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Highlights 

 A finite element model is developed for h-BN monolayer target, where the B-N 

bonds are represented by Timoshenko beam elements 

 The elastic properties and bond strength of h-BN monolayer and graphene are 

verified by nano-indentation simulations 

 The ballistic response of h-BN monolayer is dependent of the impact speed of the 

projectile 

 The stress and deformation wave propagations in the h-BN monolayer interact 

with the movement of projectile and the material bond failure 

 h-BN material has potential to increase the ballistic performance significantly for 

armor application 
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Abstract: The response of a hexagonal boron nitride (h-BN) monolayer subjected to 

ballistic impact is studied using an explicit finite element (FE) model based on molecular 

structural mechanics where B-N bonds are represented by the nonlinear Timoshenko beam 

(B31) elements. The elastic properties and bond strength of h-BN monolayer and graphene 

are verified by nano-indentation using FE and molecular dynamics (MD) simulations. It 

shows that the ballistic response of h-BN monolayer is dependent of the impact speed of 

the projectile. The stress and deformation wave propagations in the h-BN monolayer 

interact with the movement of projectile and the material bond failure, which, in turn, 

influence the ballistic performance of the h-BN monolayer target. It shows that h-BN 

material, in comparison with conventional armor materials, has potential to increase the 

ballistic performance significantly if it could be practically made for armor application. 

Keywords h-BN monolayer; Nano-projectile impact; Dynamic responses; Ballistic limit; 

Energy dissipation 
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1 Introduction 

Graphene and graphene-like two-dimensional (2D) crystals (e.g. boron nitride, 

transition metal dichalcogenides, black phosphorus) have attracted great attentions in 

recent years (Geim and Grigorieva, 2013; Shokrieh et al., 2017). These 2D monolayers 

can be stacked layer by layer to form various van der Waals hetero-structures (Geim and 

Grigorieva, 2013). Hexagonal boron nitride (h-BN), so called ―white graphene‖ (Rubio et 

al., 1994), is composed of alternating boron and nitrogen atoms in a honeycomb 

arrangement. The h-BN is complementary to graphene due to its large band-gap of 5.6 eV 

(Kubota et al., 2007) in comparison with the zero band-gap of graphene (Partoens and 

Peeters, 2006). h-BN is also an ideal coating material (Haubner et al., 2002) due to its 

extraordinary thermal stability with rapid heat dissipation and chemical stability against 

oxidation to protect other underneath materials. In addition, h-BN has superior mechanical 

properties of high longitudinal strength, high in-plane stiffness and low lateral stiffness (i.e. 

good flexibility in out-of-plane direction), which as impact-resistant material could be 

added to armor components coatings to enhance ballistic protection effectively (Zhang and 

Zhang, 2015; Acar et al., 2018; Partoens and Peeters, 2018). Meanwhile, mass production 

technology for high-quality h-BN layers at acceptable costs has been available (Lu et al., 

2015) in comparison with the manufacture of other graphene-like materials, e.g., MoS2 

(Lee et al., 2012). 

Ballistic performance of graphene target has been studied in recent years. Lee et al. 

(2014) performed an innovative experiment by ejecting a micro-scale projectile towards 

the graphene multilayer (about 30-300 layers) at impact speeds of 600 m/s and 900 m/s. 

The specific penetration energy  p
*  of graphene multilayer target was found to be 
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approximately 10 times that of steel target. Based on a membrane analysis proposed by 

Phoenix et al. (2003) and the uniaxial mechanical behaviors of graphene using ab initio 

density functional theory (DFT), Wetzel et al. (2015) predicted the ballistic resistance of 

graphene and showed that multilayer graphene could achieve ballistic performance of the 

existing armor materials, e.g. Kevlar 129, with significant reduction of areal density of 

about two orders. Yoon et al. (2016) revealed that the maximum allowable deformation of 

graphene before crack initiation is attributed to its superior specific penetration energy 

determined by its high ultimate stress and strain. Meanwhile, fast load and momentum 

transfers in graphene due to the high speed of stress wave propagation was demonstrated 

by Haque et al. (2016) where the cone-wave and axial-wave speeds were calculated using 

molecular dynamic (MD) simulations, which is another way to involve more materials to 

resist local impact. 

Conventional methods have their respective limitations in estimating the dynamic 

behaviors of 2D materials. Ballistic experiment on 2D material target is expensive and 

difficult due to the preparation of a suspended and large-area thin film, the 

characterization at the atomistic level, and the control and track of a micro- or nano-sized 

projectile. Atomistic computations, e.g. Quantum mechanics (DFT) and MD methods, are 

usually limited by CPU time and modeling size. Therefore, a finite element method (FEM) 

is combined with the molecular structural mechanics approach (Li and Chou, 2003) in this 

study to simulate the response of monolayer h-BN under the impact of a nano-projectile 

where the structural elements (i.e. beam or rod) are characterized by the B-N bonds. 

Because the Euler-Bernoulli beam model is only suitable for geometric nonlinear analysis 
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with small strain and large rotation (Tserpes et al., 2006; Baykasoglu and Mugan, 2012), 

Timoshenko beam model is used here to represent B-N bonds to avoid the overestimation 

of beam deflection (Scarpa and Adhikari, 2008; Boldrin et al., 2011). The latter can also 

consider shear deformation and Poisson’s ratio effects of the equivalent continuum 

material. Furthermore, the modified Tersoff-Brenner potential (Tersoff, 1988; Brenner, 

1990; Oh, 2010) is employed in FEM to generate the stiffness matrix by optimizing the 

cutoff function (taken as unity) and shifting the cutoff distance (Kumar et al., 2016), which 

eliminates the fictitious dramatic rise in bond stretch force. 

This paper is organized with following structure. In Section 2, a ballistic FE model for 

h-BN monolayer is established and verified by nano-indentation at low speed as a special 

case of the ballistic impact. Section 3 studied the ballistic responses of h-BN monolayer 

under nano-projectile impact with focus on the spring-back, perforation, propagations of 

stress waves, crack patterns, and energy dissipation mechanisms in the h-BN monolayer 

target. This is followed by conclusions in Section 4. 

2 FE modeling methodology and simulations 

2.1 Equivalent nonlinear B31 elements for B-N bonds 

Under the assumption of small deformation, a simplified harmonic potential is used to 

describe the energy of B-N bond, and by equating the bond energy to the strain energy of a 

three-dimensional two-node linear Timoshenko beam element (B31 in ABAQUS), the 

relations between force constants in molecular mechanics and sectional stiffness 

parameters in structural mechanics are established as (Boldrin et al., 2011; Zhang et al., 

2015) 
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where kr, k and k are the bond stretching, bending and torsion force constants; E and G 

are the Young’s modulus and shear modulus of the equivalent beam material; d0 is the 

diameter of B31 element with circular cross-section (inertia moment       0
 4
/64, polar 

inertia moment       0
 4
/32) and l0 is the beam length;   represents the shear deformation 

constant. For a large deformation problem with geometric nonlinear effects, 

Tersoff-Brenner potential (Tersoff, 1988; Brenner, 1990) with the adjusted potential 

parameters (Oh, 2010) is employed to describe the nonlinear behaviors of Timoshenko 

beam models (B-N bonds), i.e. 

       
   

   
  
    /    

   
   
290

   
(-e p(-4.682   )+e p(-4.347   )), (2) 

where ABN (    0
 2
/4) is the cross-sectional area; rBN is the bond length, equaling to 

rBN0(1+ BN); rBN0 is the equilibrium bond length (taking l0 = rBN0, 1.45 Å for B-N bond 

(Tian et al., 2018) and 1.42 Å for C-C bond (Zhang et al., 2015)). It should be noted that 

necessary modifications are made in Eq. (2) to avoid the overestimation of unphysical 

stress and strain in atomistic structure, i.e. removing the cutoff function (fc(rBN) = 1) from 

the potential function (UBN(rBN)), shifting the cutoff distance to 1.77 Å (1.76 Å in (Wu et 

al., 2013)). The stress-strain curve is plotted in Fig. 1, and the peak stress  c = 1.89 TPa at 

strain 23.70% is taken as the failure criterion for B31 element Taking the derivative of  BN 

with respect to  BN, the Young’s module E is expressed by 

       
    

    
|
      0

   
97.15

   
. (3) 

Based on Eqs. (1) and (3), with the known force constants (Boldrin et al., 2011; Zhang et 
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al., 2015; Tian et al., 2018), the physical and geometric parameters of B31 element are 

calculated and listed in Table 1. More details can be found in (Tian et al., 2018). 

 

Fig. 1. The nonlinear constitutive relations of equivalent beams for B-N and C-C bonds, derived from 

the modified Tersoff-Brenner potential. The failed element will be deleted once B31 stress or strain 

reaches the critical values at peaks for B-N bond beam (1.89 TPa, 22.07%) and for C-C bond beam 

(1.99 TPa, 23.70%) labeled by cross points. 

Table 1 

The physical and mechanical parameters of equivalent B31 elements for B-N and C-C bonds. 

Materials l0 (Å) d0 (Å) E (GPa) v   

h-BN 1.45 0.73 23212 0.213 0.418 

Graphene 1.42 0.78 22811 0.216 0.499 

2.2 Simulations of nano-projectile impact on h-BN monolayer and verifications 

For maximizing the reflected cone wave effect, the FE model of h-BN monolayer with 

circular shape is constructed in a circle with radius R ~ 201 Å (Fig. 2c), with the edge 

nodes fully fixed (boundary condition). It is comprised of 70026 B31 elements and 46869 

nodes where  around 95% atomistic mass is deployed at nodes to mimic the real material 

(Zhang et al., 2015; Tian et al., 2018). The nano-projectile (Fig. 2d) with radius rp = 16.70 

Å and density 7850 kg/m
3
 is modeled by rigid solid elements. Thus, the impact energy is 

only dissipated by target.  We define the master surface on the hemispherical projectile, 
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and the slave nodes on a central region of monolayer h-BN within radius 2rp to establish 

the node-to-surface hard contact without friction . FE simulations of monolayer h-BN 

under the transverse impact of nano-projectile are conducted using ABAQUS/Explicit 

(Hibbit, 2009). The time step 0.0001 ps is used for convergence efficiency while the time 

step scale factor is set as 0.9 (Lim et al., 2003) for numerical stability. Through VUMAT 

subroutine, the secant modulus of B31 element shown in Fig. 1 and node coordinates in 

h-BN model are updated at each loading time step. The beam element will be deleted once 

its axial stress reaches 1.89 TPa. 

Before the study of the ballistic behaviors of h-BN monolayer, its tensile behavior is 

studied by FE and MD simulations of nano-indentation at a speed of 0.5 Å/ps (Fig. 2d and 

e). Ballistic nano-indentation is inherently a low-speed test (Lee et al., 2014), but 

strain-rates can reach 10
5
 ~ 10

6
 s

-1
 for very thin samples (Gotsmann et al., 2008).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

The original cutoff function and cutoff distance of 2.1 Å are adopted in MD simulation to 

compare with FE results using the modified parameters. The van der Waals forces between 

rigid indenter and h-BN monolayer are simulated by the Lennard-Jones potential. MD 

simulations are performed using LAMMPS package (http://lammps.sandia.gov) (Plimpton, 

1995) after relaxing for 100 ps in the shown (NVT at absolute zero temperature ). 

 

Fig. 2. (a) Primitive cell of h-BN crystal; (b) Equivalent B31 element for B-N bond with cross-section 
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diameter d0 and beam length l0; (c) FE model for circular h-BN monolayer with radius r; (d) Schematics 

of FE model for nano-indentation on h-BN monolayer by a rigid indenter with hemispherical nose radius 

of rp   (1/6)r (Tan et al., 2013; Wang et al., 2014), (e) MD model corresponding to the FE model in (d). 

For a fully clamped circular monolayer under the center point loading, shown in Fig. 2d 

and e, the load-displacement behavior can be approximated by (Lee et al., 2008; Wan et al., 

2003; Komaragiri et al., 2005) 

      0
2   (

 

 
)+ 2 ( 3 ) (

 

 
)
3

, (4) 

where F and   denote the indentation load and the central deflection of the monolayer, 

respectively. The first part is caused by the axial tension term determined by  , pretension 

 0
2  and monolayer radius r (~ 100.5 Å) ; the second part is the large deformation term, 

related to  , r, 2D linear Young’s modulus E
2D

, and the dimensionless constant 

    1/(1.05-0.15vt-0.16vt
2)  where values of Poisson’s ratio vt are 0.284 for h-BN (Tian et 

al., 2018), and 0.165 for graphene (Zhang et al., 2015; Lee et al., 2008)), respectively. E
2D

 

and  0
2  can be extracted by fitting the  simulation data with Eq. (4), . Both experimental 

(Lee et al., 2008) and computational (Wetzel et al., 2015) studies have shown that the 

nonlinear elastic behavior of 2D crystals under axial tension can be described by 

  2     2  + 2  2 (5) 

where D
2D

 is the 2D nonlinear elastic modulus. Thus, the maximum stress 

 m
2    –( 2 )

2
/4 2  occurs at  m   – 

2 /2 
2 

. The maximum stress for this circular 

monolayer can also be estimated by (Bhatia and Nachbar, 1968) 

  m
2    (

   2 

4  p
)

1/2

, (6) 

where rp is the projectile nose radius and F
C
 is the breaking force. The value of F

C
 for 

monolayer h-BN is 80.192 nN (115.806 nN for graphene) in FE simulation, and 438.908 
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nN (655.477 nN for graphene (Wang et al., 2014)) in MD simulation, corresponding to the 

ultimate indentation depth of 3.079 nm (3.354 nm for graphene) in FE simulation and 5.0 

nm (5.6 nm for graphene (Wang et al., 2014)) in MD simulation, respectively, as shown in 

Fig. 3. The common pretension and elastic modulus of a 3D material can be calculated by 

diving their respective 2D values by the effective thickness ht, (i.e. the interlayer spacing 

distances of bulk BN/graphite, which are 0.33 nm for h-BN (Bosak et al., 2006) and 0.335 

nm for graphene (Al-Jishi and Dresselhaus, 1982), as shown in Table 2. It can be found 

that the simulated value of  m (~ E/8) is close to E/9, obtained by extrapolation in 

(Griffith, 1921). 

 

Fig. 3. Load-deflection data for the indentation of monolayer target, (a) h-BN; (b) graphene, with 

curves fitted by Eq. (4). Cross signs represent the critical forces of monolayer h-BN/graphene before 

failure. 
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Table 2 

Mechanical properties of h-BN/graphene obtained by FE and MD simulations of nano-indentation, 

comparing with results from MD (Wang et al., 2014), experiments (Bosak et al., 2006; Lee et al., 2008) 

and DFT (Peng et al., 2012) methods. 

Materials Methods 
 0
2  

(N/m) 

E
2D

 

(N/m) 

E 

(TPa) 

D
2D

 

(N/m) 

D 

(TPa) 

 m
2  

(N/m) 

 m 

(GPa) 

h-BN 

FE 
this work

 0.637 268.07 0.812 -561.32 -1.701 32.01 96.99 

MD
 this work

 7.151 262.25 0.795 -232.16 -0.704 74.06 224.42 

Experiment
 Bosak et al. － 252.76 0.766 － － － － 

DFT
 Peng et al.

 － 279.2 0.846 － － 27.81 84.27 

Graphene 

FE
 this work 

0.715 330.19 0.986 -638.53 -1.906 42.69 127.42 

MD
 Wang et al. 

38.859 375.01 1.119 -485.07 -1.448 72.48 216.36 

Experiment 
Lee et al. 

0.07-0.74 340±50 1.0±0.1 -690±120 -2.0±0.4 42±4 130±10 

Agreements between FE results and those from experiments and theoretical calculations 

(Bosak et al., 2006; Peng et al., 2012; Wang et al., 2014; Lee et al., 2008) in Table 2 verify 

the rationality and reliability of the equivalent FE model. The overestimated maximum 

stress by MD in comparison with the prediction by FE model is caused by the large cutoff 

distance chosen from (Oh, 2010; Wu et al., 2013; Han et al., 2014), leading to the large 

indentation depth and breaking force, as shown in Fig. 3. The Young’s modulus obtained 

by FE is consistent with that predicted by MD simulation. The computational cost of FE is 

less than the cost of MD because there is no need for energy minimization and equilibrium 

with large amount of atoms. 

3 Results and discussion 

3.1 Ballistic limit of monolayer h-BN 

Based on massive simulations, the dependence of residual speed of projectile Vr on the 

impact speed Vi is shown in Fig. 4, which is fitted by the Lambert-Jonas formula (Lambert 
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and Jonas, 1976) 

  r    ( i
  

-  l
  
)
1/ 

, (7) 

where Vbl is the ballistic limit; p is a fitting parameter; a = mp/(mp+mpug) with mplug, the 

mass of the shear plug ejected from target, and mp, the mass of projectile. The ballistic 

resistance is dependent on the impact oblique angle. The increase of angle may cause the 

increase of in-plane force for resisting the displacement of projectile parallel to target. 

Thus the target may be perforated before the impact energy is delocalized by global 

deflection. In this work, we focus on the ballistic limit of h-BN monolayer under normal 

impact, which is predicted as 1139 m/s. The material parameter Λm, a scaling factor 

proposed by Cunniff (1999), is used here to evaluate the ballistic limit of h-BN as 

compared with graphene 

 Λm   ( m  L)
1/3, (8) 

where  m = m/ 
2  (J/g) is the mass-normalized strain energy to at failure;  

2D
 is the 2D 

density of monolayer. By integrating Eq. (5) with respect to strain, the strain energy 

density U is determined as 

    
1

2
 2  2+

1

3
 2  3  (9) 

Therefore, the area-normalized strain energy at      m is expressed by  m  4( m
2 )

2
/3 2  

(J/m
2
). By Ref. (Wetzel et al., 2015), using the scaling factor of h-BN divided by that of 

graphene, the ballistic limit of h-BN is predicted as 0.86 that of graphene , approximately 

10 times that of Kevlar 129 (Vbl-graphene ~ 11.6×Vbl-Kevlar in (Wetzel et al., 2015)). From 

Table 3, we found that h-BN membrane, similarly to graphene, is an excellent light-weight 

armor material due to its low density, high strength, superior in-plane wave speed and the 

remarkable ballistic limit. 
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Fig. 4. Relationship between the impact and residual speeds of nano-projectile. 

Table 3 

The mechanical properties and ballistic limits Vbl of monolayer h-BN and graphene. 

Materials 
  

(g/cm
3
) 

E 

(GPa) 

 m 

(GPa) 

 m 

(%) 

CL 

(km/s) 

Λm 

(m/s) 

Vbl 

/Vbl-graphene 

Graphene
 

2.271 986 127.04 25.9 20.84 5857 (5054
 Wetzel et al.

) 1 

h-BN
 

2.286 812 96.99 23.9 19.16 5058 0.86 

3.2 Dynamic responses of monolayer h-BN when Vi ≤ Vbl 

When monolayer h-BN target is impacted by a nano-projectile at low speed, i.e. Vi ≤ 

Vbl , the response and the reaction force-time history are shown in Figs. 5a–5d, based on 

which, the response process can be divided into four stages, i.e. 

Stage-I (0  t  t1) from the moment of impact to the first peak reaction force: The h-BN 

target deforms rapidly into a conic shape when the local beam elements are stretched and 

the bonding force is increased within its elastic limit. There is a stress concentration area 

around the striking point, from which a longitudinal stress wave propagates outward at 

speed of CL, a transverse stress wave propagates at a lower speed of CT, and a conic 

deformation boundary of the target (so-called cone wave) propagates at a speed of Ck, 

which is much lower than CL and CT. Both longitudinal and transverse stress waves 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

14               H. Tian, B. Zhang, Q.M. Li/Mechanics of Materials (2018) 1-35 

transfer the momentum fast, and the cone wave (distinguished by the stress distribution in 

Fig. 5i referring to the color-scale bar) mainly transfers the load towards the fixed 

boundary, characterized by an obvious conic shape and its increasingly occupied conic 

area following the cone wave, as shown by snapshot (i) in Fig. 5c. 

Stage-II (t1 < t  t2) where t2 is defined by as the time when projectile speed equaling zero, 

at which the impact center reaches a maximum deflection along its indentation direction as 

shown in snapshot (ii) in Fig. 5c. During this stage, the h-BN target keeps contact with 

projectile, and the reaction force starts to decrease from the first peak because the 

propagation of the cone wave plays an important role to relief the reaction force due to 

bond stretching. Most of the total kinetic energy of projectile is transformed into the 

deformation potential energy relative to the vibration energy of nodes in Stages-I and II, 

which will be shown quantitatively in Section 3.4. 

Stage-III (t2 < t  t3) where t3 is defined by as the time at which the force and projectile 

speed (acceleration) increase suddenly. The cone wave is reflected from the circular 

clamped boundary towards the projectile (arrows labeled in snapshot (ii) in Fig. 5c), which 

localizes the stretching deformation into a reduced area, as shown between snapshots (ii) 

and (iii). The reduced cone of h-BN monolayer further pushes the projectile to rise its 

rebounding speed until a short separation happens between the projectile and h-BN 

monolayer (i.e. the short plateau in Vp-t curve and the associated nearly-zero reaction 

force). Then, the reflected wave in h-BN monolayer meets at the centre and gives 

projectile a big push (i.e. the reaction force reaches the second peak), and the reaction 

force deforms the monolayer and generates large local strain that leads to an immediate 
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perforation of monolayer (i.e. the reaction bond force exceeds the bond breaking force of 

80.192 nN and the bond length exceeds the optimized cutoff distance), shown by snapshot 

(iv) in Fig. 5b. The slight inclination of projectile towards negative y axis in yz plane is 

caused by the fact that the target model (hexagonal tiling) has unsymmetrical nodes about 

x axis (Fig. 2), leading to unsymmetrical deformation.  

Stage-IV (t3 < t  t4) where t4 is defined at the moment when the speed becomes constant 

(force becomes zero), corresponding to snapshot (iv) in Fig. 5a when the projectile is 

bounced off the h-BN target. It is interesting to note that the stress waves spread the 

kinetic energy of projectile efficiently away from the striking region. In other words, the 

outstanding ballistic performance of h-BN monolayer, e.g. superior ballistic limit, results 

from not only the high ultimate stress and strain of h-BN monolayer (Table 2) but also the 

high speed of stress wave propagation (Table 4). However, once the reflected cone wave 

returns from the fully clamped boundary, the localized deformation may break the 

inter-atomic bond and cause perforation in the rebounding stage even when Vi ≤ Vbl. 
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Fig. 5. Snapshots during rebounding, top views at low impact speeds of (a) Vi = 300 m/s, and (b) Vi = 

900 m/s; (c) main views at time i) t1, ii) t2, iii) t3 and iv) t4 for Vi = 300 m/s (left) and Vi = 900 m/s 

(right); (d) Curves of projectile speed/reaction force versus time, the cross point shows the immediate 

failure of h-BN monolayer at 900 m/s (Note: The color-scale bar in Figs. 5a and 5b measures the 

magnitude of B31 axial stresses yy in local coordinates). 

3.3 Stress wave effects when Vi > Vbl 

The stress wave effects on the dynamic response of monolayer h-BN during perforation 

at high impact speed (i.e. Vi > Vbl) are investigated numerically. Taking Vi = 2400 m/s as 

an example, once h-BN target is impacted by a projectile, a tensile wave of hexagonal 

shape (distinguished by contour) spreads outwards at CL1, which is followed by a cone 

(kink) wave propagating at a lower speed of Ck, as shown in Fig. 6a. During the 

propagation of the cone wave, h-BN target is perforated due to the initiation of cracks at 
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center, which propagate to the kink boundary of the cone wave. As soon as the crack is 

initiated, an unloading wave with speed CL2 (= CL1) emerges due to the rapid relaxation of 

elastic deformation, as shown in Fig. 6b. A reference node A is set in the middle of radius 

along the radial direction. Fig. 6c shows the moment when the compress wave is passing 

node A where the crack propagation can also be observed. Fig. 6d corresponds to the 

moment when the unloading wave is reflected by the fixed boundary and Fig. 6e is the 

moment when the reflected unloading wave passes node A again in the opposite direction. 

Then, multiple wave reflections between fixed boundary and free boundary (cracked 

perforation hole) happen until the trapped momentum is dissipated and an equilibrium 

state is established. Fig. 6f depicts the failure modes of h-BN target, i.e. six petalling 

cracks with tiny debris. Each petal is folded at its base and creased by snap-backing when 

the elastic extension is rapidly relaxed along radial direction. According to Lee et al. 

(2014), the maximum crack length, Lmax, is recorded to estimate the final radius of the 

conic perforation hole. 
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Fig. 6. Series of dynamic events at impact speed of 2400 m/s. Snapshots (an oblique view from the 

bottom side) of (a) cone wave propagation at time 0.58 ps; (b) unloading (compression) wave 

formation at 0.76 ps; (c) the moment when the unloading wave passes node A at 1.12 ps; (d) reflection 

at fixed boundary at 1.70 ps; (e) the moment when the reflected unloading wave re-passes node A at 

2.14 ps, and (f) the perforated target at 4.92 ps. 

For an elastic membrane under the transverse impact of projectile, the speeds of 

longitudinal and transverse waves along the material directions 1 and 2 (aligned with 

geometric axes x and y) can be calculated by (Haque et al., 2016) 

  L   √
 

(1- 2) 
t

, (10) 

 

      √
 

2(1+ ) 
t

, (11) 

where  t = 2286 kg/m
3
 and E11 = 776 GPa, ν12 = 0.260, E22 = 812 GPa, ν21 = 0.307 

obtained by FE simulations of h-BN monolayer under axial tension (Tian et al., 2018). The 

wave speeds are determined as CL =19.44 km/s and CT = 11.64 km/s for h-BN monolayer 

(Table 4) due to its relatively low density along with high modulus; in contrast, CL = 5.9 

km/s and CT = 3.2 km/s for steel (steel = 79000 kg/m
3
, Esteel = 200 GPa). The speed of 

cone wave is estimated as (Lee et al., 2014) 

  k   0.976 L (
 i

 L
)
2 3⁄

. (12) 

The theoretical value of Ck reaches 24%–58%CL (40%–97%CT) when Vi is in the range of 

2.4 km/s–9.0 km/s. It means that, with the increase of impact speed, cone wave plays a 

more important role in quick response (conic deformation and damage) to an extreme load 

and fast transfer of projectile momentum. The wave speeds can also be calculated from the 

deformation of the target caused by wave propagations. Fig. 7a is the 1/4 model of h-BN 
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monolayer. Fig. 7b shows the transverse displacements of nodes in positive x-axis at time 

1.70 ps (Fig. 6d) when the unloading wave is just reflected. According to Fig. 7b, the 

nodes along positive x-axis are classified into three regions, i.e. Region-I, where the nodal 

z-displacements are obvious and mainly caused by conic deformation (the effect of 

transverse wave on z-displacement is so weak that it can be ignored). Region-II, where the 

z-displacements are caused by transverse wave propagation until the arrival of the cone 

wave (t  1.70 ps). Region-III, where longitudinal wave propagates at the fastest speed 

and only leads to the x-displacements of nodes (uz = 0 in Fig. 7b). The same classifications 

are done for nodes along positive y-axis. The vertical (uz) displacements of nodes located 

from X1 to X6, Y1 to Y6 and X7 to X12, Y7 to Y12 (same inter-node distance) are recorded in 

time history to calculate the cone and transverse wave speeds, and the axial displacements 

(ux, uy) of X13-X18/Y13-Y18 nodes for longitudinal wave speed, as shown in Figs. 7c–7h. The 

inter-node distances are divided by the associated traveling time durations of each wave to 

determine the average wave speed, as tabulated in Table 4. The displacements of nodes are 

recorded after 1.70 ps for a suitable period in order to reflect the stress wave effects. In 

Figs. 7c and 7d, cone wave stops propagating at around 4.92 ps when all nodes run along 

positive z-axis with the elastic recovery of petals. In Figs. 7e and 7f, the z-displacements 

of nodes in Region II grow obviously after 1.70 ps as cone wave reaches. In Figs. 7g and 

7h, the peak of nodal displacement becomes smaller due to the weakened longitudinal 

stress wave for interference. From snapshots (b) to (c) then to (d) in Fig. 6, we found that 

the initiated cracks by damage continue to propagate radially, with the extensions of cone 

and unloading waves, which will be further analyzed in Section 3.4 from the perspectives 
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of energy changes. The crack propagation speed Cc is calculated as 0.71CR, in good 

agreement with the theoretical prediction of 0.73CR (Yoffe, 1951), where the 

Rayleigh-wave speed CR is approximated by (Zinin et al., 1999) 

     
 0.72-(  / L)

2
    

 0.75-(  / L)
2
 
. (13) 

 
Fig. 7. (a) Top view of 1/4 h-BN model with six groups of node sets labeled. (b) Transverse 
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displacements of nodes (atoms) in positive x-axis at 1.70 ps. Time history of z-displacements of nodes 

from X1 to X6 (c), and from Y1 to Y6 (d) for cone wave descriptions along Zigzag and Armchair 

directions; (e) from X7 to X12, (f) from Y7 to Y12 for transverse wave descriptions; Time history of 

x-displacements of nodes from X13 to X18 (g), and y-displacements of nodes from Y13 to Y18 (h) for 

longitudinal wave descriptions. 

Table 4 

Speeds of stress waves and crack propagation in h-BN monolayer calculated in this work, compared 

with theoretical values in brackets. 

Directions CL (km/s) CT (km/s) Ck (km/s) CR (km/s) Cc (km/s) 

Zigzag 18.84 (19.08) 9.42 (11.61) 3.95 (4.68) 8.85 (10.69) 0.71CR (0.73CR) 

Armchair 19.48 (19.80) 10.27 (11.66) 3.69 (4.73) 9.62 (10.79) － 

The cone wave effects on the ballistic behaviors of monolayer h-BN target at different 

impact speeds are discussed below. Once the reflected cone wave arrives at strike area, 

shown in snapshot Fig. 8a-iii, the reaction force reaches its maximum. If concentrated 

stress exceeds the critical strength of local beam (bond), bond failure occurs, leading to 

perforation, as shown in snapshot Fig. 8a-iv. It implies that the reflected cone wave 

encourages the perforation and weakens the ballistic resistance of h-BN monolayer. The 

reflected cone wave actually triggers a failure in the rebounding process although it 

dissipates the impact kinetic energy during the outward propagation stage (stages I and II 

in Fig. 5). The total time for the return of cone wave to the striking point can be estimated 

by 

  k   
2 

 k
  

2 

1.23 L[ i/(√2 L)]
2/3
, (14) 

where target radius r = 20.1 nm. The variation of time tk with impact speed Vi is shown in 

Fig. 8b. The time for the appearance of the maximum reaction force at different impact 

speeds is also shown to Fig. 8b (FE data). Three regimes: I (rebounding), II (perforation 
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with larger deformation than impact area), III (perforation within impact-area/localized 

deformation) are divided. The demarcations are Vbl (~ 1141 m/s by average of the highest 

impact speed without causing perforation and the lowest impact speed causing perforation) 

and Vc (~ 2400 m/s), respectively, where Vc is chosen based on the failure modes of target, 

see details in Sections 3.4 and 3.5. The simulation results are consistent with theoretical 

curves in region I, and it verifies the fact that the return of the cone wave to the strike area 

leads to the secondary contact during rebounding (Fig. 5). At high impact speeds (Vi > Vbl), 

regions II and III, the h-BN monolayer is perforated by projectile during the first time 

contact. Therefore, if a similar membrane target is designed with sufficiently large size to 

avoid the reflection of the cone wave, it could stop the projectiles successfully without 

failure. In addition, taking the longest crack’s length Lm (~ 5.76 nm) in Fig. 6f as the 

maximum radius of cone, the perforation time tp is approximated by Lm/Ck ~ 1.51 ps and 

the average maximum tensile strain is estimated as  m   ( i p/ m)
2
 /2   19.8 , falling in 

the reported failure strain range of 5%-25% (Lee et al., 2014), and the average tensile 

strain-rate  ̇m    m/ p   ( i/ m)
2
/2 p   10

11 s-1. 

 
Fig. 8. (a) The propagation of a reflected cone wave: (i) at 13.08 ps when passing node A, (ii) at 14.64 

ps, (iii) reaching strike area at 16.08 ps, (iv) inducing perforation at 16.20 ps, in an h-BN monolayer at 
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the impact speed of 1000 m/s; (b) The time for cone wave propagations from formation to the moment 

when the reaction force reaches maximum at different impact speeds, in which the large difference 

between theoretical and fitted curves in regions II and III indicates that the target is perforated by 

projectile prior to the reflection of cone wave at high impact speeds. 

3.4 Energy dissipation mechanisms of monolayer h-BN 

The energy absorbed by h-BN monolayer ΔEh-BN, equaling to the loss of projectile 

kinetic energy -ΔEk (ΔEk < 0), is composed of (a) internal energy Ei, comprised by elastic 

strain energy Es and damage dissipation energy, and before crack initiation only having Es, 

stored in the form of tensile (minor) and conic (major) deformation, (b) vibration energy 

Ev, which is the kinetic energy of nodes (atoms) caused by stress wave propagations, (c) 

the energy of fragments/plug Ef, including the deformation and kinetic energy of the 

fragments/plug, which keeps unchanged once the fragments/plug are ejected from target, 

and (d) damping dissipation Ed, i.e. 

    -     -  k    i+ v+ f+  . (15) 

The damage evolutions of h-BN monolayer are analyzed with the changes of energy at 

impact speed of 2400 m/s in Fig. 9. The target is completely perforated at time t1 initiating 

six cracks, shown by Fig. 9a-i, where the fracture energy is from the release of strain 

energy mainly stored in form of conic deformation around strike area before perforation, 

shown in Fig. 6a. From time t1 to t2, the cracks continue to extend, corresponding to 

snapshots i to ii (snapshot f in Fig. 6) in Fig. 9a, which is caused by the propagation of 

longitudinal tensile and cone waves, along with the increase of Ei in Fig. 9b. After time t2, 

Ei keeps stable since the reflected compression wave cancels out tensile component to stop 

the spreading of the cone, meanwhile cracks stop propagating further. Then until time t3, 

the vibration energy decreases as the damping dissipation increases. Finally, the h-BN 
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monolayer reaches an equilibrium state due to the structural relaxation between time t3 and 

t4. 

 

Fig. 9. (a) Damage and crack evolutions of monolayer h-BN during perforation at impact speed of 2400 

m/s, (b) the energy-time histories (ABAQUS output), where time t1 = 0.6 ps, t2 = 4.92 ps, t3 = 14.68 ps, 

and t4 = 18 ps correspond to snapshots i-iv in (a), labeled by dash lines. 

The changes of energy dissipated by target from projectile against its different impact 

speeds are shown in Fig. 10, where the energy is calculated at the moment when projectile 

speed becomes zero at low impact speeds or target is completely perforated at high impact 

speeds. The impact energy is totally dissipated by global deformation of target as well as 

the vibrations (phonons) of nodes (atoms) at low impact speeds (region I), due to the 

efficient delocalization of stress waves. However, when Vi > Vbl (regions II and III), the 

impact kinetic energy of projectile is too high to be totally absorbed by target, thus the 

target is perforated. The demarcation line, namely ballistic limit Vbl, is determined as 1141 

m/s by Fig. 10, close to 1139 m/s calculated according to Eq. (7), i.e. when Vr = 0, then Vbl 

= Vi, and in this case, the absorbed energy can be expressed by mp(Vbl)
2
/2. At higher 
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impact speeds (region III), the internal energy is almost unchanged as damage occurs 

nearly within the strike area. The fragments are ejected with higher speeds, leading to 

much greater kinetic energy. 

 

Fig. 10. The initial kinetic energy of nano-projectile (expressed by  p
i     p i

2/2, as portrayed by dash 

line) absorbed totally by monolayer h-BN at low impact speed ( p
i       -   in region I), but absorbed 

partially by monolayer at high impact speed ( p
i       -   in regions II and III), together with the 

kinetic energy loss of projectile, which is absorbed by target (solid line with solid dots) in four forms 

(solid lines with hollow dots). 

The total energy absorbed by monolayer h-BN before and after penetration, termed as 

the penetration energy Ep (Lee et al., 2014) equals to the value of ΔEh-BN when perforation 

occurs. Based on (Lee et al., 2014), it is adjusted and expressed by 

 p   ( 
2  s)  i

2/2+ m s+ d in this work, where the first term represents the kinetic 

energy transferred to target within As, the second represents the strain energy within As for 

crack initiation, and Ed is the energy dissipated by other mechanisms, thus the specific 

penetration energy  p
*    p/ 

2  s   ( i
2/2+ m)+ d

* where  d
* is the delocalized energy 

by the outward propagation of stress waves, as compared with the local dissipation term 

 i
2/2+ m in Fig. 11. We found that, with the increase of impact speed, the kinetic energy 

of projectile is increasingly absorbed by the local deformation and damage of target, and 
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especially for Vi  4.0 km/s, it dominates the energy dissipation.  

 
Fig. 11. Specific penetration energy of monolayer h-BN at different impact speeds . 

3.5 Failure characteristics of monolayer h-BN 

Four failure modes of h-BN target are revealed at representative impact speeds in Fig. 

12a, i.e. (a) failure with bulge on the upper surface of target and petals opposite the impact 

direction when Vi < Vbl (perforation during rebounding), shown by snapshot i. (b) Failure 

of dishing and disking on the lower surface of target when Vbl < Vi < Vc, shown by 

snapshots ii and iii. It is related to the bulging, deflection and tensile tearing of target. (c) 

Petalling-type failure with little or no dishing when Vc  Vi < 4.0 km/s, shown by snapshot 

iv. (d) Plugging failure when Vi  4.0 km/s, characterized by the ejection of a plug with a 

diameter similar to that of projectile (or in the form of fragments), shown by snapshots v 

and vi. According to Fig. 12b, more radial cracks, petals and larger debris but shorter final 

radius of cone are associated with the increase of impact speed, and the failure area is 

increasingly localized. The angle between the adjacent cracks (apex angle,  ) along the 

zigzag direction is approximately the multiplication of 30° (Lee et al., 2014). At impact 

speed above 2.4 km/s, the energy for the creation of new surfaces (crack initiation) is 

provided by the elastic energy of the local conic bulge in target before perforation. Thus, 
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the maximum number of cracks nm can be estimated by 

  m   ⌊
 m s

2  p t
⌋ , (16) 

where x is the floor function of the real number x (output the greatest integer less than or 

equal to x);   is the edge energy of h-BN for zigzag edge, taken as 6.01 J/m
2
 by ref. (Wei et 

al., 2015). The stored strain energy is primarily for crack initiation, but released partly by 

target’s relaxation to generate compression wave along with node vibrations, as shown in 

Fig. 6 and Fig. 9. The crack numbers versus impact speeds from FE simulations are 

portrayed in Fig. 13, and six seems the upper bound of cracks, consistent with the 

predicted crack number. Moreover, we found that the initiated cracks prefer to propagate 

along a zigzag direction, and the identical fracture feature is observed by Tabarraei and 

Wang (2015) in h-BN monolayer under mixed mode I and mode II loading. Thus 

schematic in Fig. 12c gives the preferential propagation paths of cracks based on the 

hexagonal-cell structure of h-BN monolayer. It predicts the most possible crack paths in 

atomistic-scale successfully, as shown in Fig. 12b and (Haque et al., 2016), that the 

maximum crack number is six and the apex angle of petalling is around 60° (the strike 

point is the apex point). If zigzag crack kinks during its growth, crack would deviate to an 

armchair direction and propagate along a short path, then deviates to a new zigzag 

direction to propagate (Tabarraei and Wang, 2015), which leads to the formation of angle 

of nearly 30° in Fig. 12b. We also found that the fracture area is local and has 3-6 cracks at 

low impact speeds. Our researches could give reasonable explanations for the microscopic 

(Lee et al., 2014) and macroscopic fracture properties of h-BN and other 2D crystal 

materials to guide their applications in structure design of composite armor. 
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Fig. 12. Representative failure patterns of h-BN monolayer perforated by a nano-projectile at impact 

speeds of 1.0 km/s, 1.15 km/s, 1.6 km/s, 2.4 km/s, 5.0 km/s and 9.0 km/s: (a) Side views (x-z plane); (b) 

Top views (x-y plane), snapshotting when cracks reach the limit without further extension; (c) 

Schematic illustration depicts the preferential paths for crack initiation and evolution, marked by the 

dash straight lines, where yellow point is the striking point, red lines represent the breakage beams 

(bonds) subjected to the concentrated load (crack initiation) and green lines outline the newly created 

zigzag edges. 

 
Fig. 13. Relationship between the crack numbers and impact speeds, where the crack number is 3 at 

indentation speed of 0.05 km/s, obtained by nano-indentation simulation in Section 2.2. 

4. Conclusions 

Ballistic tests of monolayer h-BN target under the transverse impact of nano-projectile 

are simulated by an explicit FE method, wherein the equivalent structural model is 

constructed using B31 elements with B-N bonds implemented. The impact responses of 

h-BN layer are analyzed under various loading conditions. At low impact speeds, we focus 
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on the second impact of projectile occurring in the rebounding process. At high impact 

speeds, we reveal the linkage among the fracture patterns of target (cracks), the dissipated 

energy and the propagations of stress waves (mainly cone wave) during perforation. The 

high wave and crack propagation speeds make that h-BN is superior for impact resistance 

over the traditional armor materials. The ballistic limit Vbl of monolayer h-BN is 

determined as 1141 m/s, nearly 10 times of Kevlar 129’s  allistic limit under the same 

areal density. Therefore, h-BN is a promising material candidate for advanced composite 

armors. 

Further work to investigate the influences of other parameters, e.g. projectile 

deformability, boundary condition, impact oblique angle etc., on the ballistic resistance of 

h-BN monolayer is still ongoing. 
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