energy

1. Introduction

Nanowires (NWs) have been under intense development
in recent years due to their unique mechanical, optical
and electrical properties. They are utilized in various
applications including electronics (Sacchetto et al., 2009)
and photonics (Yan et al., 2009). A further emerging
field of their application is nanoelectromechanical systems
(NEMS), where they are mainly utilized as transducers for
high-resolution mass (Hanay et al., 2012) and force sens-
ing (Sage et al., 2015). Measurements down to yoctogram
(Chaste et al., 2012) and femtoNewton (Marago et al.,
2008) are reported. Most of these techniques involve the
dynamic-mode operation of the NW, where changes in the
resonant behavior are monitored as indicators of external
mechanical effects (Gil-Santos et al., 2010; Sadek et al.,
2010; Yang et al., 2006). Hence, NWs serve as ultra-small
mechanical components, where size reduction proves to be
extra advantageous in sensing applications. The main ad-
vantages are associated with i) their high frequencies of
operation leading to high sensitivities and high resolution,
ii) their ability of deterministic integration with higher-
order structures such as electrodes, and iii) the ease of
their use as transducers, especially through piezoresistiv-
ity in Si NWs (Erdem Alaca, 2009; He and Yang, 2006;

∗Corresponding author
Email address: ealaca@ku.edu.tr (B. Erdem Alaca)

Sansa et al., 2014; Walther et al., 2012), and stretchable
conductors with metal NWs (Xu and Zhu, 2012; Yao and
Zhu, 2015).

It is well known that mechanical properties exhibit dra-
matic size dependence. For example, Cao and Chen (2008)
reported a significant size dependence of the modulus of
elasticity in ZnO NWs (Cao and Chen, 2008). Similarly,
Cuenot et al. (2004). showed an increase in the modu-
lus of elasticity in silver and lead NWs in smaller diame-
ters (Cuenot et al., 2004). Further effects such as phase
transformations in gold NWs (Diao et al., 2003) and pseu-
doelastic behavior in NWs made of shape memory alloys
(Park et al., 2005) are linked to the reduction of size. As
the mechanical behavior of NWs is core to the operation
of the majority of NEMS applications, modeling of their
mechanical properties becomes a critical task. It proves
to be a challenging task as well, as size reduction leads
to the dominance of quantum effects due to the confine-
ment by free surfaces and interfaces (Wang and Herron,
1991). A key feature of a free surface or an interface is the
difference in their atomic arrangement due to the lack of
bonding neighbors. This leads to a different set of elastic
properties of surfaces from that of the bulk, where fully
coordinated atomic arrangements and balanced forces ex-
ist.

A wide range of analytical models for the size-dependent
elastic properties at the nanoscale has recently been devel-
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oped. These models are usually based on enhanced classi-
cal continuum mechanics that use a bulk/surface decompo-
sition to study surface effects with varying nanostructure
dimensions. For example, Wang (Wang and Feng, 2009)
and He (He and Lilley, 2008) presented the surface effect
on bending and resonance frequency of NWs by utilizing
a surface layer of finite thickness and the Young-Laplace
equation (Tadmor et al., 1996b). On the contrary, an ex-
tensive range of multiscale modeling studies investigates
problems with continuum methods with an atomic-scale
resolution. These techniques can generally be referred to
as atomistic-based continuum analyses or quasicontinuum
methods. In this approach a general continuum finite ele-
ment formulation is utilized to characterize the mechanical
response of a given system. A finite element analysis pro-
vides a continuum system with adaptive model refinement
to save fully atomistic details and supplies a multi-scale
analysis capability by refining the mesh size near lattice
defects and highly energetic regions such as stacking faults
and dislocations (Tadmor et al., 1996b) and elastic and
plastic deformations (Tadmor et al., 1996a) in solids. The
main difference of the atomistic-based continuum analy-
ses from classical finite element methods is the derivation
of the constitutive response from an atomistic standpoint
rather than empirical rules and phenomenological models
(Tadmor et al., 1996b).

Recently, Park et al. (2006) proposed a multiscale Sur-
face Cauchy-Born (SCB) method to capture atomic-scale
surface stress effects based on decomposing the potential
energy into bulk and surface components, where bulk and
surface stresses constitute distinct terms in the variational
equation. This decomposition is the basis of capturing sur-
face energy as the size of the continuum body decreases
and the surface energy becomes dominant(Park et al.,
2006). This method was successfully utilized to demon-
strate size dependence in bending behavior (Yun and Park,
2009) and resonance frequency of metallic (Park and Klein,
2008) and Si (Park, 2008) NWs due to the free surface en-
ergy. Although the aforementioned atomistic-based con-
tinuum analyses can describe phenomena such as size-
dependence, surface energy and crystal non-uniformity,
their use is confined to cryogenic systems. As classical in-
teratomic potentials such as Lennard-Jones (LJ), Embed-
ded Atom Method (EAM) and Tersoff are defined in static
atomistic systems at zero absolute temperature, modeling
of the thermomechanical response in nanostructures with
atomistic resolution constitutes a novel challenge in engi-
neering applications.

Only recently the temperature-dependent interatomic
potential was developed as an efficient molecular calcula-
tion technique to model high-temperature behavior (Sub-
ramaniyan and Sun, 2008). For example, in Molecular
Dynamics (MD) simulations, the effect of temperature is
accounted for by thermal vibrations of each atom, where
the system is permitted to progress dynamically by inte-
grating Newtons equations of motion for each atom over
time for the atomic system. Dupuy et al. (2005) proposed a

finite-temperature method by a combination of statistical
mechanics and finite element calculations (Dupuy et al.,
2005). Xiao and Yang (2006), Liu and Li (2007), Jiang
et al. (2005) and Tang et al. (2006) developed a multiscale
Helmholtz free energy method based on the CauchyBorn
approximation. In this method, the effect of the finite
temperature is accounted for by the local harmonic ap-
proximation, which relates the entropy to the vibration
frequencies of the system(Jiang et al., 2005; Liu and Li,
2007; Tang et al., 2006; Xiao and Yang, 2006).

The effect of free surface on mechanical properties is one
of the most sought-after modeling aspects in NEMS. As
NEMS designs and applications are under constant evolu-
tion, engineering approaches with straightforward, compu-
tationally less demanding numerical techniques relevant to
operation conditions such as finite temperatures are highly
needed. In this study, we present the thermo-coupled
surface Cauchy-Born (TSCB) model, a continuum-based
theory with multiscale coupling for the thermomechani-
cal analysis of NWs at finite temperatures where surface
stress has a significant contribution. Based on the develop-
ments of the MD and the Helmholz free energy methods to
capture surface effects at finite temperatures, the present
work proposes to implement temperature in the definition
of the interatomic potential as opposed to using tempera-
ture as a kinetic component in entropy calculations from
quasiharmonic approximations. This is achieved by utiliz-
ing Engineering Molecular Mechanics (EMM) proposed by
Subramaniyan and Sun (2008) as an alternative molecular
simulation tool (Subramaniyan and Sun, 2008) within the
SCB method. Compared to MD and quasiharmonic mod-
els the proposed method requires less computational power
and provides a bridge between fundamental scientific mod-
eling efforts and practical engineering applications without
compromising accuracy.

In the remainder of this work the Surface Cauchy-Born
hypothesis is introduced first, followed by the description
of the combination of molecular mechanics with finite ele-
ment calculations. The results of the finite element simu-
lations are compared with traditional MD calculations for
validation. The work is concluded by analyzing the ac-
curacy of the proposed method for the prediction of the
modulus of elasticity as an essential parameter in mechan-
ical response modeling. Finally, the opposing effects of sur-
face and thermal energies on the mechanical response are
demonstrated.

2. Methodology

The quasicontinuum method has been developed to in-
vestigate the mechanical response of a continuum body
with atomic scale interactions. In this approach, a clas-
sical continuum finite element formulation is employed to
characterize the mechanical response of a given system,
where the constitutive response of the system is deter-
mined by interatomic calculations. The basic idea is that
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every point in a continuum corresponds to a very large re-
gion on the atomic scale. Thus, the constitutive response
at that point may be obtained by deforming the underly-
ing crystal structure by the local strain to obtain the local
state of stress. This constitutive response is derived by
utilizing ordinary interatomic interactions such as LJ and
EAM for metals and Tersoff potential for covalent systems.

Since the quasicontinuum method does not account for
the surface energy contribution at the nanoscale, the SCB
model was developed by Park et al. (2006) to capture sur-
face effects within the framework of the atomic-based con-
tinuum analysis. In this method, the energy of the system
is divided into bulk and surface components. The inter-
atomic potential can be turned into the Bulk Cauchy-Born
approximation by two steps: converting the potential en-
ergy into a strain energy density through normalization by
the atomic volume,Ω0, and then deforming the neighbors
around each atom homogeneously via continuum mechan-
ics quantities such as the deformation gradient F, or right
stretch tensor C = FT F(Park et al., 2006). As the result,
the strain energy density at finite temperatures, ϕ(C, T ),
can be expressed as a function of the temperature-related
interatomic pair potential, UT, as

ϕ(C, T ) =
1

2Ω0

nb∑

m=1

UT (rm(C), T ) (1)

where nb is the total number of bonds to a representative
bulk atoms, Ω0 is the atomic volume in the reference con-
figuration with undeformed bond vector Rm, and rm is the
deformed bond length at atom m and its neighbors

rm =
√
Rm.CRm (2)

This energy equivalence forms the basis of the traditional
CB hypothesis, in which lattice defects are not considered.
When the strain energy function at finite temperatures is
known, the continuum stress can be derived by differen-
tiating the material strain energy density function with
respect to the right stretch tensor, where there is no need
to divide the stress into mechanical and thermal portions
(Yun and Park, 2008). The second Piola-Kirchoff stress at
finite temperature can be written as

ST = 2
∂ϕ(C, T )

∂C
(3)

whereas the temperature-related spatial modulus DT is
defined as

DT = 4
∂2ϕ(C, T )

∂Cij∂Ckl
(4)

The lack of any decomposition requirement of stress and
modulus into their mechanical and thermal components
provides a significant advantage in comparison to the
Helmholz free energy methods. All points in the bulk are
considered in equilibrium with a fully coordinated atomic
structure in the BCB hypothesis and all points on the sur-
face have fewer bonding neighbors that leads to a surface

stress. Therefore, the SCB was developed to include sur-
face energy in NWs by capturing surface stress due to the
uncoordinated atoms on the surface. The strain energy
density of a body can be expressed in bulk and surface
terms by decomposing the potential energy into bulk and
surface components. The relationship between the contin-
uum strain energy density and the total potential energy
of a defect-free system at a finite temperature can thus be
expressed as

natom∑

m=1

Um
T (r, T ) =

∫

Π0

ϕ(C, T )dΩ +

∫

Γ0

γ(C, T )dΓ (5)

where ϕ(C, T ) is the bulk strain energy density integrated
over the volume of the body, Π0, in which all atoms are
fully coordinated and γ(C, T ) is the surface strain energy
density, integrated in each non-bulk surface layer of the
body, Γ0, in which the atoms are not coordinated at high
temperatures. The strain energy density on the surface at
a finite temperature can be written as

γ(C, T ) =
1

2Γ0

nbs∑

m=1

UT (rm(C), T ) (6)

where nbs is the number of bonds for an atom on the
surface. Similar to the bulk continuum thermomechanical
stress, the surface Piola-Kirchoff stresses at high temper-
atures can be defined as

S̃T = 2
∂γ(C, T )

∂C
(7)

where the surface stress, S̃T , is a 3× 3 tensor with nor-
mal components which allows surface relaxation as the
atoms lying at the surface are not fully coordinated. This
stress formulation is different from the conventional def-
inition of a 2× 2 surface stress (Shenoy, 2005) which in-
cludes only tangential terms. Similarly, the surface spatial
modulus,D̃T , can be defined as

D̃T = 4
∂2γ(C, T )

∂Cij∂Ckl
(8)

The total potential energy at finite temperature for the
continuum body in which the temperature-related strain
energy was decomposed into bulk and surface components
under an external load T can be written as

Ψ(u, T ) =

∫

Π0

ϕ(C, T )dΩ +

∫

Γ0

γ(C, T )dΓ−
∫

(T .u)dΓ (9)

To obtain a suitable form for the finite element calculation,
the standard discretization of the displacement field u(X)
can be utilized by using shape functions as

u(X) =

nn∑

I=1

NI(X)uI (10)
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where NI represent the shape or interpolation functions,
nn are the total number of nodes in the discretized contin-
uum and uI represent the displacements of node I. Differ-
entiating equation (9) with respect to the nodal displace-
ment at the minimum potential energy gives the finite el-
ement nodal load balance as

∂Ψ

∂uI
=

∫

Π0

BTSTF
T dΓ +

∫

Γ0

BT S̃TF
T dΓ−

∫

ΓT

NITdΓ (11)

where BT = ((∂NI)/∂X)T is the strain displacement ma-
trix. Eqn. (11) requires an iterative method to solve the
non-linear system of equations to determine the nodal dis-
placements that minimize the energy of the continuum
body.

The strain energy density at a finite temperature in the
crystal structure can be derived by using EMM, which
was developed for temperature-dependent interatomic po-
tentials to analyze static MD at high temperatures. The
interatomic potential in MD simulations and the Helmholz
free energy are temperature independent, i.e. temperature
effects are included by allowing the system to evolve dy-
namically according to the Newtons equation of motion
and kinetic energy in entropy calculation, respectively. In
the EMM (Subramaniyan and Sun, 2008), the thermal vi-
bration of each atom is replaced with a few parameters
in the interatomic potential to capture the global aver-
aged temperature-dependent behavior of the system. It
has thus been proposed to use thermal expansion to rep-
resent the effect of temperature in materials at the atomic
level. The LJ potential taking the temperature depen-
dence into account can be expressed as

UT (r) = εT [(
RT

r
)12 − 2(

RT

r
)6] (12)

where

RT = (1 + αT )R0 (13)

εT = −[U0(RT ) + kBT ] (14)

in which kB is the Boltzmann constant, RT and εT are
the LJ parameters at temperature T, and UT is the
temperature-dependent interatomic potential. R0 and α
are interatomic distance at 0K and thermal expansion co-
efficient, respectively.

In the present work, the temperature-dependent inter-
atomic potential is utilized to study surface energy at fi-
nite temperatures, where the TSCB method is developed
as an alternative to the MD and quasiharmonic models
for crystalline solids at finite temperatures. Simultane-
ous derivation of mechanical and thermal stresses makes
the technique easier to implement and leads to a signif-
icant increase in efficiency. For this purpose we propose
utilizing the temperature-dependent interatomic potential
turning the quasicontinuum method more practical for en-
gineering applications. To evaluate the accuracy of the

proposed method, a numerical study is conducted on cop-
per and nickel NWs, where interactions in an FCC crystal
are modeled using temperature-dependent LJ potentials
and results are compared with those of MD simulations.

3. Numerical Model

All numerical examples are presented for the FCC sin-
gle-crystalline Cu and Ni NWs oriented along the < 100 >
direction with {100} surfaces. The NWs have a square
cross-section of 30× 30 unit cells and a length of 100
unit cells. The atomic interactions are modeled using
temperature-dependent LJ interatomic potentials (Subra-
maniyan and Sun, 2008) with a truncation after the third
shell of the nearest neighbors. This approach leads to two
non-bulk layers of atoms at the surfaces as illustrated in
Fig.1.

All SCB calculations utilize regular eight-node
hexahedral elements. The temperature-dependent
interatomic potential at different temperatures is con-
sidered with the following parameters (Subramaniyan
and Sun, 2008) for copper (R0 = 2.6Å; ε0 = 0.167eV
and α = 17× 10−6K−1)and for nickel(R0 = 2.258Å;
ε0 = 0.195eV and α = 13× 10−6K−1) .

NWs are defined in the form of cantilevers, fixed at one
end and free to move at the other one for surface stress
relaxation (Fig.1). In the first step, no external loads are
applied and all deformations obtained are due to the ther-
momechanical surface stresses.

Figure 1: NW geometry considered for surface stress relaxation
(Left) and Bulk and Non-bulk layers in crystal orientation (Right).

In the second step, uniaxial tension is applied along the
< 100 > direction of the NWs up to a strain of 0.2% at dif-
ferent temperatures. The modulus of elasticity is extracted
from the resulting stress-strain curves at finite tempera-
tures. All numerical simulations based on the proposed
method are compared with fully atomistic calculations ob-
tained by the Sandia-developed simulation code LAMMPS
(Plimpton, 1995). The same LJ potentials for NWs con-
taining 373961 atoms are used in the MD simulations. A
time step of 1 fs is used for the numerical integration. The
system is equilibrated for 80 ps in a Nose-Hoover (Nosé,
1984) canonical (NVT) ensemble and 60 ps in a micro-
canonical (NVE) ensemble.

This is then followed by the application of strain along
the NWs under a canonical ensemble. The equivalent
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isothermal SCB model contains a regular mesh of 1323
elements and 1792 nodes, which results in a 99.5% de-
crease in the number of the degrees of freedom as compared
to the full-blown MD simulation. The volume integral in
(11) is taken using 2× 2× 2 Gaussian quadrature, while
the surface integrals are evaluated using 2× 2 Gaussian
quadrature. The FEM solution is obtained by utilizing a
non-linear Newton solver.

4. Results and Discussion

Initially, the numerical calculation based on the pro-
posed method for the copper and nickel NWs at 0K is com-
pared with the MD calculation. Due to the surface stress,
the free end of the NW contracts upon relaxation. The lon-
gitudinal displacements found by the proposed model and
MD calculations at 0K are shown in Fig.2. The proposed
numerical method replicates the displacement profile in
the longitudinal direction quite well, where a compressive
strain of -0.414% and -0.098% are predicted, while the MD
calculation predicted a contraction of -0.431% and -0.11%
for Cu and Ni NWs, respectively. As predicted in previous
literature (Park et al., 2006), due to the surface stress at
0K, the free end contracts, thus resulting in a compressive
strain in the NW. This compressive strain is dramatically
geometrical dependent, where long and slender NWs with
higher transverse surface area endure a higher compressive
strain compared to short and thick NWs (Yun and Park,
2009).

Figure 2: x-displacement for copper and nickel NWs with
100 × 30 × 30 unit cells at 0K for TSCB (left) and MD (right).

Analyzing and comparing the proposed method with
corresponding MD calculations include the following three
aspects:

1. Axial and transverse displacement profile in the pro-
posed method vs. MD calculation for Cu NWs,

2. Longitudinal strain of the stress-free system in the pro-
posed method vs. MD simulation, and

3. Modulus of elasticity for the proposed model and MD
calculations at different temperatures for Cu and Ni
NWs.

In the first step, the TSCB calculation for a relaxed
cantilever is compared with a snapshot of the MD calcu-
lations at 300K, 400K and 500K. The displacement profile
in the x-direction for both TSCB and MD simulations are
shown in Fig.3. The TSCB model replicates the displace-
ment field in the x-direction at different temperatures to
a good degree. It shows that the proposed multiscale ap-
proach can accurately capture the effect of thermal stress
and surface stress in nanostructures at the same time.

Figure 3: x-displacement for 31.6nm× 10.8nm× 10.8nm copper
nanowire for TSCB (left) and the MD method (right) at 300K, 400K
and 500K.

The displacement in the transverse direction for the MD
simulation is then calculated. The results are compared
once again with those provided by the proposed model.
The overall snapshot of the y-displacements at 500K for
the TSCB and MD studies are shown in Fig.4. A good
correspondence is observed as a result.

Figure 4: y-displacement field for 31.6nm× 10.8nm× 10.8nm cop-
per nanowire for TSCB (left) and the MD (right) at 500K.

In the second step, the longitudinal strain for relaxed
copper and nickel NWs at finite temperatures for both
TSCB and MD simulations are calculated to further evalu-
ate the accuracy of the proposed method in the estimation
of the surface and thermal energies. This is achieved by
measuring the displacement at the free end (Fig.5). Re-
sults indicate a good agreement between the TSCB and
MD methods. We note that the effects of edges and cor-
ners are ignored, where the small nanostructures with ef-
fective edges and corners (Zhao and Yakobson, 2003) can
be studied directly through the atomistic calculations.

The modulus of elasticity is a key parameter when

6
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studying the mechanical response of materials under static
and dynamic loads. In the third step of validation,
this fundamental parameter as predicted by the proposed
method is compared with full, atomistic simulation results
(Fig.6). Once again, the results demonstrate a good agree-
ment between the TSCB and MD methods in predicting
the linear elastic response of NWs at temperatures below
500K. The capability of the TSCB method over 500K can
be considered in a future study in the absence of any phase
transformations, dislocation nucleation, and other crys-
tal defects. Otherwise, non-local quasicontinuum methods
should be used.

Figure 6: Youngs modulus at different temperatures predicted by
TSCB and MD calculations.

Finally, the capability of the proposed method for bulk
structures without surface stress is validated by experi-
mental results in the temperature range from 4K to 300K.
Measured elastic properties of a copper single crystal in
the < 100 > direction based on the ultrasonic pulse tech-
nique (Overton Jr and Gaffney, 1955) was compared with
the proposed method for the bulk strain energy, where
the surface term in equation (11) was eliminated (Fig.7).
The predicted elastic properties based on the proposed
method have less than 8% error in comparison with ex-
perimental measurements verifying the proficiency of the
proposed method for thermomechanical analysis of bulk
FCC crystal structures as well.

Implementing temperature-dependent interatomic po-
tentials in the SCB hypothesis was proposed by this work

Figure 7: Youngs modulus at different temperatures predicted by
the proposed method and experimentally.

to study thermomechanical behavior of NWs. Thermome-
chanical calculation on relaxed and strained NWs proved
the accuracy of the proposed model. Predicted elastic con-
stants for NWs with surface energy contribution exhibit
a higher stiffness compared to those reported by experi-
mental studies for bulk crystal (Overton Jr and Gaffney,
1955).This shows the effect of surface atoms on the me-
chanical response of NWs. We note that predicted elastic
constants and uniaxial strains are in the < 100 > crys-
tal orientation. Thermomechanical properties along other
crystal orientations can be considered in future studies.

The overall investigation is based on the two-body
Lennard-Jones interatomic potential in metals with linear
embedded energy (Foiles et al., 1986). The temperature-
dependence in interatomic potentials is included in the
finite element calculations. For metals with non-linear
embedded functions such as gold (Foiles et al., 1986),
temperature-dependent embedded atom method (EAM)
can be used instead (Subramaniyan and Sun, 2010). The
proposed method is applicable for defect-free single crys-
tals. To include any imperfection in the crystal structure,
non-local quasicontinuum model (Tadmor et al., 1996b)
can be utilized.

5. Conclusion

We present the Thermo-coupled Surface Cauchy-Born
method (TSCB), a multiscale coupling continuum-based
theory at finite temperatures for the thermomechani-
cal analysis of NWs where surface stress has a sig-
nificant contribution. The method is based on utiliz-
ing temperature-dependent strain energy density regard-
ing EMM temperature-dependent interatomic potentials.
This method provides a good accuracy and it is shown to
be computationally much less demanding in comparison
with available methods for the thermomechanical analysis
with surface effects such as MD and quasiharmonic meth-
ods. The major outcome of this study is the possibility of
utilizing temperature-dependent interatomic potentials to
derive strain energy density for modeling surface effects.
Implications of this work can be summed up as follows:

7



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

• The possibility of coupling a temperature-dependent in-
teratomic potential with the Cauchy-Born hypothesis
for thermomechanical investigations in NWs and simi-
lar nanomechanical components.

• Simplifications in calculations and dramatic reduction in
computational efforts without a significant loss of accu-
racy. This provides a promising engineering tool without
compromising the underlying physics of the problem.

• The dominance of thermal stress over mechanical stress
with increasing temperature leading to a transition in
the NW strain profile from contraction to expansion.

Overall the performance of the TSCB technique in terms
of simulation accuracy and computational demand is eval-
uated very positively. This initial study can further evolve
to the derivation of momentum and heat equations in
3-dimensional nanostructures where surface stress effects
and size-dependency are taken into the account.
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