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Abstract 

Carbon honeycomb is a newly synthesized carbon allotropy with promising applications in 

many fields of science and engineering. In this work, we investigate the mechanical properties 

of carbon honeycomb with focus on the anisotropicity in terms of the tilt angle θ in zigzag-

armchair (x-y) plane using molecular dynamics simulations. Results show that the tensile 

strength of carbon honeycomb ranges from 15.0 to 23.7 GPa at room temperature, which is 

lower than that of graphene due to the weakness on the junction. Meanwhile, except in armchair 

direction, the strength of carbon honeycomb reduces as stretching direction away from zigzag 

direction, similar to that of graphene. While, the Young’s moduli decrease with respect to tilt 

angle, opposite to that of graphene. Increasing temperature will weaken carbon honeycomb by 

reducing the strength, and there is only a 16% reduction of the minimum strength in x-y plane 

as temperature increases from 100 to 900 K. In addition, the crack occurs first in cell axis 

direction then in the x-y plane, different from graphene which appears to along zigzag direction 

only.  

Keywords: carbon honeycomb, graphene, molecular dynamics, angle dependence, mechanical property 

 

1. Introduction 

Carbon materials have drawn extensive attention in many 

fields of science and technology [1, 2]. Graphene, one of the 

strongest materials, is a single-layer of carbon atoms bonded 

in a hexagonal lattice with Young’s modulus of 1 TPa and 

mechanical strength of 140 GPa [3]. However, the widely 

practical application is not easy sincethe nature 2D structure 

of graphene. Carbon honeycomb (CHC) [4] is a new carbon 

allotrope in a honeycomb like lattice. CHC as 3D structure, by 

contrast, has more wide application prospect. It’s reported that 

CHC has high porosity, outstanding mechanical and thermal 

properties [5, 6]. It can be used in gas and liquid storage, water 

transportation and composite materials [7]. 

Materials with hexagonal lattice exhibit many unique 

properties. For graphene, the mechanical properties show 

anisotropy like 2D black phosphorus [8, 9]. Since the six-fold 

rotation symmetry, studies about graphene usually are carried 

out in zigzag and armchair directions [10, 11]. The mechanical 

properties of graphene in zigzag direction are superior to the 

armchair direction, including ultimate tensile strength and 

Young’s modulus [12]. The Poisson’s ratio of graphene also 

shows anisotropy [13]. When stretched in zigzag direction, the 

instinct transition from positive to negative Poisson’s ratio at 

0.06 strain is detected in plane, and the critical strain is 
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reported to be temperature independent [1]. In addition, due to 

the electrical conductivity and unique structure of graphene, it 

is popular in the research of battery electrodes [14]. Similarly, 

as honeycomb like structure, CHC has lots of excellent 

properties. Its mechanical properties show anisotropy [15]. 

With minimum cell size, the tensile strength of CHC in cell 

axis direction exceeds 70 GPa, which is about twice as big as 

that in both zigzag and armchair directions, and the maximum 

Young’s modulus occurs in cell axis direction. What’s more, 

CHC exhibits significant anisotropy in terms of both the 

Poisson’s ratio and thermal conductivity. The thermal 

conductivity of CHC in cell axis direction is about 205 W/mK, 

and it is only 39 W/mK in both zigzag and armchair directions 

[5]. In short, as honeycomb like structure, both graphene and 

CHC show anisotropy in mechanical properties, and the 

thermal conductivity of CHC is also anisotropic. As a new 

kind of carbon material, it is worth to explore CHC. 

Generally, the study about mechanical properties of CHC 

is indispensable for the promising applications. Since the first 

synthesis experimentally [7], there are lots of researches about 

the mechanical properties of CHC. Pang et al. [5] has found 

that with sp2-sp3 hybridization CHC has superb specific 

strength in structural carbon materials and it varies with the 

unit cell size. The maximum tensile strength increases as the 

cell size reduces. Jin et al. [16] investigated the mechanical 

properties of CHC under uniaxial compression and the effect 

of deformation on gas transportation in CHC by using 

molecular dynamics (MD) simulations. The result shows that 

local buckling is better than global buckling for gas 

transportation. The study of Zhang et al. [17] shows that the 

Young’s modulus is dominated by the hinge density and 

independent of the junction type of CHC by using MD 

methods. Both the lattice size and defects affect failure strain. 

Gu et al. [15] investigated the mechanical properties of CHC 

with different chirality by both density functional theory (DFT) 

and MD calculations. They found that CHC shows large 

strength and outstanding ductility with a density as low as 0.5 

g/cm3. These researches imply that CHC shows lattice size 

dependence and direction dependence in terms of mechanical 

properties. With small lattice size, higher strength has been 

detected, and both DFT and MD simulations show that CHC 

in cell axis direction has better mechanical properties [5, 15].  

Currently, there are lots of studies about the mechanical 

properties of CHC with different chirality. However, those 

studies only investigate the mechanical properties of CHC in 

three (zigzag, armchair and cell axis) directions. The 

mechanical properties of CHC with different tilt angles in 

zigzag-armchair plane have been rarely explored. In this paper, 

the mechanical properties of both CHC and graphene in 

zigzag-armchair plane have been studied using MD methods. 

The tensile deformation fracture modes of the structure in 

different directions are discussed. The effect of temperature 

on mechanical properties in different directions has also been 

investigated. 

2. Methods 

The atomic model of CHC is shown in Figure 1a. It can be 

seen as a tube construction consisted by zigzag-edged 

graphene nanoribbons with sp2 bonding in the wall. While the 

atoms in the junction line are sp3 hybridized to maintain 

structural stability. The junction is composed of an array of 

cell units containing two 5 atom carbon-rings and one 8 atom 

carbon-ring as shown in Figure 1b. It has high energetic, 

dynamical and thermal stability calculated by DFT method 

[18].The cross-section, perpendicular to the cell axis direction, 

is a honeycomb structure based on regular hexagon (Figure 

1c). The distance between two adjacent junction lines is 0.58 

nm. The initial model contains 12096 carbon atoms and the 

dimensions are 6.0 × 5.2 × 5.8 nm. 

 
Figure 1. Schematic diagram of CHC structure. Purple atom 

is sp2 hybridized and red atom is in the junction with sp3 

bonding. (a) Perspective view; (b) Local atomic structure at 

the junction region; (c) Schematic diagram of CHC for loading 

along different directions in the x-y plane. θ is the tilt angle of 

stretching direction away from the zigzag direction. 

MD methods are used widely in metals [19, 20], metallic 

glasses [21] and carbon materials [16, 22]. All calculations are 

performed with the LAMMPS package [23] based on an 

adaptive intermolecular reactive empirical bond order 

(AIREBO) potential [24] with modified C-C bond cutoffs, 

which has been successfully used to study the mechanical 

properties of carbon materials (such as graphene, carbon 

nanotube) at large strains [1, 10]. We will use the cutoff of 

1.92/2.0 Å for our following simulations, which could avoid 

the unphysical description of mechanical properties as our 

previous report illustrate [1]. The post-processing is 
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performed by using OVITO [25]. Each simulation has been 

carried out at the isothermal-isobaric (NPT) ensemble with a 

time step of 0.5 fs. The conjugate gradient algorithm is used 

to minimize the energy of structure. The Nose-Hoover 

thermostat and barostat are employed to control temperature 

with coupling times of 0.025 fs and pressure with coupling 

times of 0.25 fs. The boundary conditions are periodic in all 

the directions to reduce the size effect. 

The tensile test is carried out at an engineering strain rate 

of 109 s-1. As a comparison, the mechanical properties of 

monolayer graphene along different directions have also been 

investigated. The thickness of graphene is 0.34 nm, and fixed 

boundary condition is used in the z direction. The initial model 

contains 4032 atoms. 

3. Results and Discussion 

3.1 Mechanical properties in x-y plane 

The mechanical properties of graphene and CHC in x-y 

plane have been investigated. Note that both graphene and 

CHC have six-fold rotational symmetry in this plane. The 

angle between adjacent zigzag and armchair directions is just 

30 degrees. To meet the periodic boundary conditions in x-y 

plane, the tilt angle θ (Figure 1c) away from zigzag direction 

has been carefully selected. Therefore, for both graphene and 

CHC, six samples are examined with θ of 0° (zigzag), 4.7°, 

16.1°, 19.1°, 25.3° and 30.0° (armchair), respectively. But the 

size of unit cell for each sample is different. So the periodic 

replication has been used to keep the box sizes approximately 

the same. Thus each sample of CHC or graphene is adopted 

with similar number of atoms to reduce the size effect. 

Figure 2a presents the engineering stress-strain curves of 

CHC with different θ in x-y plane at the temperature of 300 K. 

The tensile processes are presented in Supplementary Video 

S1-S6. Results show that the Young’s modulus ranges from 

43 to 47 GPa, which reduces with the increasing tensile angle 

θ. The mechanical strength of CHC ranges from 15.0 to 23.7 

GPa. It reduces as θ increases, except for loading in armchair 

direction. CHC yield with yield strength of 13.8 GPa in 

armchair direction at 0.195 strain. Interestingly, yielding stage 

occurs only when stretching near the armchair direction. In 

armchair direction, hardening stage is detected resulting in the 

higher tensile strength of 22.3 GPa and larger failure strain. 

Figure 2b shows the engineering stress-strain curves of 

graphene with different θ in x-y plane at 300 K. The tensile 

processes are shown in Supplementary Video S7-S12. Results 

show that the mechanical strength of monolayer graphene 

increases with the decreasing tilt angle away from zigzag 

direction. The tensile strength is between 86.4 and 104.7 GPa, 

corresponding to previous report [26]. There is 17.5% 

difference in the tensile strength. As θ increases, the strength 

and failure strain reduces, but the Young’s modulus increases 

ranging from 787 to 902 GPa. Graphene has an opposite trend 

of Young’s modulus varying with θ to CHC. Figure 2c shows 

the stress-strain curves of both CHC and graphene in zigzag 

direction. The maximum strength in the x-y plane of CHC is 

77% lower than that of graphene. 

The difference of Young’s modulus could be explained by 

the change of potential energy in tensile process. For CHC, the 

Young’s modulus near zigzag direction is higher compared to 

that near armchair direction. Figure S1a shows the potential 

energy per atom of CHC before 5% strain for loading along 

different directions. The potential energy per atom of CHC at 

0.05 strain ranges from 5.1 to 5.6 meV. As θ reduces, the 

potential of CHC increases, implying that the lattice of CHC 

Figure 2. Dependence of mechanical properties on different stretching directions in x-y plane. (a) Engineering stress-strain 

curves of CHC; (b) Engineering stress-strain curves of graphene; (c) Stress versus strain in with θ = 0° for both CHC and 

graphene. 
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absorb more energy. So CHC shows higher Young’s modulus 

near to zigzag direction. The maximum energy difference of 

CHC between zigzag and armchair directions is about 9% at 

0.05 strain, corresponding to the difference of Young’s moduli. 

The potential energy of graphene at 0.05 strain ranges from 

62.5 to 70.8 meV (Figure S1b), in agreement with previous 

report [10]. Graphene in armchair direction has a higher elastic 

energy, which is consistent with DFT calculations [27]. The 

elastic energy of CHC at tensile process is smaller than 

graphene, indicating that the Young’s modulus of CHC is 

smaller than that of graphene, corresponding to the tensile 

results. In addition, the potential of CHC exhibits a reverse 

trend to graphene with different θ, indicating that the results 

obtained in 2D hexagonal structure (graphene) may not be 

applicable to 3D honeycomb like structure (CHC). The result 

also shows that the AIRBO potential with modified C-C bond 

cutoffs can describe the chirality of both graphene and CHC 

well.  

3.2 Fracture of CHC and graphene in x-y plane 

In this section, the fracture states of both graphene and 

CHC with different chiral angles θ have been investigated. 

The local atomic strain was studied by the von Mises strains 

(scales from 0 to 4) using OVITO with cutoff radius of 3.5 Å. 

The crack surfaces of both CHC and graphene (Figure 3) show 

lots of single carbon chain, which is consistent with previous 

reports [10]. The failure morphologies of CHC with different 

tilt angles are presented in Figure 3a. With θ = 4.7°, 16.1°, 

19.1° and 25.3°, crack surfaces in the x-y plane appear along 

zigzag direction. But this not occurs for loading in the zigzag 

and armchair direction of CHC. For loading in the zigzag 

direction of CHC, the graphene-walls that fail along the cell 

axis direction are parallel to the stretching direction. This leads 

the failure of the entire CHC material. The crack propagations 

of CHC initiate first along the cell axis direction, which is 

perpendicular to the x-y plane. Then crack propagation of 

CHC occurs in the x-y plane, and the structure failures.  

The failure morphologies of graphene for loading along 

different directions are shown in Figure 3b. The result shows 

that crack surface of graphene in zigzag direction shows two 

crossed branches. The angle between the two braches is about 

120°(or 60°), which is in agreement with previous report [11]. 

The same crack surface is also detected when θ = 4.7°, which 

is much closer to zigzag direction. While the crack surfaces in 

the direction of both 25.3° and 30° show a single line along 

zigzag direction. The crack surfaces for loading along the 

direction of 16.1° and 19.1°, which are not closer to both 

zigzag and armchair directions, shows a polyline with internal 

angle of 120°. Previous reports [10, 11] have found the crack 

surfaces of graphene (in both zigzag and armchair directions) 

to appear along the zigzag direction, which is consistent with 

our results. In addition, Figure 3a exhibits that all the crack 

surfaces occur along the zigzag direction when stretching 

graphene in x-y plane with all directions. 

It is the fracture mode that determines the anisotropy of 

mechanical strength of graphene. Assume that the strength of 

graphene with tilt angle θ is 
 . The strength of graphene can 

be seen as a function of θ, as follows: 

 30 / co 30   s      (1) 

where, 30  is the strength (86.4 GPa) in armchair direction. 

Thus as θ ranges from 0° to 25.3°, the calculated strengths in 

other directions are 99.8, 95.6, 89.0, 88.0 and 86.7 GPa 

respectively. The difference between each calculated and 

Figure 3. Illustration of failure morphologies of graphene and CHC with different tilt angles θ in x-y plane. (a) CHC; (b) 

Graphene. 
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simulated results is within 5%. It is also suitable to previous 

reports [10, 11, 28]. 

The crack morphology in the x-y plane is different for 

graphene and CHC, even if stretched in the same direction. 

For 2D graphene, cracks incline to extent along the zigzag 

direction in plane. Note that the CHC structure used in this 

paper consists of zigzag-edged graphene ribbons. It means that 

the crack that propagates in the cell axis direction of CHC is 

essentially propagating in the zigzag direction of graphene. 

The weakness in zigzag direction of graphene results in the 

crack to first propagate in cell axis direction of CHC when 

stretched in x-y plane. However, graphene has higher strength 

than CHC. So the strength must be reduced by the junction of 

CHC. Previous report [17] show that elastic properties of CHC 

is determined by solely by the density of the junction atoms. 

It can be inferred that the junction of CHC affect its strength 

significantly.  

3.3 The effect of temperature on mechanical strength 

The influence of temperature on the mechanical strength of 

both graphene and CHC in x-y plane is shown in Figure 4. 

Each case was performed by four MD simulations, and each 

result is the average of four results. The corresponding 

standard deviation is shown in Supplementary Table S1.  One 

sees from Figure 4a that the tensile strength of CHC reduces 

with the increasing temperature ranging from 100 to 900 K. 

At a certain temperature, the strength of CHC increases as θ 

decreases except in the armchair direction, indicating that 

CHC exhibits greater strength near to zigzag direction. The 

influence of temperature on the strength in the armchair 

direction is significant. At the temperature of 600 and 900 K, 

the stress-strain curves show no hardening stage since the high 

temperature reduce the failure strain, and the strength drops 

significantly. 

 

Figure 4. The effect of temperature on the mechanical 

strength in x-y plane. (a) CHC; (b) Graphene. 

Figure 4b shows the strength of graphene in the x-y plane 

versus temperature. In a certain direction, the strength of 

graphene is near linearly dependent on temperature. Tensile 

strength can be defined as k bb T     , where b  is the 

ultimate tensile strength, T represents temperature. The slope 

k is 0.04 GPa/K. The intercept b is 113.5 GPa for 0°, 110.2 

GPa for 4.7°, 101.2 GPa for 16.1°, 100.5 GPa for 19.1°, 99.6 

GPa for 25.3° and 98.5 GPa for 30°, respectively. The 

temperature effect is consistent with previous report [29]. At 

a certain temperature, there are about 33% reduction in 

armchair direction than zigzag direction, and the strength 

increases as tensile angle θ decreases, which is consistent with 

CHC. In addition, the Equation 1 is still applicable in different 

temperature. In contrast with graphene and CHC, the 

relationship between strength and temperature of CHC is 

different with graphene, of which they are linearly dependent.  

3.4 Out-of-plane direction mechanical properties 

The mechanical strength in the out-of-plane direction is 

also important. The strength of CHC in cell axis (z) direction 

and the strength of multilayer graphene with AA and AB 

stacking have been considered. Engineering stress-strain 

curve of CHC in cell axis direction is shown in Figure S2. The 

stress-strain curve shows three stages with the increasing 

tensile strain, including linear elasticity, yielding and 

hardening. The yield strength is 34 GPa with yield strain of 
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0.075. The yield stage is accompanied by the break of C-C 

bond in the junction line. At the hardening stage, all the atoms 

of CHC change to sp2 hybridization. CHC exhibits a 

maximum tensile strength of 55.3 GPa in the cell axis 

direction, which is consistent with previous DFT report [30]. 

 

Figure 5. A comparison of mechanical strength between CHC 

and some reported carbon materials, including of multilayer 

graphene with AA stacking or AB stacking, graphene paper 

and graphite [31, 32]. 

The monatomic layer structures may possess different 

mechanical behaviors in contrast to the bulk or multi-layered 

structures [33]. Figure 5 shows the mechanical strengths of 

CHC and multilayer graphene with AA and AB stacking in the 

direction perpendicular to the x-y plane, compared to the 

strongest graphene paper and graphite. The strength of CHC 

in the cell axis direction is 55.3 GPa, which is 1-2 orders of 

magnitude higher than multilayer graphene with both AA and 

AB stacking. The dominant force between two layers of 

multilayer graphene is van der Waals force, originating from 

correlated motion of electrons in different planes [34]. While, 

CHC structure is formed by the bonding of sp2 and sp3 

hybridized carbon atoms. The strength of van der Walls 

interaction is much less than that of C-C bond. So it is 

reasonable that CHC has higher strength than multilayer 

graphene. In addition, the strength of CHC is almost one order 

of magnitude less than graphene. But the strength of strongest 

graphene paper reported [31] is 2-3 orders of magnitude less 

than that of CHC. The strength of CHC is 3-4 orders 

magnitude higher than that of graphite [32]. So CHC may be 

widely used in engineering practice if mass production is 

possible. 

4. Conclusions  

In conclusion, the mechanical properties of CHC in x-y 

plane show anisotropy. With increasing tilt angle θ, the 

strength reduces for CHC, similar to that of graphene. The 

strength of CHC ranges from 15.0 to 23.7 GPa, which is less 

than monolayer graphene but higher than graphene paper.  The 

crack of CHC initials first in cell axis direction then in the x-

y plane, different from that of graphene. Increasing 

temperature weaken CHC, as expected and similar to that of 

graphene, where the strength of graphene is linear dependent 

with temperature. For CHC, the maximum strength in the x-y 

plane is reduced by 25% when changing temperature from 100 

to 900 K, but the minimum strength is just reduced by 16%. 

CHC exhibits outstanding tensile strength, which is much 

higher than multilayer graphene, graphene paper and graphite, 

providing promising prospect for application.  
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