Downloaded by Pennsylvania State University on 01 March 2013
Published on 09 September 2011 on http://pubs.rsc.org | doi:10.1039/C1NR10664C

Nanoscale

Cite this: Nanoscale, 2011, 3, 4307

WWW.rsc.org/nanoscale

View Article Online / Journal Homepage / Table of Contentsfor thisissue

Dynamic Article Links °

PAPER

A molecular dynamics study of the mechanical properties of graphene

nanoribbon-embedded gold composites

Shih-Kai Chien, Yue-Tzu Yang and Cha’o-Kuang Chen*

Received 23vd June 2011, Accepted 2nd August 2011
DOI: 10.1039/c1nr10664¢

Molecular dynamics simulations were performed to investigate the mechanical properties of a single-
crystal gold nanosheet and graphene nanoribbon-embedded gold (GNR/Au) composites for various
embedded locations, temperatures, and lengths. The computational results show that the Young’s
modulus, tensile strength, and fracture strain of GNR/Au composites are much larger than those of
pure gold. The mechanical properties of GNR/Au composites deteriorate drastically due to C—C bond
breaking. Thermal fluctuation and an increase in length can decrease the mechanical properties of

GNR/Au composites.

1. Introduction

Graphene, a single sheet of carbon atoms, has recently been
isolated from bulk graphite.! Graphene nanoribbons (GNRs),
quasi-one-dimensional nanostructures, and narrow (typically
<20 nm) strips of graphene are all promising materials for
nanoelectronic applications. An increasing number of studies
have focused on graphene’s extraordinary physical, chemical,
and mechanical properties.>* For example, the electrical
mobility and thermal sp® conductivity of graphene are over an
order of magnitude greater than those of silicon.>® The high
electron mobility of GNRs makes them a promising candidate
for the next generation of logic devices.” GNRs also have
potential for use as chemical sensors due to their exceptional
sensitivity.® Graphene is also an attractive material for optical
and optoelectrical devices due to its large optical absorptivity
and widely tunable band gap.®'® The ultrahigh thermal
conductivity of graphene has been extensively studied both
theoretically™'? and experimentally.’*!5 Results show that gra-
phene is an ideal material for thermal (phononic) devices.'®”
The superior mechanical properties of graphene* make it
ideally suited for nanoelectromechanical system (NEMS) appli-
cations and as reinforcing fibers in super-strong composites.
Metals have become increasingly used as a matrix material for
composites.’®!® Carbon nanotubes (CNTs) have also been
considered for such applications. The Young’s modulus of CNT-
gold composites is much larger than that of pure gold.'®
However, it is virtually impossible to obtain perfect CNTs.
Defects, which influence the physical and mechanical properties,
inevitably form during the growth of CNTs. Although a larger
volume fraction of defective nanotubes can slightly increase the
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failure stress of nanocomposites, the failure strain always
decreases.?’ Many GNR properties are similar to those exhibited
by CNTs. The single atomic layer of GNRs, either in aligned or
nonaligned form, is advantageous for making composite mate-
rials. The mechanical properties of GNRs have been extensively
studied. However, there is a lack of information on the
mechanical properties of GNR composites. To obtain high-
performance composite materials, it is important to study the
mechanical behaviors of metal-matrix composites with GNRs.

The present work reports the mechanical properties of
armchair GNR (AGNR) and zigzag GNR (ZGNR) gold
composites. Five models are investigated, namely inner AGNR—
gold (AGNR/Au) composites, outer AGNR-gold composites,
inner ZGNR-gold (ZGNR/Au) composites, outer ZGNR-gold
composites, and a single-crystal gold nanosheet, under uniaxial
tension using molecular dynamics (MD) simulations. Various
temperatures are considered to study the thermal kinetic effect
on AGNR/Au and ZGNR/Au composites. The length effects of
AGNR/Au and ZGNR/Au composites are also studied. It was
found that it is difficult for a perfect sp® graphene structure to
form strong bonds with a metal matrix. Only nonbonded inter-
atomic interaction, i.e., van der Waals energy, is considered at
the GNR/Au interface.

2. Computational models
2.1. Molecular dynamics

The simulation model of a single-crystal gold nanosheet was
arranged to have an ideal lattice, as shown in Fig. 1(a). The
crystal orientation was [100, 010, 001]. The models of the inner
AGNR/Au composites, outer AGNR/Au composites, inner
ZGNR/Au composites, and outer ZGNR/Au composites are
shown in Fig. 1(b)-(e), respectively. The inner GNR/Au
composites mean that the GNR is embedded between two gold
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Initial configurations of (a) single-crystal gold nanosheet, (b) inner AGNR/Au composites, (c) outer AGNR/Au composites, (d) inner ZGNR/

Au composites, and () outer ZGNR/Au composites. The yellow and black atoms denote gold and carbon, respectively.

matrixes along the [100] direction; the outer GNR/Au
composites mean that the GNR is embedded on the surface of
gold matrix along the [100] direction. The single-crystal gold
nanosheet and GNR/Au composites had cross-section areas (yz-
plane) of around 28.5 A x 28.5 A, as shown in Fig. 1. All the
simulations were carried out using the classical MD method,
and no periodic boundary conditions were applied. Before MD
calculations, the initial configuration structures were fully
optimized. The velocity Verlet method was employed to inte-
grate the equation of motion with a fixed time step of 0.5 fs. The
simulations were carried out at a constant temperature (1 K,
100 K, 300 K, 600 K, and 1000 K). A 3.0 ns Nosé-Hoover
thermostat coupling was used to equilibrate the system. After
equilibration, the uniaxial tensile loading with a strain rate of
0.0005 ps~' in the x-direction was applied at both ends and
relaxed for 2000 steps to reach a new equilibrium state in each
loading step. Loading in the x-direction means that the single-
crystal gold nanosheet and GNR/Au composites underwent
tensile deformation. Simulations were performed using the
LAMMPS MD package.”

2.2. Graphene nanoribbons

The adaptive intermolecular reactive bond order (AIREBO)
potential®?® was employed to describe C—C bonding interactions.
The potential energy of a set of covalently bonded carbon atoms
is given by:

i

E=), _(Z:)[VR (ry) = by V™ (ry)] 0

where r;; is the distance between atoms i and j, V® and V* are
pair-wise interactions that represent the interatomic repulsions
and attractions, respectively, and b;; is the bond order parameter
that depends on the many-body interactions between atoms 7/ and
j. This potential allows for covalent bond breaking and creation

with associated changes in the hybridization of atomic orbitals
within a classical potential.?®

2.3. GNR/Au composites

The expression for the total energy of a GNR/Au composite cell
can be written as:

Eiota1 = EGNR + Eau T ELy )

where FE,, is the total potential energy of the GNR/Au
composites, and Egnr is the potential of the embedded GNRs
(calculated from eqn (1)). The gold systems were modeled using
the embedded-atom method potential function:+2¢

bo-r(To) 35000 0

Vel J#Fi

where r;; is the distance between atoms i and j, F'is the embedding
energy which is a function of the atomic electron density p, and ¢
is a pairwise potential interaction.

Since there is only a weak nonbonded interaction between
carbon atoms and gold atoms, the Lennard-Jones potential was

used to describe it:
=4[] @

where ¢ and o are the coefficients of the well-depth energy and the
equilibrium distance, respectively. The parameters for the inter-
actions between carbon atoms and gold atoms were obtained
from ref. 27: ¢ = 0.01272 eV and o = 0.29943 nm.

To obtain the stress—strain curves during deformation, the
virial stress theorem was used. The atomic stress of individual
atoms was calculated according to the equation:*2°

70s = 0S5 + o1 0
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where « and 8 denote indices in a Cartesian coordinate system,
0, is the total virial stress, (rl;‘ﬂ" is the kinetic part of the virial
stress, and ag‘g is the internal part of the virial stress. The internal

part of the virial stress can be written as:

; 1
7 E(Zf;;‘rﬁ) (©)

Jj=ln

where i and j are the atomic indices, Q is the volume used to
calculate the stress, fj; is the force acting on atom i due to its
interaction with atom j in the « direction, and rfj is the distance
between atoms i/ and j in the § direction. After obtaining the
stress of each atom, we computed the stress of the single-crystal
gold nanosheet and GNR/Au composites by averaging over all
the atoms.

From the stress—strain curves, the Young’s modulus (Y) was
evaluated as the slope of the stress—strain curve at the initial
tangent in the form of Y = do/de, in which o is the stress and ¢ is
the strain. The tensile strength and fracture strain were defined at
the point where the maximum value of stress is reached.

3. Results and discussion

To wvalidate the proposed approach, we investigated the
mechanical behavior of the single-crystal gold nanosheet and
GNR/Au composites at 1 K to avoid the thermal kinetic effect.
In this case, the lengths of the single-crystal gold nanosheet and
GNR/Au composites were around L = 50 A in the loading
direction. Fig. 2 shows the stress—strain curves for the single-
crystal gold nanosheet and GNR/Au composites under axial
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Fig.2 Stress—strain curves of a single-crystal gold nanosheet and GNR/
Au composites at 1 K.

tension. Based on the slope of the stress-strain curve, the
Young’s modulus of the single-crystal gold nanosheet is 54.02
GPa. The maximum stress is 6.65 GPa at a strain of 0.098. The
results are in good agreement with previously reported experi-
mental results.*® With the mechanical properties of the single-
crystal gold nanosheet validated with experimental observations,
we now considered the inner AGNR/Au and outer AGNR/Au
composites. It is worth noting that the Young’s modulus of 890
GPa for AGNR? is about 16 times that (54.02 GPa) of pure
gold. The Young’s moduli of the inner AGNR/Au composite
and the outer AGNR/Au composite are 124.95 GPa and 146.72
GPa, respectively. Similarly, the modulus of 830 GPa for
ZGNR?* is about 15 times that of pure gold. The Young’s moduli
of the inner ZGNR/Au composite and the outer ZGNR/Au
composite are 112.23 GPa and 133.5 GPa, respectively. The
Young’s moduli of the outer AGNR/Au composite and the outer
ZGNR/Au composite are much higher than that of pure gold.
Table 1 shows that the GNR-embedded position affects the
values of Young’s modulus. However, the GNR-embedded
position has no obvious effect on the strength and fracture strain.
Table 1 also shows that the increment of the strength of the
ZGNR/Au composites is larger than that of AGNR/Au
composites, even though the Young’s modulus and fracture
strain of AGNR/Au composites are much larger than those of
ZGNR/Au composites.

The central cross-section layer (x = L/2) of the single-crystal
gold nanosheet is shown in the inset of Fig. 3. The displacements
of the central cross-section layer (D) is relative to the initial
position and expressed as an average of 113 atoms in the central
cross-section layer. The displacements of the central cross-
section layer can be written as:

D=1 3 i)+ ) @

i=1,N

where N is the number of atoms in the central cross-section layer,
dx;, dy; and dz; are the displacements of atom i relative to the
initial position in the x-, y- and z-direction, respectively. The
displacements of the central cross-section layer of the single-
crystal gold nanosheet and the GNR/Au composites versus strain
are shown in Fig. 3. The displacements of the central cross-
section layer of the single-crystal gold nanosheet show a signifi-
cant increase when tensile loading was applied. The tensile
loading ruptured the gold—gold bonds in the central cross-section
layer and deformed the single-crystal gold nanosheet structure.
In contrast, the atoms in the central cross-section layer in GNR/
Au composites have limited interatomic force at the beginning of
tensile loading. It should be noted that the displacements of the
central cross-section layer of the outer AGNR/Au and the outer
ZGNR/Au composites increased suddenly at strains of 0.076 and

Table 1 Mechanical properties of a single-crystal gold nanosheet and GNR/Au composites obtained from simulations at 1 K

Young’s modulus/GPa Strength/GPa Fracture strain
Single-crystal gold nanosheet 54.02 6.65 0.098
Inner AGNR/Au composites 124.95 30.32 0.464
Outer AGNR/Au composites 146.72 27.75 0.464
Inner ZGNR/Au composites 112.23 47.08 0.42
Outer ZGNR/Au composites 133.50 45.24 0.42
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Fig. 3 Displacement versus strain for a central cross-section layer of
a single-crystal gold nanosheet and GNR/Au composites at 1 K. The
inset shows the central cross-section layer (x = L/2) of a single-crystal
gold nanosheet.

0.078, respectively. In order to understand the rapid increase in
the displacement of the central cross-section layer and to visu-
alize the process of tensile deformation of GNR/Au composites,
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we consider the snapshots of the atomic arrangements of GNR/
Au composites. For the inner AGNR/Au composites at a strain
of 0.076 (see Fig. 4(a)), the single-crystal gold nanosheet struc-
ture experienced a dislocation near both ends; however, the
GNRs did not yield completely due to the strong sp? bond
network of GNRs. As the strain was increased until a fracture
strain of 0.464, the dislocations continued to occur and propa-
gate in the single-crystal gold nanosheet structure and sp? bonds
began to break. Once the sp? bonds had broken, the dangling
bonds led to the formation and propagation of cracks and the
tearing of the GNRs. In all cases considered, the strength and
fracture strain of the composites were dominated by the sp’
bonds of GNRs. Fig. 4(b) shows the outer AGNR/Au compos-
ites at a strain of 0.076. It can be clearly seen that dislocations
occurred in the central cross-section layer of the single-crystal
gold nanosheet. These dislocations cause the atoms to abruptly
move as mentioned above (see Fig. 3). When the composite was
stretched to a fracture strain of 0.464, the C-C sp? bonds broke,
causing the necking in GNRs. Fig. 4(c) and (d) show snapshots
of the deformation of the inner and outer ZGNR/Au composites.
The dislocations occur at a strain of 0.078, and the C-C sp?
bonds broke at a strain of 0.42. It is interesting to note that the
sp? bonds broke in the central cross-section layer of the outer
GNR/Au composites rather than in the central cross-section

(b) Strain of 0.076

R R L i P o%®c n'
trisuesdstaFP Pt EPOY AP S0 0 e ol
srscondndod i fEffbpbovvracceans 1®a¥a el e
‘e ..-‘uu(ﬁtb?sn“-c-. Lt 3
sesesevner s bqdELTIFFPPPPOIOOIOI ST Ly ©
D T N 1 Wbt Ak,

drecssss s s bbb beFiiaRIIER s

srvssss s b b bbboas PP I TRO00 >
Cieuscss bl BB FRBpERRROCR0G P 00y 000000000 L0 3
R N Y P Y Y N AN R R 0
ceecssee bt bhRAEpPpEP IS0 Dyt (3o
cetet et b QbRBABpIOPOIO IO Dol

O R N T

e EeEE eIl Rt QEEP O FEbT ALy
tesesdicalonpbpentobadioci

Strain of 0.464

rit e RELEEEOE E b P EBSS s eG e s . k1 SRR L L
R R R A L R R L N S "]
cerssc v v e EFEE BB LB Y oo on s e B J Lo 0 03
sevenend e FEdEl bbb vecs o oJe kL 03
. ‘......ug{g E Fribrescenss JL X T el RLL 4
sessesmed g g hnn... o« o] O3 ek
vnnt&w\n-
sreaLiiibeee
AT EY R AR AR}
TEL44 9L
T494994%188e
IEEEEEERS TS
veqePrdiitnna
Qe treaes
teendiibincactanes

o x

Fig. 4 Snapshots of atomic arrangements of (a) inner AGNR/Au composites, (b) outer AGNR/Au composites, (c) inner ZGNR/Au composites, and
(d) outer ZGNR/Au composites at various strain values at 1 K. The yellow and black atoms denote gold and carbon, respectively.
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Fig.5 Stress—strain curves of a single-crystal gold nanosheet and GNR/
Au composites at 300 K.

layer of the inner GNR/Au composites. This phenomenon is due
to the GNR embedded location. In the inner GNR/Au
composites, there are restrictions on the dislocation of GNR that
occur between two layers of the neighboring gold matrixes. In
contrast, there is no such restriction on the GNR dislocation in
the outer GNR/Au composites.

The thermal fluctuation affects the single-crystal gold nano-
sheet and GNR/Au composites that result in stress—strain curves.
Fig. 5 shows the stress—stain curves for the single-crystal gold
nanosheet and GNR/Au composites under uniaxial tension at
300 K. At high temperature, the velocity of the atoms increased,
leading to a large thermal fluctuation. The strength and fracture
strain of the single-crystal gold nanosheet and GNR/Au
composites at 300 K are lower than those at 1 K. This difference
in mechanical properties is attributed to the thermal fluctuations.
In order to understand the decrease in Young’s modulus,
strength, and fracture strain with increasing temperature, the
mechanical properties of GNR/Au composites obtained from
extensive molecular dynamics simulations at various tempera-
tures are shown in Fig. 6. It can be seen from Fig. 6(a) that the
Young’s modulus of GNR/Au composites remarkably decreases
with increasing temperature. Furthermore, the Young’s modulus
of the outer GNR/Au composites is more sensitive to the
temperature than that of the inner GNR/Au composites. A
Young’s modulus reduction of 40.3% was obtained at a temper-
ature of 1000 K for the outer AGNR/Au composites, which is
slightly larger than that obtained for the outer ZGNR/Au
composites (39.7%). The tensile strength and fracture strain also
decreased with increasing temperature. Fig. 6(b) and (c) illustrate
that at a temperature of 100 K, there was a noticeable drop in
both the strength and fracture strain. Surprisingly, the strength
and fracture strain are less sensitive to temperature in the range
of 300 K to 1000 K.

To further investigate the relationship between the mechanical
properties and length of GNR/Au composites at a temperature
of 1 K, they are plotted in Fig. 7. As for GNR/Au composites
with a length ranging from 32 to 65 A in the loading direction,
Fig. 7(a) shows that Young’s modulus slightly decreases with
increasing length of the outer GNR/Au composites. A decline of
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Fig. 6 Effect of temperature on (a) Young’s modulus, (b) tensile
strength, and (c) fracture strain of GNR/Au composites with a length of
50 A.

only 3.7% in the Young’s modulus of the outer AGNR/Au
composites was found when the length increased from 32 to 65 A.
A similarly small decline (about 4.0%) in the Young’s modulus of
the outer ZGNR/Au composites was found when the length
increased from 32 to 65 A. In contrast, for the inner GNR/Au
composites, Young’s modulus is sensitive to the length. For
example, the Young’s modulus decreased by about 21% when the
length of AGNR/Au composites increased from 40 to 65 A, that
of the ZGNR/Au composites decreased by about 15.5%. Unlike
the Young’s modulus, both the tensile strength and fracture
strain are insensitive to the length of GNR/Au composites. Their

This journal is © The Royal Society of Chemistry 2011
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Fig.7 Effect of GNR/Au composite length on (a) Young’s modulus, (b)
tensile strength, and (c) fracture strain at 1 K.

values only slightly decreased when the length of GNR/Au
composites increased from 32 to 65 A. The GNR-embedded
position has no obvious effect on the strength and fracture strain.

4. Conclusion

Molecular dynamics simulations of a single-crystal gold nano-
sheet and GNR-gold composites were performed, and the stress—
strain curves were derived. The tensile stress of 6.65 GPa and
Young’s modulus of 54.017 GPa of the single-crystal gold
nanosheet obtained from simulations are very close to previously

reported experimental results. The mechanical properties of the
GNR/Au composites are better than those of the single-crystal
gold nanosheet. Simulations show that the breaking of C-C sp?
bonds contributes to the loss of strength of GNR/Au composites.
In addition, a higher temperature leads to structure rupture and
decreases in Young’s modulus, strength, and fracture strain due
to thermal fluctuation. The effect of length on the mechanical
properties of GNR/Au composites was studied. The Young’s
modulus of the inner GNR/Au composites is sensitive to length.
The inner or outer GNR-embedded position has no significant
effect on the strength and fracture strain. The results suggest that
the GNR-gold composites are suitable for high-performance
composite materials. It is worth noting that only the weak GNR/
matrix interface was considered in this study. Strong interface
bonding between the graphene and the matrix may be achieved
through the functionalization of graphene. This will be our
future research topic.
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