
Theoretical and Applied Fracture Mechanics 46 (2006) 202–208

www.elsevier.com/locate/tafmec
Atomistic measure of the strength of MgO nanorods
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Abstract

Molecular dynamics (MD) simulations were employed to study material response of MgO nanorod subjected to
uniaxial tension loading. The simulations show in detail the atomic-scale mechanism of the deformation and failure pro-
cess during tension. The effects of strain rate, system size and environment temperature on the strength of MgO nanorods
are observed. It is found that the materials appear more ductile at lower strain rate, and the tensile strength of the nanorod
decreases as the diameter of system cross-section decreases and as temperature increases.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Nanoscale material behavior has been an area of
active research over the past fifteen years [1]. Nano-
scale is a qualitatively new scale where material
properties depend on size and shape as well as com-
position, and differ significantly from those in the
bulk. Nanostructures like nanotubes, nanowires,
nanobelts, and nanoclusters have extraordinary
mechanical, thermal, electrical, and magnetic prop-
erties. In particular, one-dimensional nanometer-
sized materials have attracted great interest in recent
years because they have broad applications in differ-
ent areas, such as in nano-mechanical and nano-
electronic devices [2–4]. Most of these 1D products
are metal oxides, such as SnO2 [4], Ga2O3 [5]. They
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are usually produced by techniques such as thermal
evaporation [6], calcinations of precursor powders
[4] and template [7].

One of the widely used materials, MgO has a
bandgap of 2.8 eV [8] and is used in various areas
for insulating, catalytic optical and electronic pur-
poses [9]. MgO is also being applied to supercon-
ducting composites as a reinforcing agent [10]. A
common approach to make 1D nanometer-sized
MgO is by evaporating Mg either in a chemical
reaction or in thermal evaporation and allowing
the vapor to react with O2 to form MgO nanorods.
One of the newest successful applications is using
vertically aligned MgO nanorods as templates for
pulsed laser deposition (PLD) of the desired transi-
tion metal oxides such as PbZr0.58Ti0.42O3 (PZT)
[11].

Despite the wide applications of MgO nanorods,
understanding of its mechanical properties is incom-
plete. Few experimental investigations have been
.
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conducted into the full range of mechanical proper-
ties of MgO nanorods. No systematic simulations
have been performed to study its strength, especially
the effects of size, temperature and strain rate.
Although the use of molecular dynamics simulation
can never fully replace experimental approaches,
nevertheless, simulation technique is valuable in
indicating worthwhile avenues of potential experi-
mental investigation, and in interpreting experimen-
tal results.

This study considers a particular set of MgO
nanorods, with classical molecular dynamics [12]
simulations being employed to perform a thorough
investigation into its mechanical properties. After a
brief introduction about the computational tech-
niques and simulation details in Section 2, simula-
tion results are presented and discussed in Section
3; this paper ends with a brief summary and conclu-
sions in Section 4.
Table 1
Short-range interaction parameters for different pairs in magnesia

Species Species A (eV) q (nm) C (eV nm6)

O2� O2� 9547.960 0.02192 3.20
Mg2+ O2� 1284.380 0.02997 0.00
Mg2+ Mg2+ 0.00 0.00 0.00
2. Simulation procedure

Magnesium oxide, MgO, has ionic bonding and a
rocksalt crystal structure with lattice constant
a = b = c = 0.42 nm, and with 8 atoms per unit cell,
cf. Fig. 1. A commonly used potential function for
ionic crystals is the combination of Buckingham
potential and Coulomb interactions, and it has the
following form:

UðrijÞ ¼
qiqj

rij
þ A exp

�rij

q

� �
� C

r6
ij

; ð1Þ

which is used in this work to simulate the mechani-
cal properties of MgO nanorods. Here, rij is the dis-
tance between two ions, qi is the charge on ion i and
A, q and C are material parameters. The first term
in Eq. (1) considers the long-range Coulomb inter-
Fig. 1. Crystal structure of MgO.
actions due to electric charges; the second and third
terms model short-range interactions. Anion–anion
interactions include both the long-range and short-
range terms. Anion–cation interactions are modeled
using the Born–Mayer form which neglects the last
(attractive) term. Cation–cation interactions involve
only the long-range charge effect. Calculation of
the long-range Coulomb force is carried out using
the Ewald sum, which is computationally efficient
and unconditionally converging. The periodicity
required for the Ewald sum is introduced using a
supercell concept, in which the simulation box is
defined considerably larger than the nanorods.

The parameters involved in the potential func-
tion were obtained by Grimes in [13] through fitting
to experimental results. The parameters are summa-
rized in Table 1. Cutoff for the Buckingham poten-
tial is 1.2 nm, which refers to the radius around a
reference atom i, beyond which the interatomic
potential is truncated. This cutoff value will be used
for the generation of the Verlet neighbor list [14].
Fig. 2. Loading scheme consisting of velocity-specified boundary
conditions.
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The canonical NVT ensemble based on the Nose–
Hoover chain dynamics [15,16] is employed in the
simulation, where N is the number of particles, V

is the volume and T the temperature. The NVT sim-
ulation is necessary since it enable us to study the
system beyond elastic deformation, as well as to
handle temperature appropriately.

In this work, the system simulated is divided into
three different zones, namely, two boundary (rigid)
atom zones, and one thermostat atom zone, of
which the thermostat is used to simulate the thermo-
static effects and guarantee the equilibrium temper-
ature approaching the desired value. Constant
velocities are applied on the top and bottom rigid
zones (region A shown in Fig. 2). For the thermal
controlled zones, the following scaling method is
Fig. 3. Stress–strain curves and atomic configurations for MgO nano
(b) low strain rate and (c) high strain rate.
adopted to ensure that the temperature of the sys-
tem remains constant during simulation [12,17]:

vnew
i ¼ vi

ffiffiffiffiffiffi
T D

T A

r
; ð2Þ

where vi is the actual velocity of particle i, vnew
i is the

velocity of particle i after correction, TD and TA are
the desired and actual temperature of the system,
respectively.

The average stress of the specimen in the atomis-
tic simulation, rmn, on the m plane and in the n-
direction is calculated via virial formula [18,19]

r ¼ � 1

Ns

XNs

i¼1

mivi � vi

V i
þ 1

2V i

XNs

j¼1

rij � Fij

 !
; ð3Þ
rods with 6 · 6 · 11 u.c. at T = 300 K. (a) Stress–strain relation,
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where mi is the mass of the atom i, Vi the volume as-
signed to atom i, Ns the number of particles con-
tained the region of atomic interaction, rij � ri � rj

the vector from atom j to atom i, Fij is that force act-
ing on atom i due to interaction with atom j.

The first term of the right-hand side of Eq. (3)
represents the kinetic effect associated with atomic
motion, and is related to temperature. The second
term represents the effect of atomic interaction,
and is related to the interatomic forces and the sep-
aration between the atoms. Verlet algorithm [14] is
used to calculate the trajectories of the atoms. The
general-purpose parallel MD simulation code DL-
POLY [17] is employed to perform the simulation.

In order to assess the effects of size, temperature
and strain rate on the mechanical properties of
MgO nanorods, this study considers systems with
size of 5 · 5 · 7 unit cells (u.c.), 6 · 6 · 11 u.c. and
Fig. 4. Stress–strain curves and atomic configurations for MgO nanor
(N = 1400), (c) 6 · 6 · 11 u.c. (N = 3168) and (d) 8 · 8 · 14 u.c. (N = 7
8 · 8 · 14 u.c. The 6 · 6 · 11 u.c. system is simu-
lated at temperature 300 K, 800 K and 1600 K to
study temperature effects. For strain rate effects,
the 6 · 6 · 11 u.c. system is simulated under tension
loading at strain rates of 0.25 ps�1 and 1 ps�1,
respectively. This is equivalent to approximate
stretch velocities of 25 m/s and 100 m/s.

3. Results and discussion

The stress–strain relations of MgO nanorods with
a size of 6 · 6 · 11 u.c., at temperature T = 300 K,
and with strain rates of 25 m/s and 100 m/s, respec-
tively, are plotted in Fig. 3a. A yield strain ey � 0.07
is obtained at lower strain rate, while ey � 0.08 at
higher strain rate. Visualization of MD simulations
was obtained using the visual molecular dynamics
(VMD) software, developed by the Theoretical Bio-
ods with different size. (a) Stress–strain relation, (b) 5 · 5 · 7 u.c.
168).
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physics Group of the University of Urbana Cham-
paign (UIUC, USA) [20]. Atomic arrangements of
the nanorods under loading were shown in Fig. 3b
and c. It is found that the crystal structure undergoes
significant changes during the deformation and fail-
ure process.

At lower strain rate, beyond the yield point at
strain e � 0.07, the nanorods are not able to hold
the structure any more and plastic deformation start
to take place in order to accommodate the applied
strain, the crystal structure have experienced a slip-
page along the (111) plane as shown in Fig. 3b.
Such abrupt deformation was previously reported
in [21] for FCC metallic nanowires. During this pro-
cess, necking of the nanorod commences, significant
necking forms before the complete failure with a
rupture strain of e � 0.07.

At higher strain rate, yield strain increases to
e � 0.08, more atoms become disordered, and the
structure becomes more amorphous, as shown in
Fig. 3c. The source of the onset of amorphous de-
formation is that the interaction among the atoms
in the deformed zones does not have enough time
to transfer to other atoms compared with situation
at a low strain rate, the system is able to practically
reach equilibrium condition between two successive
applications of strain. Similar phenomenon has been
reported in [22].
Fig. 5. Stress–strain curves of MgO nanorod wi
As a result of the atomic motion, the mechanical
properties of nanorods are sensitive to the strain rate:
under the loading of simple tension, strain or
deformation tends not to be uniformly distributed
within the material, particularly when a large strain
is applied, some regions of the nanorods are sub-
jected to larger local strains than others, and it is
within these regions that defects will first become
evident.

The stress–strain behavior of MgO nanorods with
different size is shown in Fig. 4a. Systems with
5 · 5 · 7 u.c. (Fig. 4b), 6 · 6 · 11 u.c. (Fig. 4c) and
8 · 8 · 14 u.c. (Fig. 4d) are simulated. It is found that
the overall elastic modulus is nearly independent of
its size as shown in Fig. 4a when e < 0.06. However,
among the three cases, the largest system, 8 · 8 ·
14 u.c., shows the highest strength ry � 13 GPa,
while the smallest system with 5 · 5 · 7 u.c. shows
the lowest strength ry � 11 GPa. This suggests that
stress–strain relation greatly depends on the system
size after initiation of plastic deformation.

One of the possible reasons for such size depen-
dence is that short relaxation process is enough
for the small nanorod to achieve atomic configura-
tion as shown in Fig. 4b. However, for large nano-
rod as shown in Fig. 4d, more lengthy and highly
energetic relaxation process is necessary, resulting
in the increase of the tensile strength.
th 6 · 6 · 11 u.c. at different temperatures.
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Stress–strain responses for a particular 6 · 6 ·
11 u.c. system subjected to tension at different tem-
peratures, T = 800 K and T = 1600 K, are shown in
Fig. 5. At a higher temperature T = 1600 K, the ten-
sile strength is ry � 10 GPa, while it is ry � 12 GPa
for low temperature T = 800 K. One of the possible
explanations for such phenomenon is that, as the
temperature increases, a greater number of mole-
cules gain sufficient energy to overcome the activa-
tion energy barrier, and hence plastic deformation
occurs. If that is the case, then a thermally activated
process plays an activating role in the complete
elongation of MgO nanorods. However, it is also
possible that thermal effects play a ‘‘healing’’ role
in mending broken bonds, since the atomic struc-
ture has higher entropy at higher temperature, and
its constituent atoms vibrate about their equilibrium
positions at much larger amplitude, compared to
low temperature.
4. Conclusions

MgO nanorods subjected to tension loading in
the [001] direction are modeled and simulated
through MD simulations. The simulations show in
detail the atomic-scale mechanism of the deforma-
tion and failure process. Numerical results obtained
in this paper are consistent with experimental find-
ings. Effects of strain rate, size and temperature on
the mechanical properties are observed and ana-
lyzed. Main conclusions are summarized as follows:

(1) Strain rate plays a significant role on the
strength as well as the failure process of
MgO nanorods. Yield strain decreases as the
strain rate decreases from _e ¼ 1:0 ps�1 to _e ¼
0:25 ps�1. At lower strain rate, a well-defined
slip plane is observed, and the material fails
as a consequence of shear fracture, while at
higher strain rate the material fails as a conse-
quence of tensile fracture. This indicates the
materials become more brittle at higher strain
rate.

(2) The overall elastic modulus of the material is
found nearly independent of its size. However,
the strength is highly size dependent. It is
commonly believed that the strength of mate-
rial increases as the size decreases, however,
simulation results in this work show that ten-
sile strength decreases as the simulation size
decreases.
The findings of this paper have laid the ground-
work for further investigations into other mechani-
cal behaviors of metallic oxide nanorods like axial
compression, shear and twisting deformation. The
results could also serve as a guideline for subsequent
experimental investigations, and the mechanical
properties obtained could be used as input for linear
continuum modeling of MgO nanostructures.
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