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Abstract

The mechanical properties of nano-single crystal gold Acarbon nanotube-embedded gold
(CNT/Au) composites under axial tension were investigated using molecular dynamics (MD)
simulation method. The interactions between atoms were modeled using the many-body
tight-binding (TB) potential and the empirical Tersoff potential coupled with the Lennard-Jones
(L-J) potential. We get the yield strain and the yield stress of nano-single crystal gold 0.092, 5.74
GPa, respectively. The computational results show that the increase in Young’s modulus of the
long CNT-embedded gold composite over pure gold is much large. From the simulation, we also
find that the yield stress and the yield strain of short CNT-embedded gold composite are evidently
less than that of the nano-single crystal gold.
Key words: molecular dynamics simulation; carbon nanotubes; carbon nanotube-embedded gold
composites
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1. Introduction

Since the first report of CNT by lijima [1], research on CNTs has been attracting much

attention to explore their unusual electronic and mechanical properties. Both theoretical and
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experimental studies indicated that CNTs are material with extraordinary high stiffness and axial
strength [2-15]. These outstanding mechanical characteristics combined with their extremely high
strength to weight ratio make them potential candidates as reinforcing fibers in super strong
composites. R. Zhu et al. [16] have used molecular dynamic to evaluate the stress-strain behavior
of CNT-reinforced Epon 862 composites. Their simulation results show that the long
CNT-reinforced Epon 826 composite can be atleast 10 times stiffer than the pure Epon 862 matrix.
Even for the short CNT-reinforced Epon 862 composite, its effective Young’s modulus can be also
increased by roughly 20% as compared to the Epon 862 matrix. D. Qian et al. [17] also have
demonstrated that the stiffness of the composite film with 1% (by weight) CNTs can been
increased by up to 42% and the tensile strength by 25%. At present, there has been more interest in
using metal as the matrix material for composites [18,19]. It has been found that the fracture
toughness of a metal matrix composite with CNTs can be increased by up to 200% [19].

In this paper, we investigate the mechanical properties of three models, namely, a long
CNT-embedded gold composites, a short CNT-embedded gold composites and nano-single crystal
gold itself, under uniaxial tension using MD simulation method. From our simulations, we obtain
the yield strain and the yield stress of nano-single crystal gold. Some new findings from this study
are also reported.

This paper is organized in the following way. In Sec.ll we describe the inter-atomic
potentials for MD simulation. Sec.lll provides the simulation model. Results and discussion are
given in Sec.IV. The final section is the conclusions.

2. The inter-atomic potential function

The use of inter-atomic potentials to model the energetic and dynamics of nano-scale



structures lies at the very foundation of the computer-based MD simulations. The MD simulation
is the powerful tool for investigation of the mechanical properties of nanocomposite. The selection
of potential function is a key factor, which determinates the result’s accuracy in MD simulation. In
this work, the many-body TB potential [20] is used for modeling the gold-gold interaction, the
Tersoff potential [21] for the carbon-carbon interaction, while the gold-CNT interaction is
modeled with a L-J potential [22]. The expression for the total energy of the CNT-Au composite
system is written as:
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where E,,, is the total potential energy of the CNT-Au composite, Eyyand E ,, are the
potential of CNT and Au matrix, respectively. £, is the energy ofinteraction between the CNT
and the gold matrix. The models for these components are described next.
2.1. Potential model for Au matrix

The gold systems are modeled using the many-body TB potential. The prediction of some

characteristics by the TB potential has been proven to be more accurate than that of the EAM

method for some transition metals. For the gold system the total energy can be expression as:
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where r; represents the distance between atoms i and j, & and 7, are respectively an
effective hopping integral and the nearest neighbor distance in the gold lattice. The parameter ¢,
pand A are adjustable parameters depending on the interacting atomic species. In Eq. (2), the
first potential term is a many body term as obtained by the tight binding second-moment model,
and the second term, arising from the interaction of the electronic densities localized on the atomic

nuclei, is a simple sum of pair wise repulsion terms. The detailed information and parameters of



Eq. (2) are given in Cleri’s paper [20].
2.2. Potential model for CN'T/Au composites

The empirical bond order potential proposed by Tersoff is employed to describe interatomic
interation in CNT. This Tersoff potential can be formally written as a summation of pairwise

interactions,

Ecvy = 2 L)V () = bV, ()], 3)
i>j
where the function VR(”;',') represents the repulsive part-wise of the potential, such as the

core-core interactions, and the function V/,(7;) represents the bonding due to the valence

electrons, and their functional forms are given as:
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where £, (7) is a cutoff function, which explicitly restricts the interactions within the nearest
neighbors and dramatically reduces the redundant computation in the force potential evaluation
procedure. In Eq. (3), bij is a bond order parameter and depends on the bonding environment
around atoms i and j. b; implicitly contains many-body information and thus the whole
potential functions is actually a multiple-body potential. The functional form of bij can be
written as follows:

b, =[1+(BE&,)" 17" (6)

The (weak) nonbonded interactions between gold atoms and carbon atoms are modeled with

a simple LJ potential.



6 12
o o
E; =4¢ —(—j +(—J , (7)
Ty Ty

where & and O are the coefficients of well-depth energyand and the equilibrium distance,
respectively. The parameters for the interactions between carbon atoms and gold atoms are given
in[22](&q_,, =0.01272eV, o._,, =0.29943nm).
3. Simulation model

The initial atomic configuration of nano-single crystal gold is arranged with the ideal lattice
as shown in Fig. 1a, and the models of the long CNT/Au composites and the short CNT/Au are
shown in Fig. 1b and Fig Ic, respectively. The crystal orientation was [100, 010, 001]. To
simulate uniaxial tension, the prescribed displacement is applied along the z -direction, namely,
the axial direction of the CNT. All models have equal dimension: length of 2.45nm, width of
2.45nm, and depth of 5.3nm. A long (4, 4) armchair CNT and a short (4, 4) CNT, which have
length of 53nm and 2.65nm, are embedded in the gold matrix, respectively. The simulation
process includes the following steps: relaxing the initial configuration to reach the equilibrium
state, fixing boundary condition at one end of the tube, applying the tension along the axial
direction at another rigid end by external displacement, then relaxing the system to reach a new
equilibriumstate and a new configuration.

All models have a strain of 0.001 along the axis in each step, and the whole model is fully

relaxed while keeping the two ends constrained. Each relaxation time is 4.5 ps, and the whole
simulation process includes 1500 steps. The environmental temperature keeps 0.01K to avoid the

thermal kinetic effect.

4. Results and discussion



A MD simulation is performed to obtain the minimum energy state of the systems without
any applied deformation. The simulation is performed approximately 30.0 ps with a time step of
3.0 fs for all models, after which the energy attains the constant minimum value. Fig. 2 shows the
total potential energy variation in the equilibration process of crystal gold. As shown in Fig. 2, the
system is stable after 3000 molecular dynamics steps. The inset of Fig. 2 is the curve of approach
equilibrium. It can be seen that the total potential energy fluctuates about a steady value after the
system attains the equilibrium state.

4.1 Mechanical properties of crystal gold

We first investigate the mechanical behavior of the nano-single crystal gold under uniaxial
tension using our molecular dynamics simulation program. By definition the stress O is given
by 0=F/A,where A stands for the area of the cross section of the crystal. F is the force of
maintaining the constraint on the system, which can be obtained by summing the interatomic force
for the atoms at the end of the crystal. Fig. 3 shows the stress-strain curves based on stress O,
measured in the z -direction, and longitudinal strain & . The deformation is elastic in the initial
stage of tensile deformation of crystal gold. The Young’s modulus is evaluated as the slope of
stress-strain curve at initial tangent. Based on the above method, we obtain the Young’s modulus
of the nano-single crystal gold 66.22 GPa. It can be also seen that there exists a maximum value of
stress, which is called yield stress. Corresponding strain is called yield strain. The maximum stress
is 5.74 GPa at strain of 0.092. Upon reaching the yield strain, the stress decreases suddenly and
the tensile deformation is in the flow of plasticity. The yield stress of 5.74 Gpa and the Young’s
modulus of 66.22 GPa, obtained from the stress-strain curve, are in good agreement with the

existing experimental results [23].



To visualize the process of tensile deformation of nano-single crystal gold, the stress-strain
curve’s corresponding atomic arrangements are shown in Fig. 4. After relaxation, the initial set-up
of the crystal is shown in Fig. 4(a). When the crystal stretches to yield strain of 0.092, the
deformation of nano-single crystal gold still is elastic as shown in Fig. 4(b). Upon reaching the
yield strain, the crystal structure experienced an abrupt dislocation, as displayed in Fig. 4(c). With
the strain increasing, the dislocations continue to occur and move, propagate, and slips take place
as shown in Fig. 4(d). From Fig. 4(d), it can be clearly seen that slippage occurred along the (111)
plane. As explained by S.J.A. Koh [24], the reason for this is that the smallest Burgers vector
existing in the [110] close-packed directions for fce crystal structures, making it most energetically
favorable to reconstruct along this plane.

4.2 Mechanical properties of CNT/Au composites

Now we examine the mechanical behaviors of long CNT-embedded gold composite and short
CNT-embedded gold composite. The results are characterized by the relationship of stress 0 and
strain &£ . Fig. 5 shows the stress-strain curves for the nano-single crystal gold, the long
CNT-embedded gold composite and the short CNT-embedded gold composite under uniaxial
tension. As expected, the increase in Young’s modulus of the long CNT-embedded gold composite
over pure gold is much large. This is evident from the fact that the modulus of 1009.1 Gpa for the
armchair (4, 4) CNT is about fifteen times that of 66.22GPa for the nano-single crystal gold. It is
observed form Fig. 5 that the short CNT could also improve the corresponding composite stiffness
although not as significant as that in the long CNT-embedded composite. Unfortunately, the yield
stress and the yield strain of short CNT-embedded gold composite are evidently less than that of

the pure nano-single crystal gold. The reason for this is that the interaction between CNT and



nano-single crystal gold is too weak for effective load transfer. The short, embedded CNT may act
like a void, reducing the yield stress and the yield strain. The equilibrium structure and the
structure at 0.04 strain of the short CNT-embedded gold composite are shown in Fig. 6(a) and (b),
respectively. It can be clearly seen that the dislocations of the composite appear in one end of
embedded CNT. The result is completely consistent with our physical interpretations mentioned
above.
S. Conclusions

Using MD method, we investigate in detail the mechanical behaviors of the nano-single
crystal gold, the long CNT-embedded gold composite and the short CNT-embedded gold
composite under uniaxial tension. The results show that the yield stress 5.74 GPa and the Young’s
modulus 66.22 GPa of nano-single crystal gold are very closed to the existing experimental results.
As expected, the increase in stiffness of the long CNT-embedded gold composite over the pure
nano-single crystal gold matrix is much large. We also obtain the yield stress and the yield strain
of the short CNT-embedded gold composite, and find that they are evidently less than that of the
nano-single crystal gold. But the stiffness of the short CNT-embedded gold composite is lightly
bigger than that of pure gold matrix.
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Figure Captions

Fig. 1 The atomic structure of (a) crystal gold, (b) long CNT/Au composites and (c) short CNT/Au
composites.

Fig. 2 Total potential energy variation in equilibration process of crystal gold. The inset is the
curve of approach equilibrium.

Fig. 3 The curves of variation of stress g with strain & (crystal gold).

Fig. 4 Snapshots of atomic arrangement of crystal gold at various strain values. (a) € = 0.000,
(b) £€=0.092,() £€=0.095,d) £€=0.300.

Fig. 5 The curves of variation of stress O with strain & (crystal gold, long CNT-embedded
gold composites and short CNT-embedded gold composites).

Fig. 6 Snapshots of atomic arrangement o f short CNT-embedded gold composites at various strain

values. (@) £ =0.000, (b) £ =0.400.
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Figure 2
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Figure 3
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Figure 5
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Figure 6






