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Abstract

:

We present a molecular dynamics simulation study on the effects of crack formation on the mechanical properties of bilayer graphene. Bilayer graphene possesses unique electronic properties that can be modified by applying a voltage, making it an attractive material for various applications. We examined how the mechanical properties of bilayer graphene vary under various crack configurations and temperatures, measuring Young’s modulus, fracture toughness, fracture strain, and fracture stress. We compared the effect of crack presence on single and both layers and found the appearance of double peaks in the stress–strain curves in the case of a monolayer crack, indicating a subsequent fracture of the cracked layer and the uncracked layer. We also examined the effect of crack shape, size, and orientation on mechanical properties, including circular, hexagonal, and rectangular cracks along two axes. We found that both circular and hexagonal cracks had a smaller Young’s modulus and toughness than rectangular cracks, and the orientation of the crack had a significant impact on the mechanical properties, with a 2.5-times higher toughness for cracks with a length of 15 Å . Additionally, we found that Young’s modulus decreases with increasing temperature in bilayer graphene with cracks on both layers. Our findings provide valuable insights into the potential applications of bilayer graphene in the design of advanced nanoscale electronic devices.
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1. Introduction


Since the discovery of graphene by the K.S. Novoselov and A.K. Geim group [1], graphene has been extensively researched and pursued as a new carbon-based material with a honeycomb 2D lattice structure and exceptional mechanical properties [2,3,4,5,6,7,8,9]. It is considered to be one of the strongest materials [10,11] and is widely used in fields such as electronics, thermology, etc. [12,13,14]. Its typical properties have also inspired the study of other materials to seek new materials generated by 2D effects [9]. Among the many graphene-related materials, bilayer graphene is one of the most interesting materials [15]. Bilayer graphene is a two-dimensional material consisting of two layers of graphene arranged in a Bernal stacking configuration [16]. The two layers are held together by weak van der Waals forces, which results in unique properties that differ from those of single-layer graphene.



One notable property of bilayer graphene is its electronic structure [17]. Unlike single-layer graphene, bilayer graphene has a bandgap that can be tuned by applying an electric field perpendicular to the layers. This property makes bilayer graphene promising for use in electronic devices, such as transistors and photodetectors [18,19,20,21,22]. Another important property of bilayer graphene is its mechanical strength [23]. The van der Waals forces between the layers make bilayer graphene more flexible than single-layer graphene, while still maintaining its strength. This property makes bilayer graphene a promising material for applications that require both strength and flexibility, such as in the construction of sensors and membranes [24,25].



Bilayer graphene exhibits unique mechanical properties that are influenced by various factors [26,27,28,29]. Temperature plays a crucial role in determining the mechanical properties of multilayer graphene [30]. Previous research shows that Young’s modulus decreases linearly with strain in bilayer graphene, while Poisson’s ratio is independent of the strain [31]. The elastic stiffness of the graphene can be significantly deteriorated under shear stress by the presence of vacancy defects [32]. The hardness of graphene has a linear relationship with the number of layers [33], and the binding strength between adjacent layers increases with the number of graphene layers. Overall, the mechanical properties of bilayer graphene are influenced by various factors [34], including temperature, defects, and crystal fields, and understanding these factors is essential for designing and optimizing graphene-based materials for a range of applications [35,36,37,38].



In this article, we present a molecular dynamics simulation study on the effects of crack formation on the mechanical properties of bilayer graphene. We examined how the mechanical properties of the bilayer graphene vary under various crack configurations and temperatures, measuring Young’s modulus, fracture toughness, fracture strain, and fracture stress. We examined how the crack shape, size, and orientation affect the mechanical properties, including circular and rectangular cracks along two axes. Our findings showed that the bilayer graphene with circular cracks had a smaller Young’s modulus and toughness than that with the same size of rectangular cracks, and the orientation of the crack had a significant impact on the mechanical properties. Additionally, we also found that Young’s modulus decreases with an increasing temperature in bilayer graphene with cracks on both layers Our findings provide valuable insights into the potential applications of bilayer graphene in the design of advanced nanoscale electronic devices.



The discussion is structured into three sections. Section 2 provides a detailed overview of the methodology used in the study, including the computational techniques and parameters employed. In Section 3, we examine the impact of different factors on the mechanics of bilayer graphene, including rectangular cracks with various orientations, circular cracks, and hexagonal cracks. Specifically, we analyze the behavior of bilayer graphene with monolayer cracks and bilayer cracks. Finally, in Section 4, we summarize our findings and provide a conclusion, highlighting the key insights from our investigation and their potential implications for future research.




2. Materials and Methods


We employed molecular dynamics simulations in this study, with the developed software of LAMMPS (large-scale atomic/molecular massively parallel simulator) [39]. OVITO (open visualization tool) [40] and VMD (visual molecular dynamics) [41] were utilized to generate the atomistic simulation results and figures. The adaptive intermolecular reactive bond order (AIREBO) [42] was chosen as the force field that can describe the interactions between carbon atoms. The AIREBO potentials were modified for the carbon nanostructures with significant deformation. We set Rmin = 2.0 Å to account for the overestimation of nanostructure strength near the fracture stage [43]. For the interlayer van der Waals (vdW) interaction, we use the Lennard–Jones potentials that are consistent with past research [44].



The simulation model of bilayer graphene was established as shown in Figure 1, with a C–C bond length of 0.142 nm within a layer and an interlayer distance of 3.4 Å. All simulations were conducted at 300 K, using a simulation time step of 0.001 picoseconds (ps). The size of the equilibrated simulation box was 30 × 5 × 6.7 Å3, containing 11,928 atoms, where the size effect would be studied in the next section.



The Young’s modulus E, fracture stress    σ c   , and fracture strain εF were obtained from the simulated stress–strain curves. Young’s modulus was calculated as the initial slope of the stress–strain curve, while the fracture stress and fracture strain were defined at the point where the peak stress was reached. The toughness is defined as the area under the curve from the origin (0,0) to the point of fracture. The toughness is also the amount of energy that a material can absorb before fracturing, and it is proportional to the area under the stress–strain curve.



In the precrack system, different shapes and sizes of “cracks” were generated by removing atoms near the center of the simulation box, as depicted in Figure 1b. When subjected to a tensile load, the occurrence of brittle fracture according to Griffith’s theory can be determined through lattice crack propagation simulations in the material. Our results are consistent with the experimental observation of brittle fracture in the graphene [45]. In addition, Griffith’s theory suggests that the brittle fracture of a material is caused by the presence of preexisting flaws or cracks within the material. These flaws act as stress concentrations, leading to a significantly higher stress at the tip of the crack than the average stress applied to the material. If the stress at the crack tip exceeds a critical value, known as the fracture toughness, the crack will propagate, and the material will fracture suddenly and catastrophically.



Griffith’s brittle fracture criteria can be mathematically expressed as follows:


   σ c  =     2 γ E   π  a 0       



(1)







Here,    σ c    represents the fracture stress, γ represents the material’s surface energy, E represents Young’s modulus of elasticity, and    a 0    represents the length of the flaw or crack. This model is commonly utilized to analyze the fracture behavior of brittle materials such as ceramics, glasses, and some polymers. It has been widely used in the development of new materials and in the design of structures to prevent brittle fractures.




3. Results and Discussion


3.1. Effect of the System Size


The selection of an appropriate number of atoms is essential for simulating a material system to obtain a converged result. An excessive number of atoms in the calculation model may increase the computational burden, while an inadequate number may fail to capture the material’s properties adequately. Thus, we conducted a thorough analysis of the influence of the number of atoms on the mechanical properties of bilayer graphene. The results, as depicted in Figure 2, indicate that the difference in stress–strain behavior diminishes with an increase in the number of atoms, suggesting that the number of atoms has a relatively small impact on stress–strain behavior. Furthermore, the maximum and minimum fracture stresses observed at the point of failure are 92.5 GPa and 90 GPa, respectively, corresponding to 11,928 atoms and 26,288 atoms, respectively, with a difference of only 2.5 GPa. Similarly, the difference in strain between the maximum and minimum is merely 0.005. Additionally, we investigated the effect of the number of atoms on Young’s modulus and toughness, as shown in Figure 2c,d, respectively. The results reveal that Young’s modulus increases, decreases, and then increases again with a maximum difference of 47 GPa, observed between 930 GPa (corresponding to 46,248 atoms) and 883 GPa (corresponding to 26,288 atoms). The effect of the number of atoms on the toughness is negligible, with a difference of only 0.5 between the maximum and minimum values. Overall, the variation in the number of atoms has a limited impact on the mechanical properties of bilayer graphene, so we selected 11,928 atoms for our study. The stress–strain behavior was found to be consistent across the different pressure conditions (0 to 3 atm). Therefore, subsequent investigations into the mechanical properties of bilayer graphene were conducted under 0 atm conditions for convenience and consistency.




3.2. Effect of Temperature


The impact of temperature on the mechanical properties of materials is significant. To investigate the influence of temperature on bilayer graphene, a temperature range of 100 K to 900 K was selected for analysis. As depicted in Figure 3, under unchanged experimental conditions, the stress–strain behavior of graphene decreased with an increasing temperature. The corresponding fracture strain and stress also decreased, as shown in Figure 3b. The Young’s modulus of the bilayer graphene also exhibited a decreasing trend with an increase in temperature, as depicted in Figure 3c. The increase in temperature leads to an increase in the internal energy of the atoms, making the material more susceptible to fracture and instability [46]. Furthermore, the fracture toughness of the material showed a linear decrease with increasing temperature, as illustrated in Figure 3d.




3.3. Bilayer Graphene with Cracks on Both Layers


To further investigate the mechanical properties of bilayer graphene with cracks, we conducted separate studies on bilayer graphene with cracks on both layers (results presented in Section 3.3), and on monolayer graphene (results presented in Section 3.4). Specifically, we examined rectangular cracks (with lengths ranging from 5 to 20 Å along the x and y axes and a width of 4 Å), circular cracks (with diameters ranging from 5 to 15 Å) in the bilayer graphene, and compared their mechanical properties (discussed in Section 3.5). We also analyzed symmetrical hexagonal cracks in the bilayer graphene with apex distances ranging from 7.38 Å to 22.14 Å (discussed in Section 3.3.3)



3.3.1. Rectangular Cracks


When the rectangular crack is oriented in the y-direction. As the length of the rectangle increases, the change trend of the stress–strain curve is basically the same, however, the strain and stress at the fracture both decrease, which indicates that the tensile capacity of graphene decreases with the increase of the crack length (as shown in Figure 4a). The decrease in the stress–strain curve can be attributed to the reduced area of graphene that connects the two sides of the crack, resulting in a decrease in the structural strength and an increase in the likelihood of fracture. The fracture strain and stress also decrease as the length of the crack increases (as shown in Figure 4c). Moreover, Young’s modulus and toughness also decrease continuously with increasing crack length.



In contrast to the behavior observed in the crack oriented in the y-direction, the stress–strain response of bilayer graphene with rectangular cracks oriented in the x-direction shows an increase in stress and strain with an increase in crack length (as shown in Figure 4b). Interestingly, the fracture stress and strain also increase simultaneously (as shown in Figure 4f), while Young’s modulus decreases (as shown in Figure 4g). This indicates that, as the length of the rectangular crack increases, the material becomes more ductile and less prone to fracture. This behavior is attributed to the fact that the stress and strain gradients in this direction are smaller, resulting in lower stress at the crack tip and, consequently, less energy required for crack propagation. Additionally, when the crack is parallel to the direction of the strain, the crack propagation path is restricted, making it more difficult for the crack to propagate than in the case where the crack is perpendicular to the direction of strain, thus requiring greater stress concentration at the crack tip for propagation.



In Figure 5, we compared the stress–strain behaviors of cracks with the same length but different orientations. We found that the stress–strain curves of the rectangular cracks in the x direction are significantly higher than those in the y direction. Moreover, Table 1 shows that the rectangular cracks in the x direction have a higher fracture stress and strain, higher Young’s modulus, and almost three times higher toughness than those in the y direction. These findings suggest that the orientation of the crack plays a crucial role in determining the mechanical properties of bilayer graphene.




3.3.2. Circular Cracks


Circular cracks were selected as another type of crack shape in our study. As the diameter of the circular crack increases, the change trend of the stress–strain curve is basically the same, however, the strain and stress at the fracture both decrease, which indicates that the tensile capacity of graphene decreases with the increase of the diameter of the circular crack (as shown in Figure 6a). The corresponding fracture stress–strain (as shown in Figure 6b), Young’s modulus (as shown in Figure 6c), and toughness (as shown in Figure 6d) also decrease with the increasing diameter of the cracks.




3.3.3. Quasi-Hexagonal Cracks and Compare with Circular Cracks


We obtained a quasi-hexagonal symmetric structure by deleting graphene atoms and selected four kinds of maximum vertex distances of 7.38 to 22.14 Å to analyze the influence of symmetric structure cracks on the mechanical properties of bilayer graphene. From Figure 7a we can see, similar to the previous circular crack, the stress–strain at fracture decreases as the crack increases, which is more prominent in Figure 7b, while Young’s modulus (Figure 7c) and toughness (such as Figure 7d) is also decreasing with the increase in cracks. Therefore, the symmetrical structures, including circular and quasi-hexagonal cracks, have basically the same effect on the mechanical properties of bilayer graphene.




3.3.4. Comparison of Bilayer Circular Cracks and Quasi-Hexagonal Cracks


In order to compare the effects of regular hexagonal and circular cracks on the mechanical properties of bilayer graphene, we selected the diameter of the circular crack (D = 22.14 Å) and the distance from the farthest vertex of the quasi-regular hexagon (a = 22.14 Å) stress–strain. The curve is shown in Figure 8. It can be seen from the figure that the stress and strain of the same two-layer graphene are basically the same when the double-layer graphene is broken. Other mechanical data, such as Young’s modulus and fracture toughness, show that, although there is a gap, the difference is not much different where Young’s modulus of the hexagonal cracks is larger than that of circular cracks. We believe that it is caused by the different crack areas. Under the same crack length, the circular cracks form a larger crack area, which makes graphene stretch. It is easier to be broken, and the stress at the ductile fracture is also smaller, which is more obvious in Table 2 and Table 3. Based on the simulation results, we believe that the crack area of the symmetrical structure is the main reason affecting the mechanical properties of the material. In practice, care should be taken to prevent the crack area from increasing so as not to affect the mechanical properties of the material.





3.4. Bilayer Graphene with Cracks on Single Layer


In this section, we investigate the possibility of having cracks in only one layer of bilayer graphene with different crack shapes. To this end, we consider rectangular and circular cracks in a single layer. The aim of this discussion is to further explore how the crack geometry alters the mechanical properties in the system.



3.4.1. Rectangular Cracks (Along y-Axis)


The stress–strain curve of bilayer graphene with single-layer cracks in Figure 9a displays a distinct double fracture behavior, unlike the one with cracks on both layers. The reason behind this is that when a single layer of the bilayer graphene contains cracks, the layer with cracks fractures first, followed by the layer without cracks, resulting in two consecutive fractures. We observed a continuous decrease in stress and strain as the length of the crack increased. Figure 9b,c shows that the stress and strain did not change during the second fracture. Additionally, fracture stress and strain during the first fracture decreased as the length of the rectangular crack increased. Figure 9d shows that Young’s modulus also decreased with an increasing rectangular crack length.




3.4.2. Circular Cracks


Similar to the case with rectangular cracks, bilayer graphene with circular cracks on a single layer displays a secondary fracture, as illustrated by the stress–strain curve in Figure 10a. The subsequent stress–strain curves of the secondary fracture (depicted in Figure 10b,c) exhibit a gradual decrease in Young’s modulus (Figure 10d), indicating a decline in bilayer graphene’s stiffness caused by the presence of single-layer cracks.





3.5. Comparison between Monolayer Cracks and Bilayer Cracks


Our analysis highlights the significant influence of crack shape and the number of crack layers on the mechanical properties of bilayer graphene, as depicted in Figure 11. The stress–strain curve of bilayer graphene experiences a steep drop when cracks are present. We find that different crack shapes result in similar impacts on the stress–strain response. Also, the presence of cracks leads to a decrease in stress–strain, regardless of monolayer cracks or bilayer cracks. Both monolayer cracks and bilayer cracks significantly affect the stress–strain of graphene, with the latter being more susceptible to fracture. Table 4 and Table 5 summarize the mechanical properties, emphasizing the effect of crack shape and the number of crack layers on the mechanical properties of bilayer graphene. In our study, the layer with pre-existing cracks experienced fracture at a strain of around 0.06, while the other layer without cracks remained intact, allowing for further loading until the second layer failed. The stress–strain curves exhibit a distinctive double peak signal, which suggests a subsequent fracture of the two layers due to the presence of cracks on a single layer. We might be able to detect the number of layers in graphene by counting the number of distinctive peaks in the stress–strain curve. We also find that, in the case of a monolayer crack, the layer without the crack stabilized the cracked layer to a small extent, as shown in Figure 11, the red line is on the right of the blue line during the first fracture. In addition, we might be able to detect the number of layers in graphene by counting the number of distinctive peaks in the stress–strain curve.





4. Conclusions


We used molecular dynamics simulations to investigate the impact of cracks and finite temperatures on the tensile properties of bilayer graphene. In particular, Young’s modulus, fracture strain, fracture stress, and fracture toughness were measured, and the effects of system size, pressure, and temperature on these properties were examined. The results revealed that the geometry and orientation of the cracks have a significant influence on the tensile properties of bilayer graphene. The stress–strain curves exhibit a distinctive double-peak signal, which suggests a subsequent fracture of the two layers due to the presence of cracks on a single layer. Furthermore, both hexagonal and circular cracks lead to a smaller Young’s modulus and toughness compared to rectangular cracks of the same size, and the orientation of the crack has a pronounced effect on the mechanical properties, with the crack along the x direction resulting in 2.5 times higher toughness than the crack along the y direction for the case of a length of 15 Å. Additionally, Young’s modulus decreases with increasing temperature in bilayer graphene with cracks on both layers.



The study’s findings provide valuable insights into potential applications of bilayer graphene in the design of advanced nanoscale electronic devices. It is essential to note, however, that the study was conducted on bilayer graphene in a free-standing state. In most graphene-based applications, a substrate is present, which may affect their mechanical properties. The extent of this effect is determined by the interaction between the substrate and graphene, which is typically weak and via Van der Waals forces. Hence, it is necessary to conduct a comprehensive investigation into the influence of the substrate on bilayer graphene to fully understand its behavior in practical applications. Overall, the study’s findings have practical implications for the design and fabrication of graphene-based devices and highlight the importance of considering the geometry and orientation of cracks in bilayer graphene.
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Figure 1. (a) Bilayer graphene with interlayer spacing 3.4 Å; (b) the shape of cracks on the graphene surface, including rectangular cracks, circular cracks, and Hexagonal cracks. 
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Figure 2. The effect of increasing the number of atoms on the mechanical properties of bilayer graphene. (a) Stress–strain relationships, (b) Fracture stress and Fracture strain, (c) Young’s modulus, (d) Toughness. As the variation in the number of atoms has a limited impact on the mechanical properties of bilayer graphene, we selected 11,928 atoms in this study. 






Figure 2. The effect of increasing the number of atoms on the mechanical properties of bilayer graphene. (a) Stress–strain relationships, (b) Fracture stress and Fracture strain, (c) Young’s modulus, (d) Toughness. As the variation in the number of atoms has a limited impact on the mechanical properties of bilayer graphene, we selected 11,928 atoms in this study.
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Figure 3. Mechanical properties of bilayer graphene with increasing temperature. (a) Stress–strain relationships, (b) fracture strain and fracture stress, (c) Young’s modulus, and (d) fracture toughness. Both the linear elastic part and the nonlinear part of the mechanics properties decayed with increasing temperature. 
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Figure 4. Analysis of mechanical properties of bilayer graphene with rectangular cracks of different widths. (a,b) show stress–strain relationships for cracks oriented along the y- and x-axes, respectively. (c–e) present fracture strain, fracture stress, Young’s modulus, and toughness of the samples with cracks along the x-axis, and (f–h) along the y-axis. The results demonstrate the crack orientation has a great impact on the mechanical property of the bilayer graphene. 
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Figure 5. The stress–strain curve of bilayer graphene with different orientations of the rectangular cracks (l = 10 Å). 
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Figure 6. Mechanical properties analysis of bilayer-crack graphene with circular cracks of different diameters D (a) Stress–strain relationships (b) Fracture strain, (c) Fracture stress, (d) Young’s modulus. Both Young’s modulus and fracture toughness decayed with the increasing size of the circular crack. 
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Figure 7. Mechanical properties analysis of bilayer-crack graphene with quasi-hexagonal cracks of different maximum vertex distance a of quasi-hexagon (a) Stress–strain relationships (b) Fracture strain, (c) Fracture stress, (d) Young’s modulus. Both Young’s modulus and fracture toughness decayed with the increasing size of the circular crack. 
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Figure 8. Comparison of stress–strain curves between circular cracks and regular quasi-hexagonal cracks. 
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Figure 9. Rectangular cracks of varying length on a single layer: (a) stress–strain relationships, (b) fracture strain, (c) fracture stress, and (d) Young’s modulus. The double peaks are observed in the stress–strain curves, indicating a subsequent fracture of the cracked layer and the uncracked layer. 
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Figure 10. Mechanical properties of bilayer graphene with circular cracks of varying radii on a single layer: (a) stress–strain relationships, (b) fracture strain, (c) fracture stress, and (d) Young’s modulus. The stress–strain curves exhibit a distinctive double peak signal, which suggests a subsequent fracture of the two layers due to the presence of cracks on a single layer. 
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Figure 11. Comparison of stress–strain curves of the bilayer graphene with (black) no crack, (red) the crack on a single layer, and (blue) the cracks on both layers for (a) the rectangular crack along the y-axis, and (b) the circular crack. 






Figure 11. Comparison of stress–strain curves of the bilayer graphene with (black) no crack, (red) the crack on a single layer, and (blue) the cracks on both layers for (a) the rectangular crack along the y-axis, and (b) the circular crack.



[image: Crystals 13 00584 g011]







[image: Table] 





Table 1. Rectangular cracks with different orientations (l = 10 Å).
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	Crack Orientation
	Fracture Strain
	Fracture Stress (GPa)
	Young’s Modulus (GPa)
	Toughness

(J m−3)





	Along x-axis
	0.08
	67.93
	917.16
	3.11



	Along y-axis
	0.06
	49.41
	874.66
	1.19
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Table 2. Circular crack.
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	D (Å)
	Fracture Strain
	Fracture Stress (GPa)
	Young’s Modulus (GPa)
	Toughness

(J m−3)





	12.30
	0.06
	51.63
	911.77
	1.84



	17.22
	0.06
	44.76
	875.81
	1.27



	22.14
	0.05
	40.68
	841.45
	1.06
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Table 3. Quasi-hexagonal crack.
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	a (Å)
	Fracture Strain
	Fracture Stress (GPa)
	Young’s Modulus (GPa)
	Toughness

(J m−3)





	12.30
	0.06
	54.95
	921.14
	1.89



	17.22
	0.06
	49.17
	905.49
	1.48



	22.14
	0.05
	43.68
	876.54
	1.17
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Table 4. Rectangular crack along the y-axis (l = 10 Å).
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	Crack
	Fracture Strain
	Fracture Stress (GPa)
	Young’s Modulus (GPa)
	Toughness

(J m−3)





	No crack
	0.14
	92.57
	930.59
	7.96



	Monolayer crack
	0.05
	47.46
	889.59
	4.60



	Bilayer crack
	0.05
	44.43
	872.03
	1.19
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Table 5. Circular crack (D = 10 Å).






Table 5. Circular crack (D = 10 Å).





	Crack
	Fracture Strain
	Fracture Stress (GPa)
	Young’s Modulus (GPa)
	Toughness

(J m−3)





	No crack
	0.14
	92.57
	930.59
	7.96



	Monolayer crack
	0.06
	53.90
	913.22
	4.66



	Bilayer crack
	0.06
	54.94
	899.00
	1.85
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