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Abstract: The mechanical properties including wrinkling patterns and fracture behavior of the 

monolayer h-BN sheets have been investigated using classic molecular dynamics simulations and 

continuum model. The wrinkling pattern formation and evolutionhave been firstly explored. The 

dependences of the wrinkling shape, amplitude and wavelength,as well as wrinkling number on 

shear displacement are extensively elucidated. The influences of geometry and shear load direction 

as well as temperature on the fracture behavior have also been studied to obtain further insights into 

the properties of the monolayer h-BN sheet. 
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1. Introduction 

Graphene sheet is an ideal monolayer two-dimensionalgraphite crystal with only a carbon atom 

thickness[1]. The advent of graphene sheet has attracted research interests all over the world. 

Meanwhile, recent research attentions to graphene sheet have brought the spotlight to its analogue 

two-dimensional material of hexagonal boron nitride, h-BN sheet, in which C atoms are fully 

substituted with equal alternating B and N atoms. Since the masses of B and N atoms approach that 

of C atom, and the B-N bond length is very close to C-C bond length, so h-BN sheet has a similar 

lattice structure and parameters to graphemesheet[2,3]. Unlike graphene sheet, h-BN sheet does not 

absorb light in the visible region of the electromagnetic spectrum, and thus it is also called white 

graphene sheet. Recently, h-BN sheet is considered as one of the most promising inorganic 

nanosytemsto be explored[4]. Compared with the graphene, h-BN sheet has a number of advantages 

including: high thermal conductivity[5], superb electronic and magnetic character[6], wide optical 

bandgap[7], small friction coefficient[8-10], ultraviolet light emission[11], and thus it hasgreatly 

potential usages in the scientific engineering fields such as nano-sensing and measurement [12], 

nano tribology and luburication[13,14]. Further investigations have been directed towards this kind 

of h-BN sheet to explore the physical, chemical, and electric characteristics. It is found that h-BN 

sheet can be used as a highly effective insulator in graphene-based electronics,and that may help 

graphene supplant the silicon[15]. h-BN sheet has also exhibitedsuperhydrophobicity[16-20], which 

can be used as self-cleaning materials. Lei et al. [21]shows that h-BN sheet can preferentially soak 

up organic pollutants such as chemicals or engine oil, and it is easier to clean and re-use than 

graphene sheet, which is such a gratifying discovery.In addition, h-BN sheet possesses much higher 

chemical and thermal stability than its graphitic counterpart. 

Wrinkling is an intrinsic feature of ultra-thinsheets includinggraphene and h-BN sheet. The 



wrinkles are easily observed in ultra-thin sheets owing to those relatively small bending rigidity. 

The spontaneous wrinkles in graphene sheets were first discovered by Meyer et al. in 2007[22]. The 

existence of wrinkles is the fundamental reason why the graphene sheet can be stable in the form of 

the two-dimensional structure. Based on principle of wrinkling, we can form different folding 

graphene structures, such as nanotubes[23] and nanoribbons[24], and different folding methods may 

transform them to complex shapes with new and distinct properties[25]. Thus, wrinkling property is 

one of the crucial issues of such kinds of nano-sheet to be extensively explored. Those wrinkles can 

be obtained by various external loads. Wang [26] utilized an indenter trip tip of diameter 0.535nm 

to press the center of a circular graphene sheet of radius 16nm. That load can be reasonably 

regarded as a point load because the size of indenter is too small for the graphene sheet. The 

graphene sheet has some strip-like wrinkles shape along the circumference of the circle.Bao[27] 

observed the wrinkling of graphene sheets subjected to thermal load. Because two-dimensional 

structured graphene sheets have a negative thermal expansion coefficient, so that thermal load is 

equivalent to an in-plane tension stress.Duan [28] investigated the initiation and development of 

wrinkles in a monolayergraphene subjected to in plane shear displacement. The relationship 

between the wavelength and amplitude of wrinkles and the applied shear displacements has been 

established. Zhang [29] explored the wrinkling phenomenon in an annular graphene under circular 

shearing at the inner edge. It is also confirmed that the wrinkle profile in terms of wave amplitude 

and wavelength depends on the magnitude of the circular shearing. The obtained advanced 

knowledge paves the way for the potential applications of monolayergraphene in the development 

of nano fluidic electronics, and nano-biological science. However, there are seldom research efforts 

dedicated to the h BN sheet, which is also an urgent issue to be explored for its perspective 

applications. 



In this paper, the wrinkling phenomenon in a monolayer h-BN sheet subjected to in-plane 

shear load has been systematically explored through molecular dynamics (MD) simulation. The 

dependences of the wavelength and amplitude of wrinkles, as well as the energy and stress with the 

shear displacement have been investigated. The continuum plate model has been developed and 

utilized to validate the MD computational analyses.The size effects ofmonolayer h-BN sheet on the 

energy and stress have been studied to obtain further insight into the wrinkling characteristics of 

such kinds of nano-sheets.In addition, the influences of the load directionand temperature on the 

fracture behavior have also been provided. 

 

2. Computational methodologies 

2.1 MD simulations 

During the practical applications of monolayer h-BN sheet, it is usually cut into fragments and 

thus sheet edges are generated. It is demonstrated that thechirality of edges seriously affect the 

physical properties of the monolayer sheets [30]. There aregenerally two types of sheet edges: 

armchair edge and zigzagedge asshown in Fig.1.For a rectangular sheet, there are two armchair 

edges and two zigzag edges located at opposite sides. In order to investigate the wrinkling 

phenomenon of h-BN sheet with consideration of the edge effects, the shear displacements are 

chosen along the armchair and zigzag directions, respectively. 

Molecular dynamics simulations are performed using Large-scale Atomic/Molecular 

Massively Parallel Simulator (LAMMPS).The MD simulation model is shown in Fig. 2.To compute 

the shear properties of h-BN sheets,a total of 2760 atoms with a size of 14.94nm×4.93 nm are used 

for simulation. The B-N bond length is 0.145 nm. The two long edges of the h-BN sheet are 

fixedwhile the other two sideedges are free of constrains. Then the entire h-BN is initially relaxed 

using NVTensemble until the energy of the system is fully minimized.NVTensemblemeans the 



number of atoms, volume, and temperature keep constant. In order to reduce the thermal vibration 

of h-BNsheet as much as possible, the simulation temperature is controlled at around 1k using the 

Andersen thermostat temperature control methodology. After relaxation of the entire system, the 

upper side of the monolayer h-BN sheet is subjected to the shear displacement with the rate of 

0.01nm/ps, while the bottom side is fixed and other two sides is free. Thus, the wrinkling behavior 

of the monolayer h-BN sheet can be investigated. 
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Fig. 1 Atomic model of monolayerh-BN sheet 

 

Fig. 2 A rectangular h-BN sheet subjected to a shear displacement of 1.2nm. The length and width 

grapheme/BN sheet are 14.94 nm and 4.93 nm. 

 

2.2 Continuum modelling 

In order to establish the analytical wrinkling model of the monolayer h-BN sheet, a plane 

rectangular membrane structure is considered and the coordinate frame xoyalso established as 

shown in Fig. 3, where L, H and t are the length, width and thickness of the plane, respectively,E 

y

x



and ν are the elasticity modulus and Poisson’s ratio, respectively. The bottom side is completely 

fixed, andthe top side moves along the load direction.When the top side moves tothe shear 

displacement δ,the plane will generate wrinkles under the effect of the shear strain. The uniform 

wrinkles in the central region are taken into considered. Since the wrinkles are aligned with the 

directionseparated45
°
from x axis, the local coordinate frame ξoη is established with the axis ξalong 

the wrinkle direction, and axis ηperpendicular toaxisξ. Based on the established geometric model, 

the local wrinkles can be theoretically analyzed using continuum shell theory. The partial view of 

one wrinkle is shown in Fig. 4,where σξ and ση are the stresses in ξand ηdirections. 

 

 

 

 

 

 

 Fig. 3Rectangular continuum subjected in-plane horizontal shear load 
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Fig. 4 Partial view of a single wrinkle strip 

The conditions on out-of-plane displacementω are satisfied if the mode shape is assumed 

as[31]: 
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whereA and λ are amplitude and wavelength, respectively.  

Based on Euler’s formula, stresses in ξand ηdirections can be obtained as follows:  
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whereγ=δ/H, according to the stress state of equilibrium, the followingequation can be established: 
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whereκηand κξare curvatures of η andξdirections, respectively, and can be determined by following 

formulas: 
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Substituting Eqs. (2)and (4) into Eq. (3), simplifying and rearranging yields for the wrinkle 

wavelength the expression: 
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To find a reasonable expression for the amplitude A of the wrinkle, the imposed strain can be 

given by: 
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γ
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Besides, the sum of the materials strain is given as follows: 
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Average geometric strain is determined by: 
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According to relationship of geometric strain, we can obtain,  

 
η ηM ηG

ε ε ε (9) 

Substituting Eqs. (6), (7) and (8) into Eq.(9), the expression of amplitude can be given as: 
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3. Results and discussion 

A rectangular monolayer h-BN sheet with a length of 14.94nm and a width of 4.93 nm is firstly 

considered in the study. When the upper side of the h-BN sheet subject to in plane shear displace in 

x position direction, the entire system starts to deform and bend to the right. The lateral 

displacement of different layers in y direction is proportional to the distance between the layer and 



the bottom side. After the in plane shear displacement reaches up to the critical buckling value (0.08 

nm), the wrinkles start to initiate on both free sides of the h-BN sheet, while the central region of 

the sheet keeps flat (shown in Fig.5a). To better observe this phenomenon, the out of displacementω 

of section S-S(shown in Fig. 1)is provided in Fig. 6a. Due to energy minimization of the monolayer 

sheet, the free edges are not kept flat, and generally have several ripples.This is in agreement with 

the results in graphene wrinkling analysesobtained by Duan [28]. Thus, the curve of the cross 

section view in Fig. 6a is asymmetric.With the increase of the shear displacement, the wrinkles 

spread to the central region. The wrinkling pattern of the monolayer h-BN sheet under the shear 

displacement of 0.12 nm is shown in Fig. 5b, and the cross section curve is plotted in Fig. 6b. When 

the shear displacement is further increased (δ=0.80 nm), the wrinkling pattern becomes almost 

uniform in the central region of the entire monolayer h-BN sheet as shown in Fig. 5c, and the crests 

and troughs are nearly identical with each other (shown in Fig.6c). The wrinkles geometric pattern 

consists of two parts: a general parallelogram of wrinkles with uniform crests in the central 

regionand two triangular slack regions, which contain a small highly stressed corner and a 

triangular slack region, near the side edges. The uniform crests in that general parallelogram are 

found to be parallel to each other with an angle of 45
°
separated from the load direction. Those 

wrinkles are attributed to shear displacement, and indicating that the angle between the tensile stress 

plane of wrinkles and load direction equals to 45
°
. Compared Fig. 6d with Fig. 6c, it is noted that 

the number of wrinkling will increase with the increasing of the shear displacement.The influence 

of the shear displacement on the wrinkles number is shown in Fig.7. It can be seen that when the 

shear displacement is gradually increased, the number of wrinkling including crests and troughs 

changes suddenly, which is due to mode jump in the buckling membrane[32]. 



 

(a) δ=0.08 nm                            (b)δ=0.12 nm 

 

(c)δ=0.80 nm                            (d)δ=1.20 nm 

Fig. 5Wrinkling pattern of monolayer h-BN sheet 
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(a) δ=0.08 nm                            (b)δ=0.12 nm 
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Fig. 6Cross section profile of monolayer h-BN sheet 



 

Fig. 7 Variation of wrinkling number with the shear displacement 

3.1.Wrinkle shape 

From the analytical analysis, it is known thatξand ηare the tensile and the compressive 

directions of wrinkles, respectively. The wrinkle amplitudes are different in the free layer, and the 

maximum amplitude is expected to occur at the middle between the fixed and moving edges of the 

h-BN sheet. In order to validate the computational analyses and to examine the longitudinal shape 

of a wrinkle, the amplitudes of a number of profiles of the sheethave been measured at the 

following distance from the bottom fixed edge, y=0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 nm, for the 

same shear displacement. Now we define a new coordinate axisη', shown in Fig. 1,whose positive 

direction is parallel to the opposite direction ofηaxis, the point (0, 4.93) is the origin of the new axis. 

The amplitudes of these wrinkles have been plotted in Fig. 8 together with a half sine wave whose 

amplitude has been scaled to match the maximum amplitude. It is noted that the wrinkle shapesin 

longitudinal direction can be in good agreement with the simple sinusoidal modeshape. The 

amplitude remains zeroon the edges due to the fixed constrains, and reaches to the maximum value 

in the middle between the fixed and moving edges. This result is in agreement with the conclusion 

drawn by Won [31]. 
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Fig.8 Comparison of the wrinkle shape with a sinusoidal mode shape 

3.2.Amplitude and wavelength 

As mentioned previously, the amplitude of the wrinkle obeys the sinusoidal mode shape in 

longitudinal direction, thus the average amplitude is adopted to evaluate the effects of the shear 

displacement on this parameter. Since the wavelength of the wrinkle can be seen to remain 

approximately constant, expect near the fixed and moving edges due to the localized deformation 

imposed by the fixed constrains. Thus, the wavelength can be considered to be uniform in the 

longitudinal direction under the same shear displacement.In order to investigate the effects of the 

shear displacement on the winkle profile in terms of amplitude and wavelength, the average 

amplitude and wavelength of the monolayer h-BN sheet with a length of 14.94nm and a width of 

4.93nm subjected to shear displacement are plotted in Fig. 9.It indicates that the average amplitude 

increases with the increasing shear displacement. After the shear displacement reaches 1.2 nm, the 

amplitude approximatelyremains constant at around 0.218 nm, as shown in Fig. 9a. On the contrary, 

the wavelength decreases with the increasing shear displacement, and when the shear displacement 

is higher than 1.35 nm, the wavelength becomes constant as shown in Fig. 9b.The theoretical 

computational results based on Eqs (5) and (10) are also plotted in Fig.9. It is noted that the 

theoretical model for wavelength can be in good agreement with the MD simulation, while the 

analytical model for amplitude can only provide the reasonable estimation at some intervals of shear 



displacement. Since the shape and size of the sheet will affect the computational accuracy of Eqs. (5) 

and (10) based on a continuum model, three monolayer h-BN sheets with different aspect ratios 

have been utilized to explore the geometric influences. Table 1 shows the result comparison 

between MD simulations and theoretical computations. It can be seen that the discrepancies are less 

than 30%, and the theoretical models can be utilized to provide an acceptable estimation for the 

wrinkle profile of monolayer h-BN sheets.  

 

(a) Amplitude vs. shear displacement   (b) Wavelength vs. shear displacement 

Fig. 9Influences of shear displacement on winkle profile 

 

Table. 1 Comparison of average amplitudeand wavelength between MD simulation and theoreticalcalculation 

Length/Width 

(L/H) 

Shear displacement 

(nm) 

Wavelength(nm) Amplitude(nm) 

MD Eq.(5) 
Difference 

(%) 
MD Eq.(10) 

Difference 

(%) 

14.94/7.39=2:1 

0.5 3.52 3.30 -6.7 0.18 0.16 -12.5 

1.0 2.81 3.32 15.4 0.19 0.23 17.4 

1.5 2.58 3.01  14.28 0.22 0.26 15.4 

14.94/4.93=3:1 

0.3 3.56 3.31 -10.3 0.19 0.15 -26.7 

0.6 2.48 2.78 10.7 0.20 0.18 -11.1 

1.2 2.21 2.34 5.6 0.22 0.21 -4.8 

14.94/9.93=3:2 

1.0 3.04 4.15 26.7 0.22 0.25 12 

2.0 2.76 3.49 20.9 0.28 0.29 3.4 

3.0 2.33 3.15 25.9 0.29 0.32 9.4 

 

3.3. Potential energy 

Due to ultra thin thickness, the h-BNsheet has the enough freedoms to release the in-plane 

app:ds:theoretical
app:ds:theoretical
app:ds:theoretical


compressed shear energy to form the wrinkles, and the compressed shear energy can be released by 

moving out of plane of the B and N atoms and further to form wrinkles. Taking the monolayer h-BN 

sheet with a length of 14.94nm and a width of 4.93nmas an example, the length of B-N bond 

increases with the increasing of the shear displacement, and then the wrinkling phenomenon 

happens to release the potential energy. The wrinkling patterns of the monolayer h-BN sheet under 

shear displacement have been discussed previously. In this section, the potential energy is examined 

to obtain further insight into the wrinkling behavior of such kinds of h-BN sheets. As shown in Fig. 

10, the potential energy quadraticallyincreases with the increasing shear displacement until the 

failure shear displacement of δr=1.69 nm.When the shear displacementis higher thanδr, there are 

small drops in energy indicating that energy release due to the breaking of B-N bonds. Meanwhile, 

the structural integrity of the h-BN sheet has been destroyed. Besides undergoing a successive 

breaking of B-N bonds, the h-BN sheet also experiences a successive rearrangement of B-N bonds, 

which can reasonably explain amounts of small increases and small drops in energy. It is also noted 

that that the initial breaking of B-N bond often occurs in the top right cornerand the energy curve 

will have a drop as shown at the point D. After that, theB-N bond breaking happens in bottom left 

corneras demonstrated at the point E. For a clear understanding of this, the energy at points A, B 

and C (shown in Fig. 1) have been investigated and plotted in Fig.11.It is noted that the energies of 

the three points are almost identical at the beginning of the shear displacement. However, the 

energy of point B increase faster than that of point C, and thus point B reaches to the failure stress 

firstly and then point C. The energy of point increase slower than those of points B and C, and the 

maximum value of the energy of point Ais lower than those of other points due to the energy release 

for the fractures at points B and C. From the energy distribution (Fig. 12), it is also demonstrated 

that the energies in the two corners aresignificantly higher than other sections. The influences of the 



geometric parameters on the potential energy have also been provided in Fig. 10. It is noted that the 

critical potential energy decrease with the increasing width H. This is in good agreement with the 

analytical prediction, since the potential energy Ucan be given as follows [31]: 





















2

2

22

22

32)1(62

)1(

Hv

tEtv
U






.(11) 

It can be seen that the increased width H can reduce the critical potential energy. However, the 

aspect ratio of the h-BN sheet has slightly influences on the wrinkling patterns. 

 

Fig. 10 The variations of potential energy of the h-BN sheets with shear displacement 
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Fig. 11The variations of potential energy of atoms at points A, B and C 

 

 

Fig. 12 Energy distribution of the h-BN sheet (δr=1.69 nm) 

3.4. Stress 

To obtain further insights into the wrinkling mechanism, the stress in the monolayer h-BN 

sheet must be explored. As shown in Fig. 4, the stress can be divided into compressive stress and 

tensile stress in ξ and η directions, respectively.It is recognized that the compressive stress is the 

main reason to form wrinkles. The h-BN sheet can generate wrinkling pattern even subjected to a 

small compressive stress due to the relatively low bending rigidity. The compressive and tensile 

stresses of the monolayer h-BN sheet with the length of 14.94nm and the width of 4.93nm are 

shown in Fig. 13. It is noted that the value of compressive stress is much smaller than that of tensile 



stress.At the initial shear displacement (less than 0.1 nm), both compressive and tensile stresses 

increase with the increasing shear displacement. Then the compressive stress almost keeps constant, 

while the tensile stress increases quickly until the fracture shear displacement. After fracture point, 

the tensile stress has several drops due to the B-N bond breaking, and the compressive stress has a 

slight drop around the fracture point and then return back to previous constant value. The tensile 

stress can affect the fracture, and the compressive stress control the wrinkle deformation 

instead.The tensile stresses of the monolayer h-BN sheet with different aspect ratios have been 

shown in Fig. 14. It is noted that the fracture stress reduce with the increasing of width H. There are 

several sudden drops corresponding to the energy releases in Fig. 11. Based on Eq. (2), tensile stress 

only depends on size of H, and is inverse proportional to H.The local stresses on points A, B and C 

are shown in Fig. 15. It can be seen that the local stresses are almost identical and increase with the 

increasing shear displacement. However, the local stress on point B firstly reaches up to the fracture 

stress and has a sudden drop, and then the stress on point C raises to the fracture stress and drop 

down to a small value. Since there is no fracture at point A, the stress on point A slowly drops to a 

certain value due to the fracture on points B and C. 

 

Fig. 13Variations of average stress of atoms with the shear displacement 



 

Fig. 14Variations of average stress of atoms with the shear displacement forthree h-BN sheets with 

different aspect ratios 

 

Fig.15Variations of tensile stress of atoms at the points A, B and C with the shear displacement 

3.5.Edge effect 

It is well known that the mechanical property of the monolayer h-BN sheet is anisotropy due to 

the chirality of the structure. The shear displacement in zigzag and armchair directions are utilized 

to explore the edge effects on the shear properties of the monolayer h-BN sheets. It is noted that the 

edges have little effects on the wrinkling patterns, butsignificantly influences the fracture behaviors. 

Thus, the potential energy and stress are measured and plotted in Fig. 16.It can be seen that the 

curves for energy and stress are almost identical before the fracture happen in the h-BN sheet 

subjected to shear displacement in zigzag direction. The h-BN sheet can bear larger shear 
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displacement in armchair direction than that in zigzag direction. Furthermore, the temperature 

effects on the failure shear displacement and failure tensile stress are also examined using the MD 

simulation. The computational results are shown in Fig. 17. It is noted that the failure shear 

displacement and failure tensile stress reduce with the increasing temperature for both shear load 

directions. The fracture stress in armchair direction is larger than that in zigzag directionin lower 

temperature (less than 800K), and on the contrary in higher temperature.However, the failure shear 

displacement changes at temperature of 1300K. This is mainly due to the chirality of the h-BN 

sheet.  

 

                   (a) Energy                                    (b) Stress  

Fig. 16Edge effect on fracture of h-BN sheets 

 

            (a) Failure shear displacement                      (b)Failure tensile stress 

Fig. 17 Temperature effects on failure of h-BN sheet 
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4. Conclusions 

The mechanical properties including wrinkling patterns and fracture behavior of the monolayer 

h-BN sheets have been investigated using classic molecular dynamics simulations and continuum 

model. Based on the established computational model and methodology, extensive simulations have 

been carried out to study the mechanical characteristics of the monolayer h-BN sheet. The achieved 

results can provide the advanced knowledge of h-BN sheets for their potential applications. 

When the monolayer h-BN sheet is subjected to shear displacement, the wrinkles start initially 

at the two free side edges, and then spread to the central region. The wrinkling shape in longitudinal 

direction can be modelledby a simple sinusoidal mode shape. The average wrinkling amplitude 

increases with increasing shear displacement, however, the wrinkling wavelength decreases with the 

increasing shear displacement, and correspondingly the wrinkling number increases with a sudden 

jump mode. 

The average potential energy quadraticallyincreases with the increasing shear displacement 

until top right corner of h-BN sheet is broken. After fracture occurrence, the energy dropssuddenly 

due to the B-N bond breaking. The average stress also increases with the increasing shear 

displacement and drops after the fracture of the h-BN sheet.The compressive stress almost remains 

constant, and is smaller than the tensile stress. It is observed that the compressive stress control the 

wrinkling phenomenon and tensile stress dominates the fracture.The fracture tensile stress is inverse 

proportional to the width of h-BN sheet.In addition, the fracture tensile stress varies in different 

edge directions due to the anisotropic property. The fracture stress in armchair direction is larger 

than that in zigzag directionin lower temperature and larger in higher temperature. However, the 

increasing temperature can generally reduce the fracture tensile stress in both directions. 
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