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EXECUTIVE SUMMARY
Two-dimensional van der Waals materials such as graphene 

and hexagonal boron nitride (h-BN) are of significant technolog-
ical importance owing to their unconventional properties at the 
nanoscale. Using Blue Waters’ computational resources, densi-
ty functional theory calculations and molecular statics simula-
tions were used to quantify the interfacial strength properties of 
graphene–titanium (Ti) and graphene–aluminum (Al) nanocom-
posites, as well as the bending rigidity of layered graphene and 
hexagonal boron nitride nanostructures. The results show that the 
strongly chemisorbed graphene–Ti interface is drastically weak-
ened by the formation of a metal oxide phase, while the weak-
ly physisorbed graphene–Al interface is significantly strength-
ened through metal oxide formation. The research team’s simula-
tions for the bending rigidity of two- to six-layered boron nitride 
nanosheets show substantially higher bending stiffness than that 
of multilayered graphene. These computational results are in ex-
cellent agreement with recent experiments.

RESEARCH CHALLENGE
Single-atom sheet nanostructures such as graphene and hex-

agonal boron nitride offer interesting design capabilities owing to 
their strong in-plane covalent bonding, with highly tunable but 
weak van der Waals interactions at the interfaces. For example, 
graphene or its rolled counterpart, carbon nanotube, can be used 
as reinforcements in lightweight metal matrix composites (e.g., Ti 
and Al), leading to high stiffness and strength as well as stability 

at high temperatures. This makes them ideal candidates for man-
ufacturing lightweight damage-tolerant structures relevant for the 
aerospace and automobile industries. Such a unique combination 
of properties relies on effective bonding along the graphene–metal 
interface. The local binding properties of graphene on surface-ox-
idized metals can differ profoundly from those on bare metals, 
and the associated mechanisms can affect the overall strength 
of the nanocomposite. On the other hand, the bending rigidity 
of monolayer 2D materials is simply governed by the underlying 
chemical bond stretching/compression/rotation behaviors of at-
oms within the single atomic sheet. However, for multilayer 2D 
materials, the bending rigidity becomes more complicated ow-
ing to the added contributions of interlayer interactions. While 
monolayer h-BN and graphene have bending rigidities of a similar 
order of magnitude, the stronger interlayer interaction at h-BN 
interfaces suggests a potentially different modulus for their mul-
tilayer counterparts. Simulations of such local behavior with at-
omistic details can uncover key mechanisms that are otherwise 
inaccessible through state-of-the art experiments.

METHODS & CODES
The research team performed density functional theory (DFT) 

calculations for graphene–metal interfaces using the Vienna Ab 
initio Simulation Package. They used Projector Augmented Wave-
based pseudopotentials to represent the interaction between ion-
ic cores and valence electrons, while the local density approxima-
tion was adopted for exchange and correlation. Electronic energy 
of the structures was minimized by the conjugate gradient meth-
od. The team determined the binding properties at the interfac-
es of graphene–metals, with and without oxidation, by comput-
ing electron localization functions that describe the probability 
of finding one electron in the neighborhood of another electron. 
Interfacial shear strength was extracted by computing the slid-
ing potential energy surface as a function of relative interfacial 
displacements. 

To investigate the bending and interlayer shear rigidities of 
h-BN and graphene nanosheets, the research team conducted 
molecular static simulations using the classical molecular dy-
namics code LAMMPS. The team adopted a recently developed 
Tersoff parametrization to represent the intralayer interactions 
in h-BN. The intralayer atomistic interactions between C atoms 
in graphene were governed by a second-generation reactive em-

Figure 1: Effect of oxidation on the interfacial binding and shearing properties in 
titanium–graphene (a) and aluminum–graphene (b) interfaces. The figures in the 
upper and lower panels of (a) and (b) show (from left to right) the atomic structure, 
electron localization function contours, and shear stress response with relative sliding 
of the interfaces.

pirical bond order potential. The interlayer interactions for both 
graphene and h-BN were described by registry-dependent Kolm-
ogorov–Crespi-type force fields. The group performed stiffness 
calculations of folded h-BN and graphene sheets with varying 
numbers of interlayers by first constructing sinusoidally mod-
ulated initial geometries and minimizing their energies by the 
conjugate gradient method.

RESULTS & IMPACT
In Fig. 1, the DFT simulations suggest opposite changes to the 

binding and shear strength properties of graphene on these two 
types of metals when surface oxidized [1]. The researchers ob-
served distinctly higher electron localization function values of 
approximately 0.3 across Ti–graphene versus approximately 0.1 
across Al–graphene because of hybridization of the unoccupied 
d-orbitals in transition Ti metal with the 2p-orbitals of C atoms in 
graphene. For graphene on Ti–O and Al–O substrates, the Ti–C 
and Al–C interactions are weakened by O atoms on the metal sur-
face. The high interfacial shear strength of approximately 5 GPa 
along pure Ti/graphene is reduced by two orders of magnitude to 
approximately 20 MPa along Ti–O/graphene, while the interfacial 
shear strength of approximately 10 MPa along pure Al/graphene 
remains similar in magnitude along Al–O/graphene. These fun-
damental insights on graphene–metal interfaces have import-
ant implications for graphene-reinforced metal matrix compos-
ites and the fabrication of graphene–metal contacts in graphene 
transistors, as well as the transfer printing and epitaxial growth 
of graphene on metallic substrates.

The research group’s simulations showed that the bending prop-
erties of multilayer h-BN and graphene are significantly different 
from their monolayer counterparts [2]. While the bending stiff-
ness of monolayer h-BN and graphene is associated with pure 
bending of the single atomic layer, the stiffness of folded two- to 
six-layered h-BN and graphene has added contributions from in-
terlayer sliding and out-of-plane deformation. Figs. 2b and 2c show 
the relative change in the normal (δn) and shear (δs) separations 
of the three interlayers (L1-L3) for the folded four-layer h-BN and 
graphene sheets depicted in Fig. 2a. The interlayer deformation 
localizes near the steepest slope of the folded configurations, as 
marked by red dashed lines in Fig. 2a, and results in significant 
distortions in stacking sequences for h-BN and graphene (insets 
of Fig. 2a). For h-BN, the relatively stronger binding between in-
terlayers and the higher barrier energies for interlayer sliding re-
sult in smaller normal (Fig. 2b) and shear separations (Fig. 2c) 
compared to graphene. This explains the consistently higher ef-
fective stiffness of folded multilayer h-BN versus observations 
in recent experiments.

WHY BLUE WATERS
Blue Waters’ resources were required for the evaluation of mul-

tiple graphene–metal/metal oxide nanostructures (approximate-
ly 20 different structures) with several hundred atoms per struc-
ture in DFT. Bending stiffness computations of folded h-BN and 

graphene nanostructures (comprised of hundreds of thousands 
of atoms per structure) using classical molecular dynamics sim-
ulations based on many-body potentials necessitated the mas-
sively parallel computing capabilities of Blue Waters. 
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Figure 2: Folded geometries (a), with interlayer normal (b) and shear (c) separations 
in four-layer h-BN (left) and graphene (right) nanostructures. Stacking deviations, 
as viewed from the top, in inset (a) at locations of maximum normal and shear 
separations indicated by red dashed lines; pink, grey, and blue denote boron, nitrogen, 
and carbon atoms, respectively.
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