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Abstract 26 

Atomically thin boron nitride (BN) nanosheets are important two-dimensional nanomaterials 27 

with many unique properties distinct from those of graphene. However, the lack of the 28 

knowledge of their intrinsic mechanical properties greatly hindered their applications. Herein, we 29 

experimentally address this problem for the first time by testing high-quality single-crystalline 30 

mono- and few-layer BN nanosheets. The results of indentation tests using atomic force 31 

microscopy show that BN nanosheets are one of the strongest electrically insulating materials. 32 

More intriguingly, few-layer BN shows mechanical behaviors quite different from those of few-33 

layer graphene. In striking contrast to graphene, whose strength decreases by more than 30% 34 

when the number of layers increases from 1 to 8, the mechanical strength of BN nanosheets is 35 

not sensitive to increasing thickness. We attribute this difference to the distinct interlayer 36 

interactions in these two materials: graphene layers experience spontaneous interlayer sliding 37 

under load, resulting in stress concentration in the bottom layers; on the other hand, BN layers 38 

firmly attach to each other, so stress is homogeneously distributed among them under similar 39 

conditions. The significantly better mechanical integrity of BN nanosheets makes them a more 40 

attractive candidate than graphene for several applications, e.g. as mechanical reinforcements. 41 

 42 

 43 
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Two-dimensional (2D) nanomaterials, such as graphene, boron nitride (BN), and molybdenum 44 

disulfide (MoS2) nanosheets have many fascinating properties that could be useful for a wide 45 

range of applications, such as composite, nanoelectromechanical systems (NEMS), and sensing. 46 

Investigations on the mechanical properties of these nanomaterials are, therefore, essential. In 47 

this regard, the mechanical properties of monolayer (1L) graphene have been systematically 48 

studied. Although the reported experimental values of the elastic modulus of high-quality 49 

graphene vary between 0.5 and 2.4 TPa,1-5 most studies obtained a value of ~1 TPa, i.e. an 50 

effective Young’s modulus (E2D) of 342 N/m with an effective thickness of 0.335 nm, consistent 51 

with many theoretical calculations.6-10 The theoretical and experimental fracture strengths of 52 

graphene are in the range of 70–130 GPa, and the intrinsic strain is between 14% and 33%.1,7-11 53 

It has been found that although low levels of defects do not have a negative influence on the 54 

elastic modulus of graphene,12-14 their presence can greatly deteriorate its strength.12,15-18 The 55 

effect of grain boundaries in graphene has also been studied theoretically and 56 

experimentally.11,19-22 As for the mechanical properties of few-layer graphene, it has been found 57 

that both the Young’s modulus and strength of graphene decrease with increased thickness.23-30 58 

This has been explained by strong in-plane covalent bonding bonds and weak van der Waals 59 

interactions between the layers.28,31-33 The intrinsic mechanical properties of many other 2D 60 

nanomaterials, including MoS2, tungsten disulfide (WS2), and phosphorene have also been 61 

studied.34-37 62 

 63 

BN nanosheets, which are composed of atomically thin hexagonal boron nitride (hBN), have a 64 

structure similar to graphene but possess many distinguished properties.38 They, sometimes 65 

called white graphene, are insulators with bandgaps close to 6 eV. BN nanosheets are excellent 66 
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dielectric substrates for graphene, MoS2, and other 2D nanomaterials.39,40 In addition, BN 67 

nanosheets are efficient emitters of deep ultraviolet light.41,42 Moreover, monolayer BN is stable 68 

up to 800 °C in air;43 in contrast, graphene starts to oxidize at 300 °C under the same 69 

conditions.44 Therefore, BN nanosheets are excellent candidates for reinforcing ceramic and 70 

metal matrix composites, which are normally fabricated at high temperatures. BN nanosheets can 71 

also be used in polymer composites when electrical insulation, optical transparency, and 72 

enhanced thermal stability are desired. The thermal and chemical inertness of BN nanosheets are 73 

also ideal for corrosion protection at high temperatures.45,46 In addition, BN nanosheets provide 74 

high sensitivity and reusability in sensing applications.47-51 75 

 76 

There have been a few measurements on few-layer BN produced by chemical vapor deposition 77 

(CVD), but the mechanical properties of monolayer BN have never been experimentally 78 

examined. Song et al. first reported that the elastic modulus of CVD-grown bilayer BN 79 

nanosheets was 0.334 ± 0.024 TPa (i.e. E2D = 112 ± 8 N/m), and their fracture strength was 26.3 80 

GPa (i.e. 8.8 N/m).52 These values are much smaller than those predicted by theoretical 81 

calculations. From the aspect of theoretical calculations, although the mechanical properties of 82 

few-layer BN have never been theoretically investigated, the Young's modulus of 1L BN was 83 

predicted to be 0.716–0.977 TPa (i.e. E2D = 239–326 N/m with an effective thickness of 0.334 84 

nm), while its breaking strength fell in the wide range of 68–215 GPa (i.e. 23–72 N/m).52-60 The 85 

degraded mechanical properties of the 2L CVD BN reported by Song et al. were attributed to the 86 

presence of defects and grain boundaries.61,62 Kim et al. measured the Young’s modulus of ~15 87 

nm-thick (i.e. ~45L) BN nanosheets produced by CVD to be 1.16 ± 0.1 TPa.63 Li et al. 88 

investigated the bending modulus of ~50 nm-thick (i.e. ~150L) BN nanosheets.64 The lack of 89 
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systematic study of the intrinsic mechanical properties of atomically thin BN of different 90 

thicknesses greatly hinders the study and use of these novel nanomaterials. 91 

 92 

Here, the intrinsic mechanical properties of mono- and few-layer BN are experimentally revealed 93 

for the first time. The high-quality monolayer BN is found to have a Young’s modulus of 0.865 94 

± 0.073 TPa, and fracture strength of 70.5 ± 5.5 GPa. In contrast to graphene, whose strength 95 

decreases dramatically with an increase in thickness, few-layer BN nanosheets (at least up to 9L) 96 

have a strength similar to that of 1L BN. Detailed theoretical and experimental investigations 97 

indicate that the difference is caused by the distinct interlayer interactions in these two 98 

nanomaterials under large in-plane strain and out-of-plane compression. This study suggests that 99 

BN nanosheets are one of the strongest insulating materials, and more importantly, the strong 100 

interlayer interaction in BN nanosheets, along with their excellent thermal stability, make them 101 

ideal for mechanical reinforcement applications. 102 

 103 

 104 
Results 105 
 106 
The BN nanosheets were mechanically exfoliated from high-quality hBN single crystals65 on 90 107 

nm-thick silicon oxide covered silicon (SiO2/Si) substrates with pre-fabricated micro-wells of 108 

650 nm in radius. Figure 1a shows the optical microscopy image of a 1L BN covering 7 micro-109 

wells, and the corresponding atomic force microscopy (AFM) image is displayed in Figure 1b. 110 

According to the height trace, the thickness of the 1L BN was 0.48 nm (Figure 1c). The thickness 111 

of 2L and 3L BN was about 0.85 and 1.02 nm, respectively (see Supplementary Information, 112 

Figure S1). Figure 1d shows the Raman spectrum of the suspended part of the 1L BN, and its G 113 

band frequency centered at 1366.5 cm-1, which is very close to that of bulk hBN (i.e. 1366.4 cm-114 
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1). For comparison purposes, mono- and few-layer graphene were also produced following the 115 

same method (see Supplementary Information, Figure S2-3). 116 

 117 

 118 

Figure.1 Characterization of 1L BN. (a) Optical microscopy image of a 1L BN on a SiO2/Si 119 

substrate with micro-wells of 1.3 µm in diameter; (b) AFM image of the BN nanosheet marked 120 

in the square of (a); (c) the corresponding height trace of the dashed line in (b); (d) Raman 121 

spectrum of the suspended part of the 1L BN. 122 

 123 

The mechanical properties of the mono- and few-layer graphene and BN nanosheets were 124 

studied by indentation at the center of the suspended regions using AFM. To obtain load-125 

displacement curves, the AFM displacements were converted into the deflection (δ) of the 126 

nanosheets, as follows: 127 = ∆ 						 1  

where  is the deflection of the AFM tip; ∆  is the z displacement of the AFM 128 

piezo/sample.4,66 The deflection of 2D nanomaterials during indentation can be divided into two 129 

regions. Under a relatively small uniaxial load, the isotropic elastic response of 2D nanomaterials 130 

is linear; when the load and deformation are large, the load-displacement relation becomes 131 
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cubic.1,23 Therefore, the total load-displacement relationship in 2D nanomaterials during 132 

indentation includes both the linear and cubic terms:1  133 

= 								 2  

where F is the applied load;  is the 2D pre-tension of the nanosheet;  is the deflection of 134 

the nanosheet under load F;  is the radius of the micro-well; q=1/(1.049–0.15 –0.16 ) is a 135 

dimensionless constant; and ν is Poisson’s ratio. E2D is the 2D effective Young’s modulus of the 136 

nanosheet, which can be converted to the conventional bulk (i.e. volumetric) modulus (E) by 137 

dividing it by the thickness of the nanosheet.67 For BN, we used an effective thickness of 0.334 138 

nm, and a Poisson ratio of 0.211;53,55 for graphene, the effective thickness was 0.335 nm, and the 139 

Poisson ratio was 0.165.1 The elastic moduli of atomically thin BN and graphene could be 140 

deduced by fitting the loading curves using Eq. 2.1,34,52 Typical loading curves of 1-3L graphene 141 

and BN nanosheets till a displacement of ~50 nm, and the corresponding fittings, are compared 142 

in Figure 2. 143 

 144 

Figure 2. Load-displacement curves and the corresponding fittings of 1-3L (a) graphene and (b) 145 

BN nanosheets. 146 

 147 
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Figure 3 summarizes the Young’s moduli of graphene and BN nanosheets of different 148 

thicknesses. The E2D of 1-3L graphene were 342 ± 8 N·m-1 (N = 11), 645 ± 16 N·m-1 (N = 13) 149 

and 985 ± 10 N·m-1 (N = 6), respectively. These values are consistent with those obtained by 150 

previous studies using AFM.1,23 The average E2D of 1L BN was 289 ± 24 N·m-1 (N = 11). This 151 

result is in excellent agreement with a few theoretical predictions.53-56,68 The E2D of 2L and 3L 152 

BN nanosheets were 590 ± 38 (N = 14) and 822 ± 44 N·m-1 (N = 6), respectively. The dashed 153 

lines in Figure 3a show the projections of the E2D of graphene and BN nanosheets with increased 154 

thickness, which were obtained by multiplying the E2D values of their monolayers by the number 155 

of layers. In other words, the difference in the experimental data and dashed lines indicates the 156 

relative changes of E2D with the increased thickness of graphene and BN. It can be seen that the 157 

E2D of graphene deviated more than that of BN as thickness increased. This can be shown more 158 

clearly by plotting the (volumetric) Young’s moduli of graphene and BN at different thicknesses 159 

(Figure 3b). The E of 1L graphene was 1.026 ± 0.022 TPa, but that of 8L graphene was reduced 160 

to 0.942 ± 0.003 TPa. The E values of 1L and 9L BN nanosheets were quite similar: 0.865 ± 161 

0.073 and 0.856 ± 0.003 TPa, respectively.  162 

 163 

 164 
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Figure 3. Elastic properties of graphene and BN nanosheets. (a) 2D Young’s modulus (E2D) of 165 

graphene (G) and BN nanosheets of different thicknesses, along with the dashed projections 166 

calculated based on multiplying of the number of layers by the E2D of the monolayers; (b) 167 

Volumetric Young’s modulus (E) of graphene and BN nanosheets of different thicknesses, along 168 

with dashed lines that show the Young’s moduli of 1L graphene and BN. 169 

 170 

The strengths of graphene and BN nanosheets of different thicknesses were calculated based on 171 

load-displacement curves and fracture loads using finite element simulation. The fracture loads 172 

( ) of graphene and BN of different thicknesses are shown in Figure 4a. Similar to Figure 3a, 173 

the dashed lines in Figure 4a are the projections calculated by multiplying the fracture load of 1L 174 

graphene and BN by the number of layers. The fracture loads of multilayer graphene deviated 175 

more from the blue dashed line as the thickness increased. For example, the fracture load of 8L 176 

graphene was 53.7% smaller than 8 times the fracture load of the 1L graphene. In contrast, the 177 

fracture loads of BN of different thicknesses closely followed the red dashed line. These 178 

different trends are also shown in their mechanical strengths. As shown in Figure 4b and c, the 179 

breaking strengths of graphene were 125.0 ± 0 GPa (i.e. 2D strength of 41.9 ± 0 N·m-1), 107.7 ± 180 

4.3 GPa (72.1 ± 2.9 N·m-1), 105.6 ± 6.0 GPa (106.2 ± 6.0 N·m-1), and 85.3 ± 5.4 GPa (228.6 ± 181 

14.5 N·m-1) for monolayer, bilayer, trilayer, and eight layers, respectively. Again, these values 182 

are in agreement with those reported previously.23,28 According to these values, no defect was 183 

present in the part of graphene close to the indentation center.11,12 The strengths of 1-3L BN were 184 

70.5 ± 5.5 GPa (23.6 ± 1.8 N·m-1), 68.0 ± 6.8 GPa (45.4 ± 4.5 N·m-1), and 76.9 ± 2.3 GPa (77.0 185 

± 2.3 N·m-1), respectively. Previous theoretical calculations yielded a quite different breaking 186 

strength for 1L BN, and our experimental results match well the value calculated by Peng et al. 187 
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using DFT,55 but are much smaller than the those predicted by Han et al. and Mortazavi et al., 188 

both of which used molecular dynamics (MD) simulations.53,59 189 

 190 

Figure 4. Mechanical strengths of graphene and BN nanosheets. (a) Fracture load and (b) 191 

breaking strength of graphene and BN of different thicknesses. The dashed lines in (a) are the 192 

projections of the fracture load of BN and graphene (G) of different thicknesses based on the 193 

multiplication of the strength of their monolayers by the number of layers. 194 

 195 

The finite element simulations were also used to resolve the strain distribution in BN under a 196 

fracture load. Figure 5 shows the nominal strain distribution in a 1L BN. The maximum strain 197 

occurred at the very center of the load. That is, only a small portion of the BN under and adjacent 198 

to the indenter tip (dashed circle in Figure 5b) was highly strained, and the behavior of the rest of 199 

the nanosheet was almost linear elastic. This can be also seen from the strain distribution curve 200 

along the 650 nm radius of the suspended nanosheet (Figure 5c). The maximum nominal strain in 201 

this 1L BN was ~17%. Similarly to the trend of the strength, the averaged maximum nominal 202 

strain in BN of different thicknesses was quite close: 12.5 ± 3.0% for 1L BN and 13.3 ± 1.7% for 203 

9L BN. 204 



11 
 

 205 

 206 

Figure 5. Strain distribution obtained from finite element simulations. (a) Nominal strain 207 

distribution in a 1L BN suspended over a micro-well with a radius of 650 nm under a fracture 208 

load; (b) enlarged view close to the indentation center, with the indenter tip (6.3 nm in radius) 209 

shown as a dashed circle; (c) strain distribution along the radius of the nanosheet under the 210 

fracture load. 211 

 212 

Our results show that the strength of graphene largely decreased as the thickness increased. 213 

According to previous reports, this is due to interlayer slippage in few-layer graphene during 214 

indentation.28 A similar phenomenon has also been observed from MoS2/graphene and 215 

MoS2/WS2 heterostructures: the 2D Young’s modulus and strength of heterostructures were 216 

smaller than the sum of those from each component.36 However, the strength of the BN 217 

nanosheets remained constant over different thicknesses (Figure 4c). This difference between 218 

graphene and BN could be caused by different interlayer interactions in these nanomaterials 219 

despite of their analogous structure. We used ab initio density functional theory (DFT) 220 

calculations, including van der Waals interactions, to study the sliding energy in bilayer 221 

graphene and BN. According to the finite element simulations (Figure 5), most of the suspended 222 



12 
 

nanosheets (not close to the indentation center) experienced a very small in-plane strain and no 223 

out-of-plane compression even under the fracture load. The sliding energy in standard or 224 

equilibrium 2L graphene and BN can thus represent the interlayer interaction in the low-strained 225 

parts of the nanosheets. However, the small portions of graphene and BN nanosheets close to the 226 

indentation center were under a large in-plane tensile strain and out-of-plane compression, and 227 

there has been no study on how strain and compression affect their interlayer sliding. Figure 6a 228 

shows the finite element calculated strain distribution (solid lines) and out-of-plane pressure 229 

(dashed lines) in 2L graphene and BN within a radial distance of 10 nm from the indentation 230 

center under their fracture loads. In the vdW-corrected DFT calculations, we chose four 231 

combinations of strain and pressure conditions to reveal the interlayer interactions close to the 232 

indentation center of 2L graphene and BN. The four conditions correspond to radial distances of 233 

0, 2, 4, and 10 nm away from the indentation center (grey vertical dotted lines in Figure 6a), and 234 

the strain + pressure values are hence 21.7% + 16.9 GPa (at a radial distance of 0 nm or the 235 

indentation center), 16.8% + 17.9 GPa (2 nm), 12.4% + 8.3 GPa (4 nm), and 7.2% + 0 GPa (10 236 

nm) for 2L graphene; and 14.5% + 14.1 GPa (0 nm), 12.4% + 14.2 GPa (2 nm), 9.8% + 5.3 GPa 237 

(4 nm), and 5.7% + 0 GPa (10 nm) for 2L BN, respectively.  238 
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 239 

Figure 6. Changed sliding energies in 2L graphene and BN due to strain and pressure. (a) Finite 240 

element calculation induced in-plane strain (solid lines) and out-of-plane pressure (dashed lines) 241 

in 2L graphene and BN within a radial distance of 10 nm from the indentation center; (b-f) 242 

sliding energies in 2L graphene (AB to AB) and BN (AA’ to AA’) under five conditions: (b) 243 

equilibrium/standard state without strain or pressure, representing the portion of graphene and 244 

BN not close to the indentation center; (c) at a radial distance of 10 nm away from indentation 245 

center: 7.2% strain + 0 GPa pressure in 2L graphene, and 5.7% strain + 0 GPa pressure in 2L BN; 246 

(d) 4 nm away from indentation center: 12.4% strain + 8.3 GPa pressure in 2L graphene and 9.8% 247 

strain + 5.3 GPa pressure in 2L BN; (e) 2 nm away from indentation center: 16.8% strain + 17.9 248 
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GPa pressure in 2L graphene and 12.4% strain + 14.2 GPa pressure in 2L BN; (f) the indentation 249 

center or 0 nm: 21.7% strain + 16.9 GPa pressure in 2L graphene and 14.5% strain + 14.1 GPa 250 

pressure in 2L BN. 251 

 252 

In standard or equilibrium crystal lattices (i.e. without strain or compression), the sliding energy 253 

from the AA’ to AA’ stacking in 2L BN was only slightly larger than that from the AB to AB 254 

stacking in 2L graphene, i.e. 7.22 vs. 5.12 meV per unit cell (Figure 6b). These results are 255 

consistent with previous calculations.69,70 When 2L graphene and BN were strained without out-256 

of-plane pressure (i.e. at a radial distance of 10 nm from indentation center, as shown in Figure 257 

6a), both of their sliding energies increased: 11.64 meV for graphene, and 21.57 meV for BN 258 

(Figure 6c). Under further increased strain and pressure, 2L graphene and BN started to show a 259 

very different sliding tendency. At a radial distance of 4 nm, the sliding energy in 2L graphene 260 

reduced to almost zero, i.e. 0.92 meV/cell; while that in 2L BN further increased to 69.56 261 

meV/cell (Figure 6d). Within a radial distance of 0-2 nm, the difference became more prominent: 262 

the sliding energy in graphene was as small as −112.26 meV/cell, but that in BN was as large as 263 

582.84 meV/cell (Figure 6e and f). The rather different electronic characters of graphene and BN, 264 

i.e. semi-metallic and insulating, respectively, play a major role in their distinct sliding energies. 265 

When large strain and pressure are applied on graphene, its 2pz orbitals tend to overlap; the more 266 

polar character of those orbitals in BN, on the other hand, localizes the electronic density. This 267 

difference results in opposite changes in sliding energy in the two materials under strain and 268 

pressure. These results indicate that the BN layers close to the indentation center were strongly 269 

glued and very unlikely to develop interlayer sliding. In striking contrast, the graphene layers 270 

could spontaneously slide between each other as the AB stacking was no longer stable.  271 
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 272 

We then used sandwich theory to quantitatively investigate how the different sliding energies in 273 

2L graphene and BN could contribute to their different thickness-dependent mechanical 274 

properties. The two surface layers of 2L graphene and BN can be defined as faces, and the 275 

interlayer interactions including van der Waals interactions can be viewed as a core. Such 276 

designation meets the basic requirement for a sandwich structure where the faces are much stiffer 277 

than the core. In addition, the core in graphene and BN nanosheets satisfies the concept of an 278 

“antiplane” core, which has no contribution to the bending stiffness of the structure but can 279 

sustain a finite shear stress. During indentation, the sandwich structures of graphene and BN 280 

were simply-supported and subjected to central pointed loads. Given that there is no relative 281 

movement between the top and bottom faces under a central pointed load, the shear strain energy 282 

in the core ( ) of a sandwich structure can be described as: 283 =      (6) 284 

 285 

where  is shear strain, which can be calculated by = / ∙ /  (d is the separation of the 286 

faces, and c is the thickness of the core); x is the distance to the central point of load;  is shear 287 

displacement, which is equal to /4 . F is the load, and AG is the shear stiffness of the 288 

sandwich structure (see Supplementary Information). The shear stiffness of graphene and BN 289 

was estimated based on the DFT-deduced sliding energy from the AB to AB stacking in 290 

graphene, and from the AA’ to AA’ stacking in BN. When no strain or compression was applied, 291 

the G values of graphene and BN were 4.99 and 6.78 GPa, respectively (see Supplementary 292 

Information). These values are in the range of previously reported values: 0.7−15.4 GPa for 293 

graphene/graphite,71-75 and 2.5−9 GPa for BN.54,76-78 However, under a large strain and 294 
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compression close to the indentation center, the G value of graphene became zero (i.e. 295 

spontaneous sliding), and that of BN increased enormously to 534 GPa. Therefore, the shear 296 

energy distributed over the radial distance of the suspended graphene and BN could be estimated 297 

(see Supplementary Information).  298 

 299 

Figure 7a and c compare the shear strain energy (from the sandwich beam theory) and sliding 300 

energy (from the vdW-DFT simulations) in 2L graphene and BN at different radial distances 301 

from the indentation center under fracture loads. It is clear that the overall shear energy in 302 

graphene was much larger than the sliding energy, especially close to the indentation center 303 

(Figure 7a and b). Therefore, from the energetic point of view, the top layer of 2L graphene 304 

should slide towards the loading center during the indentation (Figure 7c). This would make the 305 

strain more concentrated on the bottom face of the 2L graphene, which is fixed onto the SiO2 306 

substrate. This explains why the fracture load and strength of 2L graphene are smaller than the 307 

two times of those of 1L graphene. On the other hand, the shear energy in 2L BN was always 308 

smaller than the sliding energy so that no slippage could occur (Figure 7d-f). This scenario 309 

resembled a sandwich beam with two fixed ends. According to the sandwich theory, such 310 

structure has no strain difference between the top and bottom faces. In other words, the strain is 311 

evenly distributed between the top and bottom faces. This justifies why the measured fracture 312 

load and strength of 2L BN were double those of 1L BN. As shown in Figure 8, BN nanosheets 313 

are one of the strongest electrically insulating materials. 314 



17 
 

 315 

Figure 7. Slippage in graphene and fixed layers in BN. (a) Comparison between the shear energy 316 

and sliding energy in 2L graphene over a suspended radius of 650 nm under fracture load, as 317 

calculated by the sandwich beam theory and DFT simulation; (b) enlarged view of the region 318 

close to the indentation center; (c) diagram showing that the shear energy is larger than the 319 

sliding energy in graphene so that slippage happens spontaneously during indentation; (d) 320 

comparison between shear energy and sliding energy in 2L BN under a fracture load; (e) 321 

enlarged view of the region close to the indentation center; (f) diagram showing that the shear 322 

energy in 2L BN is smaller than the sliding energy so that no interlayer sliding can occur. 323 

 324 
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 325 

Figure 8. Modulus-strength graph comparing the mechanical properties of different electrically 326 

insulating materials, including monolayer and few-layer BN. 327 

 328 

 329 

Discussion 330 

We experimentally measured the mechanical properties of high-quality 1-9L BN nanosheets 331 

using AFM. Monolayer BN had a Young’s modulus of 0.865 ± 0.073 TPa, and a fracture 332 

strength of 70.5 ± 5.5 GPa. Few-layer BN was as strong as 1L BN. This was very different to the 333 

case of graphene whose modulus and strength were found to decrease dramatically with 334 

increased thickness. Our DFT calculations including van der Waals interactions revealed that 2L 335 

graphene had negative sliding energies under an in-plane strain and large compression; while 2L 336 

BN could have enormous positive sliding energies under the same conditions. According to the 337 

sandwich beam theory, graphene layers tended to slide during indentation, but BN layers were 338 

strongly glued. Thus, the different trends in modulus and strength between graphene and BN 339 
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nanosheets with increasing thickness were caused by their dramatically different interlayer 340 

inteactions.  341 

 342 

Methods 343 

Materials and fabrication. Mechanical exfoliation by Scotch tape was used to prepare 344 

suspended graphene and BN nanosheets.40,43,48 For comparison purposes, the indentation and 345 

fitting procedures for graphene and BN nanosheets were identical. A Cypher AFM was 346 

employed for the indentation tests. Two cantilevers with diamond tips were used because of the 347 

high strength of the membranes. The spring constants of the cantilevers were determined using a 348 

combination of the thermal noise method79 and the Sader method.80 The tip’s radii were 5.6 and 349 

6.3 nm, measured by transmission electron microscope (TEM). The indentation processes were 350 

conducted in ambient conditions and performed on relatively large nanosheets to prevent 351 

inaccuracy caused by their slippage on the substrate. The loading and unloading velocity for all 352 

measurements was constant (0.5 µm/s). Loading/unloading curves with no obvious hysteresis 353 

were used for fitting and calculations; curves showing large hystereses were excluded. The 354 

loading/unloading curves of few-layer graphene could not be reproduced by Eq. 1, and hence 355 

were fitted till ~50 nm of deflection for calculating the Young’s moduli.  356 

 357 

Finite element analysis. Computational simulations were performed using the commercial 358 

nonlinear finite element code ABAQUS. The diamond tips were modeled as rigid spheres. The 359 

nanosheets were modeled as axisymmetric membranes with a radius of 650 nm. The initial 360 

thicknesses for graphene and boron nitride nanosheets were assigned as 0.335×N nm and 361 

0.334×N nm, respectively, where N is the number of layers. A total of 1663 two-node linear 362 
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axisymmetric membrane elements (MAX1) were employed with mesh densities varying linearly 363 

from 0.1 nm (center) to 1.0 nm (outermost). The interactions between the indenter tip and 364 

nanosheet were modeled by a frictionless contact algorithm. An indentation depth of 100 nm was 365 

applied to a prescribed displacement of 0.1 nm per load step. The constitutive behaviors of both 366 

graphene and BN were assumed to be nonlinear elastic, and thus expressed as: 367 

σ = Eε + Dε2                       (7) 368 

where E is Young’s modulus and D is the third-order elastic constant. The Young’s moduli of 369 

graphene and BN were set to 1000 GPa and 865 GPa, respectively. The value of D for graphene 370 

was −2000 GPa.1 The value of D for BN was −2035 GPa, which was obtained from experimental 371 

results. The nonlinear elastic constitutive behavior was implemented in ABAQUS using an 372 

equivalent elastic-plastic material model as previously described.1 To verify the nonlinear elastic 373 

effects, simulations using a linear elastic model were also performed by dropping the nonlinear 374 

term in Eq. 7 in the constitutive model. To compute the fracture strength, the load-displacement 375 

curves obtained from the finite element methods were compared with the corresponding 376 

experimental data, and the simulation loading steps corresponding to the point at which fracture 377 

took place were then identified based on the fracture loads from experiments. Subsequently, the 378 

fracture strength was obtained as a volume average of the stress values of the elements that were 379 

directly underneath the indenter at the corresponding loading steps. The interlayer pressure was 380 

approximated by the contact pressure between the indenter and nanosheets following the surface-381 

to-surface contact model.81 382 

 383 

van der Waals ab initio calculations. The calculations reported here are based on the ab initio 384 

density functional theory using the VASP code.82,83 The generalized gradient approximation84 385 
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along with the opt-B88-vdW85 functional was used, with a well-converged plane-wave cutoff of 386 

1100 eV. Projected augmented wave method (PAW)86,87 has been used in the description of the 387 

bonding environment for B, N, and C. The atomic coordinates were allowed to relax until the 388 

forces on the ions were less than 1×10-8 eV/Å under the conjugate gradient algorithm. The 389 

electronic convergence was set to 1×10-8 eV. The lattice constants for the monolayer BN unit cell 390 

were optimized and found to be a = 2.510 Å. To avoid any interactions between the supercells in 391 

the non-periodic direction, a 20 Å vacuum space was used in all calculations. The Brillouin zone 392 

was sampled with a 24 × 24 × 1 grid under the Monkhorst-Pack scheme88 to perform relaxations 393 

with and without van der Waals interactions. In addition to this, we used a Fermi-Dirac 394 

distribution with an electronic temperature of kBT = 20 meV to resolve the electronic structure.  395 

 396 
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