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Abstract. The numerical analysis of plasticity in metal forging and sheet metal forming has been advanced by the 

many contributions of J.-L. Chenot and co-workers in recent years.  Here we present elements of a new plasticity 

theory for atomically thin, 2D materials such as graphene and hexagonal boron nitride, in which dislocations exist as 

point defects.  We present numerical results showing dislocation nucleation and motion under applied loads, and 

make comparisons with plastic deformation mechanisms in 3D materials.  

1 Introduction  

Graphene has emerged recently as the first example 
in a new class of so-called 2D materials, or crystalline 

materials consisting of single layers of atoms.[1]  Other 

similar materials, like hexagonal BN (h-BN), and more 

recently transition metal dichalcogenides (TMDs) have 

quickly followed.[2-4]  These materials have a variety of 

unique properties including tunable electronic and optical 

behavior, and extraordinarily high strength due to their 

strong covalent bonding.  Despite the excitement over 

this new class of materials, which may be thought of as 

structural elements in the form of sheets or membranes 

with the smallest possible thickness, there are still few 
practical applications of 2D materials.  Nevertheless, 

there is increasing activity in probing the mechanical 

properties of these materials, and in characterizing 

deformation mechanisms, about which little is yet 

known.  Here we present initial work towards developing 

a theory of dislocations for 2D materials, including 

analysis of dislocation motion, dislocation core 

structures, and the novel concept of a forming limit 

diagram for 2D materials, all by way of analogy with 

plasticity theory for conventional 3D materials. 

2 Theory: Dislocations in 2D hexagonal 
materials  

As in 3D crystalline materials, plastic deformation in 2D 

materials such as graphene or h-BN is mediated by 

dislocation motion.  As of yet, however, there is no 
comprehensive theory of dislocations in 2D materials.  

While dislocations in 3D materials are line defects, 

dislocations in 2D materials are point defects.  Figure 1 

shows a dislocation core in a 2D bimaterial interface of 

graphene/h-BN, illustrating the structure of the core, 

including the concept of the inserted “half-plane” of 

atoms needed to construct the defect.  One can identify 

numerous similarities in the defect mechanics of 2D 
materials and 3D materials, which have been until now 

unnoticed in the literature.  For example, the hexagonal 

symmetry in graphene and h-BN is a near-perfect analog 

to the [110] crystal direction in diamond or zinc-blende 

3D materials, along which strain relieving edge 

dislocations align in [001] crystal growth in the 3D case.  

The chemistry and the crystallography, together, give rise 

to the dislocation and slip system geometry; in the case 
of strain relieving interfacial misfit dislocations,[5] for 

example, this implies that 60° dislocations are likely to 

form under the right conditions.  These dislocations, in 

both 2D and 3D systems, will exist in the equivalent of 

the shuffle set or the glide set; furthermore, an analogous 

partial dislocation reaction will be possible, in which the 

burgers vectors sum to that of the total dislocation.  In a 

diatomic 2D material such as h-BN, the dissociated 
partial dislocation will give rise to a stacking fault that is 

also an anti-phase boundary.   The list of analogous 

features goes on: for example, dislocation loops will 

grow and shrink via vacancy and interstitial mediated 

motion of dislocations; in 2D materials this is very easily 

visualized and associated with climb and glide.   

Dislocations may also interact in ways that are already 

well known in 3D, such as via formation of Lomer-
Cottrell locks, a variation of which should exist, by 

analogy, in 2D materials. 

Many of these features can be understood, together, 

in the context of an energy landscape that includes 

contributions both from dislocation core effects that are 

typically neglected in continuum dislocation mechanics, 

and also from long-range elasticity contributions, which 

are understood to drive dislocation nucleation and 
motion.  This energy landscape is easily probed using 

atomistic calculations, as described in the next section. 
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Figure 1. Core structure of an edge dislocation in a hexagonal 
2D lattice.  Here the dislocation lies at a graphene/h-BN 
bimaterial interface.  The upper material, graphene, relieves the 
epitaxial strain imposed by the h-BN substrate,[5] by 

accommodating an extra “half-plane” of atoms, shown in green.   
 

3 Computational Methods  

Accurate classical interatomic potentials are available for 

studying atomistic defects in hexagonal 2D materials like 

graphene and h-BN. For example, several empirical 

interatomic potentials have been used to compute 

properties in h-BN/graphene systems, including the 
widely used Tersoff-type potentials,[6-8] the REBO 

potential,[9]  and the AIREBO  and LCBOPII  

potentials.[10,11]  These potentials have been fit 

according to a combination of properties determined 

experimentally, or from first principles, including elastic 

moduli, bond lengths, cohesive and defect energies, and 

phonon dispersions.  We have carried out a series of 

calculations of dislocation core and interface structure for 
graphene and h-BN,[5] and have found a variety of 

possible full and partial dislocation core structures.  

These structures, computed using classical potentials, are 

in good agreement with recent direct observation of 

defects in h-BN/graphene systems.[12]   

To compare the relative energies of systems with and 

without dislocations, an energy of formation approach is 

used to compare the defective system energy to that of a 
perfect bulk lattice. The energy of formation is given as 

        (                 )   (1)  

where N is the number of C-C or B-N pairs in the 

supercell, E is the reference energy per C-C or B-N pair 

in the bulk (unstrained) material, and Etot is the total 

potential energy of the system given by the atomistic 

calculation.  (We note that this method also allows for 

comparisons of formation energy when atoms are added 

to or removed from the system, which is critical for 

modeling climb, for example.)  This approach is the basis 
for computing minimum energy configurations that may 

result from quasistatic loading.  A variety of minimum 

search algorithms may be used to search over possible 

configurations. 

Using LAMMPS [13] and a Tersoff parameterization, 

it is also possible to carry out molecular dynamic (MD) 

calculations of deformation in graphene or h-BN 

systems.  With the atomistic time step on the order of 10-

12s, the accessible simulation times are extremely short, 

however, making the strain rates exceptionally high (e.g. 

109 and higher) relative to the usual scales of continuum 

mechanics, especially for modelling deformation in 3D 

materials.  Nevertheless, one may use the method to 

carry out dynamic calculations and can implement either 

force or displacement boundary conditions in the 

molecular dynamics framework. 

4 A Forming Limit Diagram for 2D 
Materials 

Using the atomistic methods described in the previous 

section, we introduce the concept of a forming limit 

diagram for 2D materials.  By studying the onset of yield 

and failure localization in the plane of the 2D structure, 

as in the case of 3D formability studies, we investigate 
the role of dislocation motion and interactions on the 

plastic behavior of the material.  Figure 2 shows a simple 

case of a graphene sheet subjected to biaxial strain, with 

a pair of dislocations accommodating the strain.  By 

analogy to 3D materials, this dipole configuration 

represents a dislocation loop oriented along the 2-

direction.  The dislocation loop grows and shrinks in the 

2-direction via vacancy or interstitial mediated climb, in 
response to an applied strain in the 1-direction. 

 

 
Figure 2. Atomistic configuration used to compute the 

graphene forming limit diagram.  The result is highly sensitive 
to the pre-existing defect structure in the system; here the 
lattice is perfect, expect for two edge dislocations of opposing 

sign, forming the 2D equivalent of a dislocation loop oriented 
in the 2-direction. 

 

The 2D formability may be described here by the 

biaxiality of the applied strain, 2/1.  In a hexagonal 
lattice, the result may further be parameterized by the 

relation between the strain orientation and the crystal 
lattice orientation.  In Figure 2, for example, the 1-

direction is aligned along the direction referred to as the 

armchair orientation, while the 2-direction is aligned 

with the zigzag orientation.  One can expect that in a 

more general case, the forming limit diagram will be 

sensitive to this crystallographic orientation, which is 

more concisely described in terms of the chirality of the 

lattice.  We explore this result in detail.    

Finally, we consider the effect of initial dislocation 

density and arrangement on deformation localization, 

which we use as a failure criterion in creating the 2D 

forming limit diagram.  Focusing on graphene, we 
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consider only edge dislocations, modelling different 

initial densities, and we probe subsequent dislocation 

nucleation and interaction during the deformation 

process.  The results are the first such analysis of a 2D 

material as a structural material that may be 

characterized using the conventional tools of 3D material 

formability studies. 
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