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A B S T R A C T   

The miniaturization of microchips requires high strength and conductivity of nanoscale interconnects. With 
utmost mechanical strength, carbon nanotubes (CNTs) are a common reinforcement. An open issue is how to 
improve the mechanical strength of CNT-metal composites in nanoscale. Here, via structure engineering, we 
introduce a novel CNT-sandwiched tubular copper nanocomposite. Theoretical enhancement factor referring to 
5-nm-wire copper is approximately 4, 10, and 6 folds for Young’s modulus, ultimate tensile strength, and tensile 
toughness, respectively, using single-walled CNT reinforcers. The enhancement can be further increased with the 
number of walls of CNT, as well as the reduction of the cross-section size. The reinforcement is proportional to 
CNT volume fraction, which is higher than that of conventional Halpin-Tsai model, up to 2 times. Even at the 
high temperature of 900 K, the nanocomposite structure still has a considerably high Young’s modulus (219.8 
GPa), ultimate tensile strength (26.0 GPa) and tensile toughness (2.22 GJ m− 3), suggesting advanced high- 
temperature applications. Vibration density of state analysis reveals the origin of the enhancement and the 
change of C–C bonds state during tensile process. The abnormally high reinforcement suggests the essential role 
of nanostructure engineering.   

1. Introduction 

A chip is made of transistor, contacts and interconnects. An inter-
connect consists of copper wires and transfers electrical signals from one 
transistor to another. With the development of microchips to 3-nm or 
smaller processes, the miniaturization of copper interconnects is a key 
and grant challenge. The stiffness is reduced and the integrity is 
impaired with the shrinkage of the copper wires, as well as the electronic 
conductivity. The reinforcement of copper nanowire is desirable. As one 
of the most important carbon allotropes, carbon nanotubes (CNTs) 
exhibit the incomparable mechanical and physical properties since their 
first discovery by Russian scientists in 1952 [1–5], thus attracting 
growing research efforts in various advanced function materials, for 
example, the flexible electronics, smart textiles, energy-transport de-
vices and ultra-high strength nanocomposites [6–8]. With the devel-
oping technology breakthroughs, great attention has been paid into the 

fabrication, mechanical characterization and model investigation of the 
new nanocomposite materials consisting of CNTs and various matrices 
in recent decades, which are expected to be much stronger and lighter 
than the based matrix materials [7,9–11]. Specially, CNT-based metal- 
matrix nanocomposites are predicated to be the potential substitutes of 
pure metals in broad macro- and micro-engineering applications due to 
their remarkably mechanical properties and light-weight [9,12–16]. 

Copper, with the outstanding mechanical properties, highly heat- 
and electron-carrying capacity, is widely used in industrial machineries 
and microelectronics [17,18]. CNT/Cu nanocomposites can take the 
advantage of both the unique high-strength (Young’s modulus of 
270–950 GPa [19]) and current-transferring capacity (electric current 
density of 4 × 109 A/cm2, more than 1000 times that of copper [20]) of 
the CNTs, as well as the excellent corrosion-resistance and stiffness of 
the copper. Hence, the CNT/Cu nanocomposite is one of the most 
promising function materials in the micro- and nano-scale applications, 
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for instance, the nano-interconnects in the ultra-large circuits, nano- 
superconductors in the precision component of the aerospace and 
medical industry. 

Despite the extensive explorations on the mechanical, thermal and 
electronic behaviors of the CNT/Cu nanocomposite both in experiment 
and theory [16,21–28], the investigations on micro or nano engineering 
applications of the CNT/Cu nanocomposite such as nano-interconnects 
in chips are still lacking. The mainly practical challenges remain to 
design a proper structure of the CNT/Cu nanocomposite to achieve its 
theoretically superior properties, where the computational technology is 
imperative. Here, we introduce a nano-scale sandwich-tubular structure 
of the CNT/Cu composite with the CNTs both coated outer and 
embedded inner, as well as the copper matrix in the middle region. 
Among various computational methods including first-principles cal-
culations, molecular dynamic (MD) method and finite element analysis, 
the MD model is the most suitable to study the material properties at 
finite temperatures at nano scale with atomic insights. 

In the present report, we studied the mechanically enhanced mech-
anism of CNT-sandwiched copper-matrix composite nanotubes by 
means of MD method. The reinforcements on Young’s modulus, ultimate 
tensile strength and tensile toughness were demonstrated by stress–-
strain curves, compared with pristine copper nanowires with the same 
radius. We studied the effects of CNT layer thickness and cross-section 
sizes of the nanocomposite. The relationship between the CNT volume 
fraction and mechanical enhancement was analyzed. Furthermore, the 
tensile behaviors of the composite structure at various temperatures and 
loading strain rates were discussed. The vibration density of state under 
varied strains was examined. 

2. Materials and methods 

The tensile process of the CNT-sandwiched copper-matrix composite 
nanotube-structure was modeled by the classical molecular dynamics 
simulations, which was implemented using the Large-scale Atomic/ 
Molecular Massively Parallel Simulator (LAMMPS) [29,30]. The CNT- 
sandwiched copper-matrix composite structure was in the atomic 
configuration with the outer (74, 74) and inner (44, 44) CNTs in the 
radii of 5 nm and 3 nm, respectively, as well as the copper matrix be-
tween the outer and inner CNTs. We selected the armchair CNTs because 
that near-armchair CNTs exhibit the highest tensile strength compared 
with the other chiral structures [31]. There are eleven layers of copper 
atoms between inner and outer CNT walls. The pristine copper nanowire 
and isolated CNT were performed for reference. Copper nanowire was in 
face-centered cubic (FCC) lattice with a radius of 5 nm and a lattice 
constant of 3.615 Å. The isolated CNT was in armchair form (74, 74) 
with the radius of 5 nm. All the cases were conducted with a length of 10 
nm. In the tensile simulations, the periodic boundary condition was 
applied in the y direction while the x, z directions were fixed. 

As widely recognized, the potential functions used in the MD models 
have a great influence on the simulation results. In our nanocomposite 
model, the classical adaptive intermolecular reactive empirical bond 
order (AIREBO) potential was adopted to describe the C–C interactions, 
which was broadly used in the MD simulation of carbon-based materials 
[32,33]. In order to avoid the overestimation of the fracture stress, we 
set the onset of the C–C covalent interaction cutoff as 1.95 Å [34–36]. 
We used the embedded-atom method (EAM) empirical potential for the 
Cu-Cu interactions due to its good adaptivity for metals [37]. Owing to 
that there are no chemical bonds produced between the carbon and 
copper atoms, we adopted the classical Lennard Jones (LJ) potential to 
describe the Van der Waals interaction between the CNTs and copper 
matrix [23,38]. 

We carried out a relaxation process for 1000 ps to equilibrate the 
initial nano-atomic-structures before the tensile simulation, using the 
NPT ensemble for 500 ps and NVE ensemble for 500 ps. The distance 
between CNT and copper matrix in initial atomic configuration was 
0.01 nm. After the relaxation process, the distance is enlarged to 

approximately 0.1 nm. The temperature controlling was conducted by 
the Nose-Hoover algorithm at 300 K [39]. In the tensile simulations, the 
pristine copper nanowire and isolated CNT, as well as the composite 
were imposed with a strain rate of 1 × 109 s− 1 in the NVT context 
ensemble. We set the timestep of 0.0005 ps and 1,000,000 time steps 
were conducted in all the simulations. The Movie S1, S2, S3 in Supple-
mentary Information show the tensile process of the CNT-sandwiched 
copper-matrix composite nanotube with outer single-walled, double- 
walled and triple-walled CNTs, respectively. The dislocations and atom 
stress analyses were performed using the OVITO software package [40]. 

3. Results and discussion 

3.1. Tensile characteristics of copper nanowire and composite with single- 
walled CNT 

We have examined the tensile performance of the pristine copper 
nanowire, isolated single-walled (SW) CNT and the CNT-sandwiched 
copper-matrix composite nanotube-structure with both inner and 
outer single-walled CNTs at a temperature of 300 K. The comparison 
between the stress–strain curves of copper, CNT and composite is shown 
in Fig. S1 in Supplementary Information. It is indicated that the copper 
matrix is greatly mechanically-enhanced by the ultra-high-strength 
CNTs. Fig. 1a displays the stress–strain curve of the hybrid nano-
composite structure, compared with that of pristine copper nanowire. 
The stretching process of the composite has three stages: OB stage 
(elastic stage), BC stage (yield stage) and CD stage (fracture stage). At 
the beginning elastic stage, the stress is almost proportional to the strain 
with a very high growth rate, indicating that both the two components of 
the nanocomposite (CNTs and copper matrix) undergo elastic stretching 
within the strain of 0.1. There is no dislocation produced at point A 
shown in Fig. 1b, verifying the above conjecture. After point B, the 
copper matrix yields while the CNTs still proceed the elastic deforma-
tion. Therefore, the slope of the curve begins to decrease while the stress 
still has a relatively high growth rate. The atomic state at point B is 
shown in Fig. 1b, where many dislocations are produced in the copper 
matrix due to the atomic slipping and lattice change. For the composite, 
the outer CNT firstly fractures at point C with the abrupt descent of the 
stress. The yield point (strain ~ 0.18) is in agreement with the experi-
mental value [41], which reports that SWCNTs break under a tensile 
strain of about 15% at room temperature. Then the inner CNT breaks at 
point D with the second descent of the stress, and the composite has 
failed completely. The atomic configurations at points C and D can also 
be found in Fig. 1b. After the first break of the outer CNT, the mechanical 
state of the inner CNT also reaches the elastic tension-bearing limit. At 
this stage the plastic deformation is further enlarged with the strain. 
Therefore, the stress is only slightly increased before the second break 
point D. The plateau in Fig. 1a between points C and D indicates the 
different ductile behaviors of the outer and inner CNTs at different force 
fields, reflecting the sequential failures of the two CNTs. During the 
tension process, both the outer and inner CNTs have an inward 
contraction, meanwhile, the coating CNT will have a stronger com-
pressing action on the copper atoms. In addition, the anisotropy of the 
CNT might be another reason for the different mechanical responses of 
the outer and inner CNTs in such heterogeneous composite structure. 
Fig. 1c shows the atomic stress evolution during the whole stretching 
process. The stress on the carbon atoms is significantly higher than that 
on copper atoms, demonstrating the dominant role of the CNTs in 
resisting the imposed tensile force. 

Young’s modulus is the initial slope of the stress-train curves at 
elastic stage. For the pristine copper nanowire case, Young’s modulus is 
calculated as 95.6 GPa in our model, consistent well with the previous 
studies, both experimentally and theoretically [42–44]. Young’s 
modulus of the CNT/Cu composite structure is 248.0 GPa, which is an 
increase of 159 %, compared with the pristine copper nanowire. The 
fracture stress (ultimate tensile strength) and tensile toughness of the 
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composite are 36.3 GPa and 4.37 GJ m− 3, increasing 511 % and 258 % 
compared with the pristine copper nanowire of 5.94 GPa and 1.22 GJ 
m− 3 from our simulation results, respectively. Such dramatical en-
hancements on the mechanical properties greatly broaden the potential 
applications of the CNT/Cu composite. Furthermore, the composite 
structure has a much better malleability than the copper matrix owing to 
the inhibition of the dislocation propagation by the CNTs. 

3.2. Size effect 

The cross-section size of the CNT-sandwich copper-matrix composite 
nanotube has great influence on its mechanical properties due to the 
different CNT volume fraction. Therefore, we conducted the simulations 
of the hybrid composite structure with the same outer CNT radius of 5 
nm and varied inner CNT radii of 2 nm, 3 nm and 4 nm. Fig. 2 displays 
the stress–strain curves of the composite cases with varied inner radii 
and the enhancement factors of Young’s modulus, ultimate tensile 
strength, and tensile toughness. It demonstrates that the mechanical 
properties are strengthened dramatically with the increase of the inner 
CNT radius. In those three simulation cases, the composite structure 

with the inner CNT radius of 4 nm owns the highest Young’s modulus of 
380.8 GPa, fracture stress of 61.4 GPa and tensile toughness of 7.89 GJ 
m− 3, being enhanced over four-, ten- and six-folds, compared with the 
pristine copper nanowire, respectively. As the composite inner diameter 
increases, the volume and mass fraction of the CNTs is enlarged. It be-
comes much harder to make a tensile deformation of the composite 
structure due to the much higher strength of the CNT than copper. 
Additionally, even the composite case with the embedded CNT radius of 
2 nm has a Young’s modulus of 200.9 GPa, an ultimate tensile strength 
of 25.2 GPa and a tensile toughness of 3.08 GJ m− 3, which are more than 
two, four and two times those of the pristine copper nanowire, respec-
tively. It should be noted that the supporting and shaping function of 
copper matrix is impaired with the reduction of its volume fraction. 
Meanwhile, when cross-section size increases, the size of the inner CNT 
becomes smaller, and the manufacture in practice turns to be more 
precise and complex. 

3.3. Multilayer effects 

The wall-thickness of CNTs has obvious effects on the mechanical 

Fig. 1. (a) Stress change versus strain of the 
pristine copper nanowire and CNT-sandwiched 
nanotube-structure of CNT/Cu composite with 
both outer and inner single-walled CNTs. Both 
the two cases are conducted at the temperature 
of 300 K with the same outer radius of 5 nm. The 
radius of inner CNT in composite structure is 3 
nm. (b) View of atom status at points A, B, C, and 
D during the tension process, corresponding to 
the strains of 0.05, 0.1 0.18 and 0.21. (c) View of 
atomic stress evolution during the tensile process 
of the hybrid composite structure, corresponding 
to the strains of 0, 0.05, 0.1, 0.18, 0.2, 0.21.   

Fig. 2. (a) Stress–strain curves of the CNT-sandwich copper-matrix composite nanotube-structures with the same outer CNT radius of 5 nm and varied inner CNT 
radii from 2 nm to 4 nm. (b) Enchantment factors of the Young’s modulus, ultimate tensile strength and tensile toughness of the composite cases with varied inner 
radii, compared with those of the pristine copper nanowire. 
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properties of the CNTs and CNT-based nanocomposites [45]. Therefore, 
we explored the tension simulations for the CNT-sandwich copper-ma-
trix composite nanotube-structures with outer single-walled (SW), 
double-walled (DW) and triple-walled (TW) CNTs to investigate the 
reinforcements on the mechanical behaviors. Fig. 3a presents the atom 
configurations on the cross-section of the composite cases with varied 
number of outer CNT carbon-layers. 

The stress–strain curves of the different composite cases are illus-
trated in Fig. 3b. The Young’s modulus, ultimate tensile strength and 
tensile toughness increase significantly with the CNT wall-number 
owing to the continuous improvement of tensile loading bearing ca-
pacity for more CNT carbon-layers. The plastic stretching stage of the 
varied CNT layers after the first break in multilayer composite cases is 
clearly reduced due to the much higher stress than the SWCNT com-
posite case. All the three composite cases have a much better mallea-
bility than the pristine copper nanowire owing to the excellent tension- 
bearing capacity of the CNTs. 

The enhancement factors of the Young’s modulus, ultimate tensile 
strength and tensile toughness are almost proportionately increased 
with the number of the CNT layers (Fig. 3c). For the composite case with 
outer triple-walled CNTs, its Young’s modulus, ultimate tensile strength 
and tensile toughness are enhanced approximately four-, ten- and five- 
folds, making the composite nano-tube an excellent high-strength 
candidate in mechanical applications. 

Table 1 summarizes the mechanical parameters of the pristine cop-
per nanowire, isolated single-walled CNT and different composite cases 
with varied number of outer CNT layers. The Young’s modulus of single- 
walled CNT is approximately 1 TPa, consistent with the experimental 
result of 1.25 TPa [46]. It is concluded that CNT significantly enhances 
the Young’s modulus, yield and fracture strains, yield and fracture 
stresses, toughness of the composite due to its exceptionally mechanical 
tension-resistance properties. In the multilayer composite models, the 
sandwich-tubular composite structure with outer triple-walled CNTs 
possesses the highest enhancements with a Young’s modulus of 379.0 
GPa, a fracture strain of 0.19, a fracture stress (ultimate tensile strength) 
of 58.5 GPa and a tensile toughness of 6.73 GJ m− 3. 

3.4. Temperature effects 

To explore the mechanical characteristics of the CNT-sandwich 
copper-matrix composite nanotube-structure at different temperatures, 
we carried out the tension simulations for the single-walled composite 

case at a series of temperature from 100 K to 900 K. Fig. 4a presents the 
mechanically tensile behaviors of the nanocomposite cases at various 
temperatures. It is indicated that temperature can greatly affect not only 
the linear elastic mechanical property (Young’s modulus), but also the 
ultimate tensile strength, fracture strain and toughness. High tempera-
ture can relatively lower lattice intensity and speed up the atomic mo-
tion of the copper matrix and CNTs, thus reducing the stability and 
strength of the hybrid composite structure, weakening the mechanical 
properties considerably. In particular, strain energy is reduced with an 
increment of temperature, which promotes the defect activation and 
decreases the elastic limit of CNTs [47]. In Fig. 4a, the mechanical 
response in malleability of the outer and inner CNTs is reduced with 
temperature, reflecting the significantly impaired effect on the C–C 
bonds by high-temperature. 

The enhancement factors of the Young’s modulus, ultimate tensile 
strength and tensile toughness are displayed in Fig. 4b at varied tem-
peratures. A general trend is that the enhancement factors decrease with 
respect to an increment of temperature. The enhancement factor of 
Young’s modulus is insensitive to temperatures. Despite the reduction of 
the mechanical strength by high-temperature, the composite structure 
still has much higher Young’s modulus of 219.8 GPa, ultimate tensile 
strength of 26.0 GPa and tensile toughness of 2.22 GJ m− 3 at 900 K in 
our simulations, compared with the 95.6 GPa, 5.94 GPa and 1.22 GJ m− 3 

of the pristine copper nanowire at room temperature, respectively. Such 
superior tensile properties at high temperatures have promising appli-
cations in nano-interconnections and micro-electronics. 

3.5. Strain rate effect 

We have conducted the tension simulations of the CNT-sandwich 
copper-matrix composite nanotube-structure with three different 
loading strain rates of 0.1 × 109 s− 1, 1 × 109 s− 1 and 10 × 109 s− 1. The 
stress–strain curves are illustrated in Fig. 5a. It is shown that Young’s 
moduli of the three composite cases with different strain rates are almost 
the same, demonstrating that strain rate has little effects on the linear 
elastic properties. While the ultimate tensile strength is increased 
obviously with the loading strain rate, as well as the tensile toughness, 
shown in Fig. 5b. As the strain rate enlarges, there is less time for the 
thermal fluctuations produced during the tensile process, thus fewer 
opportunities to break the strong covalent bonds between carbon atoms. 
Therefore, the CNTs have a better ductility at higher strain rate, which 
strengthens the ultimate tensile strength of the composite structure. It 

Fig. 3. (a) Cross-section of atomic configura-
tions, (b) stress versus strain curves of the CNT- 
sandwich copper-matrix composite nanotube- 
structures with outer single-walled (SW), 
double-walled (DW) and triple-walled (TW) 
CNTs. All the three composite cases have the 
same inner CNT radius of 3 nm and outer CNT 
radius of 5 nm, and are stretched under the same 
strain rate of 1 × 109 s− 1 at the temperature of 
300 K. (c) Mechanical enhancement factors of 
Young’s modulus, ultimate tensile strength and 
tensile toughness for the composite cases with 
varied number of outer CNT layers.   

P. Wang et al.                                                                                                                                                                                                                                   



Composite Structures 278 (2021) 114705

5

should be noted that the loading strain rate we set in the MD models is 
much larger than the real-practical experiments. Further investigations 
should be conducted with low loading strain rates about 1.0 s− 1 that are 
comparable to those used in experiments. However, it is limited by MD 
approaches. 

3.6. Effect of CNT volume fraction on the enhancement 

The mechanical properties of the CNT-reinforced metal-matrix 
composites are closely related to the volume fraction and uniform 
dispersion of the CNTs in the composite structure, due to the tremendous 
surface area up to 200 m2 g− 1 of the isolated CNTs [9]. Hence, it is 
essential to study the effect of the CNT volume fraction on the me-
chanical enhancement. In the present CNT-sandwich copper-matrix 
composite-nanotube models, we have investigated the cross-section size 
effects by changing the inner CNT radius, and the multilayer effects by 
adding more outer CNT layers. 

We divide those composites into two groups: the inner group and the 
outer group. The CNT volume fractions are 0.12, 0.17, 0.29 for the inner 

group, and 0.17, 0.28, 0.38 for the outer group, respectively. Fig. 6a, b 
and c summarize the Young’s modulus, ultimate tensile strength, and 
tensile toughness of the composite nanotube-structure versus the CNT 
volume fraction, respectively. The data are listed in Table S1 in Sup-
plementary Information. The red square and cyan hexagon denote the 
pristine copper nanowire case (CNT volume fraction 0) and isolated CNT 
(CNT volume fraction 1.0) case, respectively. The inner group and outer 
group are presented using blue circles and green triangles, respectively. 
The improvement in the mechanical properties exhibits a linear rela-
tionship with the volume fraction of the CNT in the composite struc-
tures. For example, the Young’s modulus (Y) can be expressed as Y =

860× vol + 92.9. 
It is worth mentioning that the enhancement is also sensitive to the 

local atomic configurations and CNT distributions. For example, the 
Young’s modulus of the inner group reinforcer has a slope of 1016 GPa, 
much higher than that (637 GPa) of outer group reinforcer. Details of the 
different groups of local structures are shown in Fig. S2 of the Supple-
mentary Information. Our results reflect that the mechanical reinforce-
ment is relevant to not only the total carbon content, but also the carbon 

Table 1 
Mechanical parameters of pristine copper nanowire, isolated single-walled CNT and CNT-sandwich copper-matrix composite cases with varied number of outer CNT 
layers.  

Composite cases Young’s modulus (GPa) Yield strain Fracture strain Yield stress (GPa) Fracture stress (GPa) Toughness (GJ m− 3) 

Cu nanowire  95.6  0.073  0.073  5.94  5.94  1.22 
SW CNT  961.2  0.23  0.23  126.8  126.8  17.68 
SW Composite  248.0  0.1  0.18  24.8  36.3  4.37 
DW Composite  318.8  0.1  0.18  31.9  47.5  5.22 
TW Composite  379.0  0.1  0.19  37.9  58.5  6.73  

Fig. 4. (a) Stress–strain curves of the CNT-sandwich copper-matrix composite nanotube-structure with outer and inner SW CNTs at varied temperatures from 100 K 
to 900 K. (b) Mechanical enhancement factors of Young’s modulus, ultimate tensile strength and tensile toughness of the composite cases at varied temperatures. 

Fig. 5. (a) Stress–strain curves and (b) mechanical enhancement factors on the Young’s modulus, ultimate tensile strength and tensile toughness of the CNT- 
sandwich copper-matrix composite nanotube-structure with both inner and outer SW CNTs at different strain rates from 0.1 × 109 s− 1 to 10 × 109 s− 1. 
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dispersion in the hybrid structure. The CNT distribution in the inner 
group structure is more homogeneous than that of the outer group, 
avoiding the interlayer interaction and possible carbon atom clustering 
in multi-walled configurations (Fig. S3), which could worsen the me-
chanical properties. 

Our results of Young’s modulus of various composites agree well 
with the predicted value of 375 GPa (CNT volume fraction approximate 
to 0.25) using the spin-polarized Density Functional Theory reported by 
Karolina et al. [22] because both their and our designs of the composite 
structure effectively exploit the ultrahigh strength in the axial direction 
of the CNT. Another experimental value of 135 GPa at the CNT volume 
fraction of 0.1 revealed by Seung et al. [48] is relatively lower than the 
value in our model. The discrepancy might be attributed to the clus-
tering of CNTs. When the CNT volume is higher than a certain value, 
CNTs tend to agglomerate and the distribution is not homogeneously in 
copper anymore. For the same reason, the ultimate tensile strength in-
creases by two or three times in the experiments at the CNT volume 
fraction of 0.05–0.1 [48–50], while the enhancement factor is over five 
in our model with the CNT volume fraction 0f 0.1. It is worth noting that 
the crystal lattices, both copper and CNT, are perfect in the theoretical 
MD model. Therefore, the tensile strength and toughness are much 
higher than those of the experimental specimen, where many defects 
including vacancies and dislocations exist. 

The Halpin-Tsai model is an empirical model generalized for esti-
mating the micromechanics relationships of two-component compos-
ites, described as [51]: Ec

Em
=

1+ζηVf
1− ηVf

, where Ec and Em are the Young’s 
moduli of the composite and matrix, respectively, ζ is a measurement of 
the reinforcement geometry associated with the filler dispersion, η is a 
constant related to the Young’s moduli of the filler and matrix, Vf is the 
volume fraction of the filler. The Halpin-Tsai model assumes a homo-
geneous distribution of reinforcers in a matrix and the predicted Young’s 
moduli are isotropic. The Young’s moduli of CNT-Cu composite are 
obtained through Halpin-Tsai model (Fig. 6a) with ζ = 2.0 and η = 0.75. 

The comparison among our MD simulation, linear fitting to MD, the 
Halpin-Tsai model, DFT result, and experiment is illustrated in Fig. 6a. 
The enhancement in our sandwich structures is higher than the pre-
diction of the Halpin-Tsai model in the whole range of CNT volume 

fraction. For instance, according to the Halpin-Tsai model, the 
enhancement on Young’s modulus of the CNT-sandwich copper-matrix 
composite nanotube is 1.53 times when the CNT volume fraction is 0.2, 
lower than the factor of 2.85 in our simulations. To measure such 
additional enhancements of structure engineering besides volume frac-
tion, we define the structure-enhancement factor as f = Es/Eh, where Es 
is Young’s modulus of the composite enhanced by a special structure, for 
instance, the sandwich structure. Eh is Young’s modulus predicated by 
the Halpin-Tsai model at the same CNT volume fraction. Fig. 6d presents 
the structure-enhancement factor on Halpin-Tsai model by the sandwich 
structure as a function of CNT volume fraction. The enhancement of 
sandwich structures becomes 2.0 times that of Halpin-Tsai model at a 
CNT-volume fraction of 0.4. The abnormal high reinforcement of this 
class of CNT-sandwiched nanotubular copper composites suggests that 
the spatial structure plays an essential role in reinforcement. The me-
chanical properties can be further enhanced via structure design. 

3.7. Vibration density of state analysis 

The vibration density of state (VDOS) is believed to be closely related 
to the internal crystal structure, since the lattice vibration frequency can 
be greatly affected by the bond state between atoms. In the tensile model 
of the CNT-sandwich copper-matrix composite, the covalent bonds be-
tween carbon atoms undergo stretching, yielding and breaking, as well 
as the metallic bonds between copper atoms. The change of bond state 
during the tensile process could have significant effects on the VDOS. 
The contributions of the CNT and copper matrix on the vibrational 
density are illustrated in Fig. 7a for the original composite structure. The 
VDOS of the copper lattice is much lower than that of the CNTs, indi-
cating the dominant role of the CNTs in the CNT-sandwich composite 
structure. 

Two peaks appear at 17 THz and 50 THz in the VDOS of the CNTs. 
The high-frequency peak at 50 THz is a typical characteristic of the 
carbon allotrope materials, depicting the longitudinal acoustic (LA) vi-
bration mode along the central axis of the CNTs, corresponding to the 
atom displacement along the axis. While the low-frequency vibration 
peak at 17 THz is attributed to the radial transverse acoustic (TA) modes 
(radial breathing mode) and the in-plane twist mode, corresponding to 

Fig. 6. Improvement in (a) Young’s modulus, (b) 
ultimate tensile strength and (c) tensile toughness 
of various CNT/Cu nanocomposite cases as a 
function of CNT volume fraction. (d) Structure- 
enhancement factor on Young’s modulus versus 
CNT volume fraction. Structure-enhancement 
factor is defined as the ratio of our model 
(linear fit) to Halpin-Tsai model. The CNT volume 
fractions 0 and 1.0 are for the pristine copper 
nanowire and isolated single CNT, respectively. 
Inner group represents the CNT-sandwich copper- 
matrix composite nanotube structure with 
different inner CNT radii. Outer group denotes 
the hybrid composite nanotube structure with 
different outer CNT layers. The fit line for 
Young’s modulus is compared with the Halpin- 
Tsai model.   
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the radial and rotational-vibrational motions [52,53]. During the tensile 
process, the longitudinal displacement is obvious while the radial mo-
tion is very slight. Therefore, the change of the VDOS is mainly 
concentrated on the LA mode. 

The VDOS of the single-walled composite case changes at various 
strains during the tensile process (Fig. 7b). The high-frequency peak has 
an obvious shift with the increase of the tensile strain. The low- 
frequency peak reduces slightly due to the slight change of the cross- 
section of the CNTs during the tensile process. When the C–C cova-
lent bonds are stretched, the LA vibration frequency is reduced, as well 
as the intensity owing to the strengthened phonon scattering at the C-Cu 
interface. The shift of the high-frequency peak at various strains is dis-
played in Fig. 7c. The inset shows the corresponding stress state. The 
lattices are broken entirely when the strain is larger than the fracture 
limit of 0.18. Thus, the vibration density falls to zero with the strain of 
0.2. 

To essentially understand the peak-shift phenomenon, we studied 
the evolution of the C–C bonds state versus the strain. In the initial 
structure with strain 0, each carbon atom interacts with around twelve 
carbon atoms by three big pi bonds, due to the interlaced sp2 and sp3 

hybridization, as the red dash line circles shown in Fig. 7d. Thus, each 
carbon atom has twelve C–C bonds at strain 0. Fig. 7e displays the 
tensile strains of 0, 0.05, 0.1 and 0.15, versus the corresponding C–C 
bonds of 12, 12, 10 and 8 of each carbon atom, respectively. It is 
demonstrated that some bonds are broken owing to the growing distance 
between carbon atoms, as the strain increases. The stretching and 

breaking of the C–C bonds gradually transform the CNT lattice state, 
resulting in the peak-shift of the vibration frequency. 

Besides the fundamental understanding of the mechanically 
enhanced mechanisms that we discussed above, the proposed hybrid 
CNT-sandwich copper-matrix composite nanotube-structure has pro-
spective and interesting advantages on phonon and electron transport. 
The hybrid structure of the composite potentially has a high conductive 
capacity of heat and electrons [54,55]. Owing to the dominant role of 
the CNTs in the hybrid structure, this class of CNT/Cu nanocomposite is 
a promising function-material with ultra-high strength, super thermal 
and electronic conductivities. As a result, this new sandwich-tubular 
CNT/Cu nanocomposite has promising applications in microelec-
tronics and nanoelectrics as nano-interconnects. 

4. Conclusions 

We have introduced a hybrid CNT-sandwich nanotube-structure of 
the CNT/Cu composite and investigated its mechanical characteristics 
using molecular dynamic simulations. The superior mechanical prop-
erties of the composite were demonstrated due to the ultra-high strength 
and dominant role of the CNTs in the hybrid nanocomposite structure. 
On the basis of the stress–strain curves and VDOS analysis, we studied 
the mechanically reinforced mechanisms and C–C bonds state change 
of the CNT/Cu nanocomposite structure. For single-walled CNT rein-
forcer, the enhancement factors referring to 5-nm-wire copper are 4, 10, 
and 6 folds for the Young’s modulus, ultimate tensile strength, and 

Fig. 7. (a) Contributions of the CNTs and copper 
matrix on the lattice vibration density in original 
CNT-sandwich copper-matrix composite 
nanotube-structure. (b) Vibration density of state 
at various strains (0, 0.05, 0.1, 0.15 and 0.2) of 
the CNT/Cu composite nanostructure. (c) High- 
frequency peak shift versus the strain from 0 to 
0.15. The inset exhibits the stress state versus the 
strain. (d) The bonds state of the carbon atoms in 
the CNT at the strain 0. (e) Evolution of the C–C 
bonds state with strains 0, 0.05, 0.1 and 0.15, 
corresponding to 12, 12, 10 and 8 bonds of each 
carbon atom, respectively.   
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tensile toughness, respectively. The reinforcements increase with the 
decrease of the cross-section size. Additionally, more outer CNT layers 
can further improve the mechanical strength of the composite structure. 
There is an approximately linear relationship between the CNT volume 
fraction and the mechanical properties enhancement of the present 
hybrid composite nano-structure. 

Compared with the Halpin-Tsai model, our hybrid nanotubular 
structure has a higher enhancement efficiency. Moreover, high tem-
perature could reduce the mechanical properties by weakening the lat-
tice intensity of the CNTs and copper matrix. The composite structure 
has a higher ultimate tensile strength at larger loading strain rate. Our 
findings could promote the cognitive level of the CNT/Cu nano-
composites and provide a guide for composite material design in modern 
ultra-large integrated circuits and nano-electronic applications. 
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