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A B S T R A C T

Edge-on impact experiments on AlON, a transparent ceramic with superior ballistic performance, show com-
bined intergranular and transgranular fracture. An initial fast-propagating damage front transitions into slower-
propagating localized cracks. We develop a peridynamic model for polycrystalline AlON to investigate the failure
evolution observed in experiments. We use a computational polycrystalline structure with the same average
grain size as the samples used in experiments. The peridynamic model helps explain the reasons behind the
observed failure front supershear propagation speed (higher than 2 times the shear wave speed), and the
subsequent transition to sub-Rayleigh propagating localized cracks. The computed propagation speeds for the
damage front, and the cracks that emanate from it, match very well those measured in experiments. Elastic
anisotropy, material microstructure, and brittle failure are the only ingredients used here to determine damage
evolution in edge-on impact on brittle polycrystalline materials, under no confinement. Other possible dis-
sipation mechanisms, like twinning, plasticity, friction, are not included in the model. These are likely second-
order effects in the evolution of damage and failure for this material and at these impact speeds.

1. Introduction

One of the main mechanisms through which ceramic materials fail
under mechanical loading is brittle fracture. In order to predict the
performance and structural integrity under impact loading of such
materials, a fundamental understanding of brittle fracture in poly-
crystalline ceramics at the grain-size level is required [1]. Such an
understanding can then be used to design advanced structural ceramic
systems with increased impact resistance, higher thermal shock resi-
lience, etc. Here we present a novel approach for simulating fracture in
polycrystalline ceramics, which has been difficult to do in the past, due
to, in no small measure, the complexity of the phenomenon [2].

Combined transgranular (cracks that propagate through the grains)
and intergranular (cracks that propagate between the grains) fracture
can happen in brittle fracture of ceramics [3]. A transition from inter-
granular to transgranular fracture is observed with increased loading
rates. Experiments [4] show the dependence of fracture characteristics
of silicon nitride ceramics on the existence of crystalline phase at triple
junctions. While the observed main fracture mode is intergranular [4],
local transgranular fracture also appears due to the existence of a
crystalline phase at grain junctions.

Aspects of combined inter- and trans-granular fracture in

polycrystalline ceramics have been investigated by a theoretical model
of intragranular particle residual stress strengthening [5]. The SiC na-
noparticles in the Al2O3 grains create a normal compressive stress at the
grain boundaries and a tangential tensile stress in the grains, resulting
in the “strengthening” of the grain boundaries and “weakening” of the
grains. The authors of [5] find that there exists an optimum amount of
SiC for strengthening, below which the grain boundaries are
“strengthened” enough and the fracture is mainly intergranular, above
which the grains are “weakened” resulting in mainly transgranular
fracture, and around which the fracture is a mixture of inter- and trans-
granular.

Existing models [6,7] of brittle fracture in polycrystalline ceramics
which include combined trans- and inter-granular crack propagation
have significant limitations, that include: inability to model propa-
gating cracks that naturally coalesce and/or branch, the inability to
model multiple interacting cracks, and complicated algorithms that are
difficult to extend to three-dimensions (3-D).

The finite element method (FEM) has been the preferred tool used in
computational modeling of polycrystalline materials [2,6,8,9]. Fracture
in polycrystalline materials has been simulated by cohesive-zone
models [10,11]. While cohesive-zone models have been widely used to
simulate fracture initiation and growth by the FEM [7,12–14],
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problems associated with their use have been pointed out by many
authors and include: 1) difficulties regarding time discontinuities [15],
2) crack propagation path bias along element boundaries [16], and 3)
mathematical and physical limitations on the cohesive laws [17].

In numerical modeling brittle fracture of polycrystalline ceramics,
the most common approach is to consider only intergranular fracture:
cracks are restricted to propagate along grain boundaries [2,18–22].
Finite elements with a “soft-kill method” have been used to propagate
the crack along grain boundaries instead of using a cohesive zone model
[9].

Crack propagation behavior in alumina polycrystals has been ana-
lyzed [23] using the body force method (BFM) [24] which employs
superposition of fundamental solutions. Combined trans- and inter-
granular fracture is simulated, but the solutions are based on relations
postulated for the mode I to mode II transition. Also, an initial crack is
postulated. More recently, [25] proposed a two-dimensional eXtended
Finite Element Method (XFEM) [26] with a level-set method for
studying the transition from inter- to trans-granular crack growth in
polycrystalline materials. It is not clear whether this model could be
extended to treating multiple cracks in fragmentation scenarios or dy-
namic problems in 3-D.

Lattice spring models have been used to study brittle fracture and
damage in polycrystalline materials [17,27]. In the brittle spring net-
work, a spring fails if the stored elastic energy in the spring exceeds a
critical value. A transition from inter- to trans-granular fracture with
increasing grain boundary toughness is observed [27]. These studies
were limited to 2-D quasi-static analyses.

Compared to existing methods, the peridynamic (PD) model [28,29]
used here for analyzing crack initiation, propagation, and fragmenta-
tion in a rate-independent polycrystalline ceramics has important ad-
vantages because: (a) cracks initiate and propagate when and where is
it energetically favorable to do so [30]; (b) inter- and transgranular
fracture are direct consequences of the computations [31,32] and they
do not have to be postulated via ad hoc assumptions as is the case for
the classical approach; (c) mode-transition and mode-mixing of crack
propagation is naturally captured by the PD formulation [33–35]; (d)
fracture at triple-junction points is not controlled by ad-hoc assump-
tions but by the actual loading conditions in the region surrounding the
triple-junctions [31,32]; (e) complex interactions between cracks do not
have to be assumed, they are part of the solution [30,35] and (f) the
meshfree character of the spatial domain eliminates the need for
complex meshing algorithms of Voronoi polycrystals.

Here we introduce a new bond-based PD model for 3-D poly-
crystalline materials and use it to understand why damage propagation
in Edge-on-Impact (EOI) on polycrystalline ceramics happens at inter-
sonic speed (supershear speed1 of the primal damage front), as reported
in [3]. For other instances of intersonic crack growth measured in ex-
periments see, e.g., [36–38]. We obtain the PD parameters by matching
wave propagation speeds along three particular directions in the crystal
with a simulated-annealing minimization procedure. We validate the
PD model for polycrystalline materials by comparing strain results be-
tween PD and Finite Element Method (FEM) solution for a synthetic
model with twins under static loading. With the same average grain size
as the specimens used in experiments, we create a scaled-down version
of the experimental test that reproduces the same impact-generated
pressure over an area on the sample’s edge. We perform a convergence
study in terms of the damage patterns obtained by using smaller and
smaller horizon sizes. The PD model results capture the observed evo-
lution of damage on the sample’s surface reported in [3]. The analysis
of through-thickness damage (difficult to study experimentally) and
comparisons with equivalent models of isotropic or single-crystal ma-
terials, provides a comprehensive understanding of the initiation and
progression of damage and cracks in EOI on Aluminum oxynitride

(AlON). The simulated propagation speeds for the damage front and
localized cracks springing from it closely match the experimentally
values reported in the literature.

The paper is organized as follows: in Section 2, after brief reviews of
the PD formulation, its discretization in 3D, and cubic elasticity in
classical mechanics, we introduce the new PD model for a single-crystal
with cubic elasticity and for a polycrystalline material. In Section 3, we
describe the problem setup and provide convergence results in terms of
elastic waves and also in terms of damage patterns caused by EOI for
three different material systems: isotropic, single crystal, and poly-
crystal with 190 grains. In Section 4, we describe the damage evolution
from the model setup to mimic the experiments in [3], in terms of wave
fronts, damage and fragmentation fronts, and propagation speeds.
Conclusions are presented in the final Section 5. Three appendices are
included to provide details of the model, its calibration, and validation
for quasi-static loading.

2. Peridynamic model for polycrystalline materials

2.1. Brief review of peridynamic theory

Peridynamics is a reformulation of the classical continuum me-
chanics equations that allows for a natural treatment of discontinuities
in the solution by employing the concept of nonlocal interactions [28].
The PD equations of motion at a point x and time t are [28]:
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in which ̂c x x( , ) is the micromodulus function, and
̂ ̂ ̂= − −n x x y y y y( , ) ( )/ is the unit vector along the current bond

direction. The power p is often selected to be 0, 1, or 2. Here we choose
p = 1. For how p influences convergence to classical solutions for
elasticity see [39], where it is shown that a constructive way to build
the peridynamic kernel leads to =p 2.

For a linear elastic and isotropic material, we can obtain the mi-
cromodulus by matching the strain energy density between peridy-
namic and classical theory [40]. For the type of anisotropic material
used in this paper, the micromodulus is selected to be constant in terms
of the ̂x x( , ) bond length, but varying with the bond orientation (see
Section 2.4). As we shall see in Section 2.4, a special approach to ob-
taining the parameter defining the micromodulus function will be
needed to better match the anisotropic elastic behavior in dynamic
problems.

In PD, bonds can break irreversibly [41], or reversibly [42] when
they are meant to represent Van der Waals-like interactions. In this
work, a bond breaks irreversibly if it reaches a relative elongation, or
strain,
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larger than the critical value s0, which is calibrated to the material’s
critical energy release rate [40]:
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With this damage model [40], the pairwise force for nodes con-
nected by a bond becomes history-dependent:1 Speed higher than 2 times the shear wave speed [36].
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