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This paper presents the application of a multiscale field theory in modeling and simulation of boron-
doped nanocrystalline silicon carbide (B–SiC). The multiscale field theory was briefly introduced.
Based on the field theory, numerical simulations show that intergranular glassy amorphous films
(IGFs) and nano-sized pores exist in triple junctions of the grains for nanocrystalline B–SiC. Resid-
ual tensile stress in the SiC grains and compressive stress on the grain boundaries (GBs) were
observed. Under tensile loading, it has been found that mechanical response of 5 wt% boron–SiC
exhibits five characteristic regimes. Deformation mechanism at atomic scale has been revealed.
Tensile strength and Young’s modulus of nanocrystalline SiC were accurately reproduced.
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1. INTRODUCTION

The structure and mechanical behavior of nanocrystalline
materials has been the subject of considerable debate ever
since polycrystalline metals with a grain size of typi-
cally less than 0.1 micrometer were first synthesized about
20 years ago. In contrast with nanostructured metals, the
great interest in nanostructured ceramics has been orig-
inating from the observations of unique properties such
as very high hardness, high fracture toughness and super-
plastic behavior in normally brittle ceramics. In particular,
for brittle ceramics such as SiC, recent experiments have
shown that its toughness is essentially determined by soft
(often amorphous) grain boundary phase.1 However, the
mechanism of deformation and fracture of nanocrystalline
ceramics is still largely unknown.

The experimental advance on nanocrystalline ceramics
has created a concurrently need for a quantitative and pre-
dictive understanding of the materials behavior, and posed
a great challenge to theoretical study that can explain, pre-
dict, tailor and optimum design of nanostructured ceram-
ics. The past decade has seen the fundamental techniques
of theory, modeling and simulations undergo a revolution
that parallel the experimental advances on nano materi-
als. In spite of the remarkable success of modeling and
simulations of nanocrystalline materials, these simulations,
however, are inherently limited in metals.

∗Author to whom correspondence should be addressed.

In a series of theoretical papers, a multiscale field the-
ory has been formulated by Chen and her coworkers2–6

for concurrent atomic-continuum modeling of materials/
systems. Formulas for continuous local densities of fun-
damental physical quantities in atomistic systems are
derived.4 By decomposing atomic motion/deformation
into homogeneous lattice motion/deformation and inho-
mogeneous internal atomic motion/deformation, and also
decomposing momentum flux and heat flux into homo-
geneous and inhomogeneous parts, as exact consequence
of the atomistic definition of physical quantities and
Newton’s second law, field representation of conservation
laws at atomic scale has been formulated. As a result of the
formulation, a field representation of atomic many-body
dynamics is obtained, in which a crystalline material is
viewed as a continuous collection of lattice points, while
embedded with each lattice point is a group of discrete
atoms. Since the conservation equations obtained by Chen
et al.2�3�5 are valid at atomic scale, the field theory can
reproduce time-interval averaged atomic trajectories and
can be used to investigate phenomena and properties that
originated at atomic scale. Since it is a field theory for-
mulated in terms of time averaged quantities, it is com-
putationally much more efficient than atomic-level MD,
and holds the promise to model and simulate phenomena
across multi length and time scales.

For systems with given temperature, i.e., homogeneous
constant temperature field or a steady state temperature
field with a constant temperature gradient, the governing
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equation of the system can be expressed as

�̄� ¨̄u�+ m�kB

MV
	T = f̄

�

int + f̄� (1)

where �̄� is local atomic mass density; M ≡ ∑�
�=1 m

� is
the total mass of a unit cell, kB is Boltzmann constant; T is
the temperature defined as a measure of thermal motion
of atoms through averaging the thermal energy over a unit
cell and over a finite duration and V is the volume of a
unit cell; f̄� is the external force density, ū��x is the dis-
placement of �-th atom embedded within lattice point x,
ū��x = ū�x+ �̄�x��, and f̄�int�x is the internal force
density and can be derived from empirical interatomic
potential, generally

f̄�int =
∫
��x′

∫
��x′′

�∑
�=1

�∑
�=1

f�ū��x� ū��x′� ū��x′′dx′ dx′′

(2)
is a nonlocal and nonlinear function of averaged atomic
displacements or positions. In this work, the constitutive
relation for internal force density for silicon carbide is
directly derived from the well-known interatomic potential
for covalent materials, the Tersoff potential.10 Equation (1)
is solved through finite element method, and the explicit
central difference method is employed for the time integra-
tion. For details for the numerical implementation please
see Lee et al.7.

2. MODELING AND SIMULATION OF
NANOCRYSTALLINE B–SiC UNDER
TENSILE LOADING

In a first attempt to develop a columnar structural model
for nanocrystalline materials, integration of Eq. (1) is used
to relax the as-built GBs structures with zero ambient
stress. i.e., f̄� = 0. For the specimen with mean grain diam-
eter d ≈ 6 nm and boron dopants on the GBs, microstruc-
ture and stress distributions resulting from the relaxations
are shown in Figure 2.

Compared with some other nanophase ceramics such
as TiCN, the avoidance of significant grain growth in
nanophase SiC is extremely difficult. From the atomic
configuration shown in Figure 2(b), it is found that
the forming of a composite phase at the grain bound-
ary through the boron doping is an efficient way of
restricting grain growth. As a consequence, atoms in the
nanocrystalline B–SiC can be categorized into two types:
(1) crystalline atoms with normal coordination number;
(2) boundary atoms forming the disordered interface. The
disorder atoms form a glassy-like structure, noted as inter-
granular glassy films (IGFs). It has been shown that large
fraction of atoms was ascribed to the disordered and
porous IGFs as the grain size decreased below 10 nm. It
should be emphasized that both the thickness and porosity
of IGFs are of utmost importance and can mask and/or

Fig. 1. Atomistic view of crystal structure: Crystal structure = lattice+
local atomic bonding units.

distort the material properties, especially in understanding
the mechanism of mechanical behavior in nanocrystalline
SiC ceramics.

In nanocrystalline materials, it has been reported that the
presence of a GBs network will generate a heterogeneous
stress field inside the grains themselves.8 In Figure 1(b),
it is observed that there exists a heterogeneous stress
field inside the sample although the whole specimen has
reached equilibrium after the relaxation. Residual tensile
stress exists in the interior of crystalline SiC grains and
compressive stress on the GBs. Some particular GB will
always contain regions of both tension and compression,
and also stress variations on the GBs can extend deep into
neighbouring grains (Fig. 1(d)).

In order to reveal the interplay of different deforma-
tion mechanisms in nanocrystalline SiC ceramics, the
mechanical behavior of B–SiC was investigated in detail.
Stress–strain curve shown in Figure 3(a) exhibits five
characteristic regimes:
(1) Regime 1 is entirely elastic and ends at �= 0�025, in
this regime, deformations of both the crystalline SiC and
GBs are elastic and reversible. Consequently, the consti-
tutive response is a combination elastic response of crys-
talline SiC and amorphous boron GBs. Resulting from the
combination deformation mechanism, the Young’s modu-
lus is E1 ≈ 400 GPa, which is between experimental value
E ≈ 450 GPa for SiC and E ≈ 230 GPa for boron.9

(a) Initial atomic arrangements

(c) Initial stress distribution (d) Final stress distribution

(b) Final atomic arrangements

Fig. 2. Relaxation of nanocrystalline B–SiC.
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(b) Atomic arrangements and stress wave propagation

(a) Stress–strain curve

ε = 0.025 ε = 0.040 ε = 0.061 ε = 0.0987 ε = 0.113

ε = 0.0013 ε = 0.010 ε = 0.022 ε = 0.037 ε = 0.04

Fig. 3. Stress–strain curve and nanocrystalline SiC under uniaxial tension loading.

(2) Regime 2 is an elastic shoulder which extends from
� = 0�025 to � = 0�04, a crossover of deformation mech-
anisms occurs in this regime: the crystalline SiC was
gradually unloaded but the GBs are still in loading since
the “cementlike” GBs are still trying to hold the grains
together.
(3) Regime 3 starts when crystalline SiC grains are almost
fully unloaded and the GBs continue to be loaded until
� = 0�061. In this regime, boron GBs are still in elastic
deformation and the corresponding Young’s modulus is
E2 ≈ 220 GPa, which is in the same order with experi-
mental value E ≈ 230 GPa for boron at nanoscale.9

(4) In regime 4, the GBs begin to yield, grains begin to
decouple from one another gradually. It should be noticed
that this plastic regime contains a series of periodic stress
drops (dashed arrows in Fig. 3(a)). These periodic drops
are believed to be related to dislocation activities. Similar
phenomenon has been observed elsewhere.11�12

(5) In regime 5, tensile failure occurs at a critical strain of
0.0987. Applying a small increment strain beyond this crit-
ical point causes a dramatic stress reduction. Intergranular
crack has been formed and the specimen can not sustain
further tensile elongation.

Figure 3(b) also provides a series of snapshots showing the
stress distribution of elastically deformed sample. The red
color stands for tensile stress of 20 GPa and higher. The
yellow color stands for tensile stress between 3 GPa and
15 GPa. The green and light green color stands for stress
between −3 GPa and 3 GPa. There are obvious redistri-
butions of stress within the specimen with the increase
of loading. At the initial stage of deformation, within
those grains far away from boundary layers, stress sig-
nificantly decreased. The local stress decrease is believed
to be caused by atomic shuffling. Stress wave originates
from the clamped boundaries and spreads rapidly with the
progression of the tensile loading.
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3. SUMMARY AND DISCUSSIONS

This paper has presented the simulation results of
nanocrystalline B–SiC. With an atomic scale field theory,
we have revealed the deformation mechanisms as well as
local stress evolutions of nanocrystalline boron doped-SiC
under tensile loading. Major findings can be summarized
as follows:
(1) Relaxation simulations show that intergranular glassy
amorphous films and nano-sized pores exist in triple junc-
tions of the grains. There are residual tensile stress in the
interior of the crystalline grains and compressive stress on
the GBs.
(2) Constitutive response of 5 wt% boron doped
nanocrystalline SiC exhibits five characteristic regimes:
(a) Combination of elastic deformation of crystalline SiC
and amorphous boron GBs; (b) Crossover of deforma-
tion occurs when the crystalline SiC grains are unloaded;
(c) Elastic deformation of GBs; (d) Plastic deformations
of GBs; (e) Failure.

Based on the simulation presented in this paper we
conclude that ductile material behavior and strength of
boron-doped nanocrystalline-SiC is dominated by the
intergranular deformation of IGFs.
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