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Abstract. This paper studies the dynamic behavior of advanced ceramics by a finite element model. It
implements the direct simulation of fracture and fragmentation together with a mixed-mode cohesive law
to describe the fracture process. Particularly, we simulate some dynamic Brazilian tests performed with a
Hopkinson bar, at a strain rate of 75 s, on six different materials: three kinds of alumina with different
average grain sizes and degrees of purity, a blend of alumina and zirconia, silicum carbide and boron
carbide. The rate dependence of the results emerges explicitly from the calculations, thanks both to the
inertia attendant to the fracture process, and to the time effect provided by the cohesive law. Indeed, the
simulations give accurate values for the dynamic strength of the six ceramics under study. The
simulations also predict the main features of the crack pattern.

Resumen. Este articulo estudia e comportamiento dindmico de materiales cerdmicos avanzados por
medio de un modelo de elementos finitos. En particular, simulamos algunos ensayos brasilefios redizados
con una barra Hopkinson, a una velocidad de deformacion de 75 s1, sobre seis materiales diferentes: tres
tipos de alimina con distinto tamafio de grano y grado de pureza, una mezcla de alUmina y zirconia,
carburo de silicio y carburo de boro. La dependencia de los resultados a la velocidad de deformacién sale
explicitamente en los cdlculos, gracias tanto a la inercia que acompafia a proceso de fractura como a
efecto del tiempo dado por la ley cohesiva. De hecho, las simulaciones dan valores precisos de la
resistencia a la traccion dindmica para las seis ceramicas que estudiamos. Las simulaciones también
predicen |os rasgos principales del patron de fisuracion.

1. INTRODUCTION

Advanced ceramics are widely used as ballistic armors
due to their excellent stiffness to weight and resistance
to weight ratios. Another appealing property of advanced
ceramics is their capacity for dissipating energy by
fracture and friction when they are comminuted by the
impact of a projectile. Thus, the dynamic mechanical
response of these materials is especially important to
grant the required level of protection to an armor. This is
why most of the scientific research in this field has
focused on the determination of their dynamic properties
and the development of accurate constitutive models and
failure criteria at high strain rates.

In the same way as other quasi-brittle materials,
advanced ceramics perform very well under compression,
but their tensile strength is low, about one order of
magnitude below the compressive strength. Hence most
times failure takes place when the tensile strength is
reached, which makes of it an essential property in the
modelization of these materials. Severa different tests

have been proposed to measure the tensile strength of
ceramics, and it has been found that it grows with the
strain rate under every experimental configuration.
Particularly, the diametral compression test or Brazilian
test performed by means of a Hopkinson bar is seen by
some experimentalists as a convenient set up giving
reliable measurements.

This is the case of Rodriguez, Navarro, Sanchez-Gavez
and Galvez, [1-3], who recently caried out a series of
dynamic Brazilian tests on several advanced ceramics to
show the feasibility of this experimental method to get
the tensile strength at high strain rates. They studied six
different materias: three aluminas (Al,O;) with different
grain size and degree of purity, alumina blended with
zirconia (Al,O;+Zr0,), silicum carbide (SiC) and boron
carbide (C,B). The specimens were cylinders whose
diameter and thickness were 8 and 4 mm respectively.

Here we use their results to validate a model that was
originally developed for concrete undergoing the same
test conditions [4]. It also gave good results studying the
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propagation of dynamic cracks under mixed-mode
loading [5]. It consists of a finite element model which
allows fragmentation, i. e. the opening of a crack where
and when tension reaches the tensile strength, and that
uses a mixed-mode cohesive model to control the
fracture process [6]. The simulations in this paper
picture the material aslinear-elastic up to fracture, while
cracks respond to an irreversible cohesive law, in both
cases using only the static parameters reported in the
aforementioned  experimental research. The rate
dependence is not buried within the constitutive
equations, yet it emerges explicitly from the calculations
as a consequence both of the inertia of the materia in
the fragmentation process, and of the use of a cohesive
model. Indeed, cohesive models discriminate between
slow and fast rates of loading giving rise to a time effect
[7], in a similar way as they do between small and big
sizes leading to the well-known size effect [8]. The
simulations not only give a good prediction of the
tensile strength for each material, but also come out
with crack patterns very similar to the actua ones
observed in the experiments. The model predicts the
formation of aprincipal crack that nucleates in the center
of the specimen and grows towards the bearing areas, as
well as some secondary cracking parallel to the main
crack and near the loading areas.

The paper is organized asfollows: a brief account of the
main assumptions of the model and of its finite element
implementation is given next. Section 3 describes the
experimental set-up (3.1), the specimen geometry and
material parameters (3.2), the load and boundary
conditions (3.3), the mesh used in the simulations (3.4),
and the simulation results (3.5). Finaly, in Section 4
we draw some conclusions regarding the applicability of
cohesive models to study the dynamic behavior of
advanced ceramics.

2. FINITE ELEMENT MODEL

We apply the cohesive theory as in [6], during which a
deformable body undergoing a motion described by a
deformation mapping ¢ and containing a collection of
cohesive cracks is contemplated. The locus of these
cracks on the undeformed configuration is denoted S,
and its unit normal N (Fig. 1). The jump of ¢ across S,
defines the opening displacement 6. We consder a
simple class of mixed-mode cohesive laws accounting
for tension-shear coupling obtained by an effective
opening displacement:

0= m Q)
where

0,=06M @
is the normal opening displacement and
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Fig. 1. Cohesive surface traversing a 3D body.

is the magnitude of the dliding displacement. The
parameter 3 assigns different weights to the dliding ad
normal opening displacements. The cohesive law relates
Ooto ascalar effective traction:

t= B2t +12 4

where t, and t, are the shear and the normal traction
respectively. From (4) we also observe that 3 defines the
ratio between the shear and the normal critical tractions.

Upon closure, the cohesive surfaces are subjected to the
contact unilateral constraint, including friction. We
regard contact and friction as independent phenomena to
be modeled outside the cohesive law. Friction may
significantly increase the dliding resistance in closed
cohesive surfaces. In particular, the presence of friction
may result in a steady —or even increasing— frictiona
resstance while the norma cohesive strength
simultaneously weakens.

We assume the existence of a linearly decreasing loading
envelop, as well as of alinear unloading condition to
the origin (Fig. 2), giving:

t:tm—axé if 0< g OF 5<0.
5max (5)

Itisawell-known fact that cohesive theories introduce a
well-defined length scale into the material description
and, in consequence, are sensitive to the size of the
specimen [8]. Camacho and Ortiz [7] have noted that in
conjunction with inertia cohesive models introduce a
characteristic time as well. Owing to this intrinsic time
scale, the material behaves differently when subjected to
fast and slow loading rates. The calculations presented
subsequently demonstrate the ability of cohesive theories
to account for the dynamic strength of brittle solids,
i. e, the dependence of the dynamic strength on strain
rate.
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Fig. 2. Linear irreversible cohesive law.

An appealing aspect of cohesive laws as models of
fracture is that they fit naturally within the conventional
framework of finite element analysis. We follow
Camacho and Ortiz [7] and adaptively create new surfaces
as required by the cohesive model by duplicating nodes
aong previoudy coherent element boundaries. The
nodes are subsequently released in accordance with the
aforementioned  tension-shear cohesive law. The
particular class of cohesive elementsused in calculations
consists of two six-node triangles endowed with
quadratic displacement interpolation [6].

Formulating the virtual work principle for the body ad
inserting the displacement interpolation into it leads to a
system of semi-discrete equations of motion of the form:

Mx + M (x) = f&(t) ©)
where x isthe array of nodal coordinates, M is the mass

matrix, f * is the external force array, and f ™ is the
internal force array. The second-order accurate central

(a)
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difference algorithm is adopted to discretize (6) in time
[9].

3. SIMULATION OF THE DYNAMIC
BEHAVIOR OF ADVANCED CERAMICS

3.1 Experimental set-up

The Hopkinson bar consists of an incident bar and a
transmitter bar, with a short specimen placed between
them, and a striker bar that impacts the incident bar to
produce alongitudinal compressive pulse that propagates
toward the specimen (Fig. 3a). The pulse is partialy
reflected in the border of the incident bar, and partially
transmitted through the specimen. In this case the
diametral loading generates tension perpendicular to the
load plane (Fig. 3b), which eventualy causes the
specimen to split.

The strain records of the incident, reflected and
transmitted pul ses are used to calculate the corresponding
stress pulses and the dynamic splitting tensile stress, fy,
which derives from the following equation:

— 2P

fia

™

where P, is the maximum load transmitted through the
cylinder and W and D are respectively the width and
diameter of the cylinder.

3.2 Specimen geometry and material parameters

The simulations in this paper refer to experiments
reported by Rodriguez, Navarro and Sanchez-Gavez [1],
Gavez, Rodriguez and Sanchez Gavez [2] ad
Géalvez [3]. The specimens are cylinders whose diameter
and thickness are 8 mm and 4 mm long respectively.
They tested up to six different materials: three kinds of
alumina with 94, 98 and 99% degree of purity (which
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Fig. 3. Experimental set-up (a), and details of the specimen (b).
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Table 1. Geometrical and static mechanical properties.

AlLO;94% AlLO;98% AlLO;99% Al,O0+ZrO, SiC CB
A9 A98 A99 AZR
Average grain size, (um) 8.3 2.4 104 2.0 3.3 —
Density, p (kg/m°) 3658 3877 3905 4027 3132 2512
Elastic modulus, E (GPa) 303 366 391 348 420 461
Tensile strength, f; (MPa) 161 179 161 155 214 211
Fracture energy, G, (N/m) 119 98 92 162 38 88

from now on are referred to as A94, A98 and A99), a
combination of alumina plus zirconia (AZR), silicum
carbide (SiC) and boron carbide (B,C). Geometrical and
static mechanical propertiesare given in Table 1. All of
them were obtained by independent tests except the
fracture energy, that is estimated here from a genera
handbook on ceramics [10]. The coupling parameter (3 is
taken to be 2 for all materials after some references
reporting the ratio K,J/K,. for aumina and other
advanced ceramics [11, 12]. The influence of the S8
parameter is negligible though, because the crack opens
mainly in mode | [4]. The cohesive law is supposed to
belinear-irreversible.

3.3 L oad and boundary conditions

The tests were performed at a strain rate of 75 s*. The
authors of the experimental work provided us with one
full record of the stresses generated in the bars during
one of the tests, which alowed calculating the rate of
loading over the specimen in the simulations. In order to
avoid plastic deformation in the bars, they stroke the
specimens through alumina cubes whose edges were
6 mm long. There were some tests in which the cubes
broke together with the specimen, but they were not
considered vdlid.

350

3.4 Mesh used in the simulations

In order to make the simulations in 3D computationally
efficient, we take a dice of 1/3 mm, which is 1/12 of
the real thickness of the specimen, and impose plane
strain boundary conditions. The mesh used in the
simulation comprises 15572 nodes and 2462 10-node
quadratic tetrahedra. The mesh size roughly ranges from
1/2 to 1/8 of the characteristic cohesive length of the
material in the cases we are studying, and may,
therefore, be expected to yield objective and mesh-size
insensitive results [7]. For instance, for A99 the
characteristic cohesive length is cadculated to be
1.4 mm, which is about 4 times the mesh size. It is
necessary to point out that the average grain size is of
micrometers (see Table 1), and so capturing this length
scale by choosing an element size of that order of
magnitude would lead to extremely fine meshes, ad
subsequently to a very long computational time.

3.5 Simulation results

Selected results of the calculations and comparisons with
experimental data are shown in Figs. 4, and 5. The
main features of these results are discussed next.
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Fig. 4. Experimental and numerical dynamic tensile strength for each material, compared to their corespondent static
tensile strength.
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Table 2. Computed and experimental tensile strength compared to the static strength. The experimental standard
deviation is shown in brackets followed by the number of tests performed for each material.

Al,O;94% Al,O, 98%
Tensile strength (MPa) A94 A98

ALO,99% ALOs#ZrO,  SiC CB
A99 AZR

static 161(23)5 179(21)6 161(26)10 155(12)7 214(55)5 211(52)5
experiments 278(28)9 285(31)6 243(43)8 288(30)6 248(58)9 261 (50)9

simulation 230 256
relative error 17% 10%

Dynamic strength and rate sensitivity

Fig. 4 compares the predicted and observed dynamic
tensile strengths for all materials under consideration,
and compares them with the corresponding static
strengths. Table 2 provides the experimental mean
value, standard deviation, and number of different tests
for each material, plus the correspondent numerical value
and relative error for each simulation.

The calculations capture well the overall rate-sensitivity
of the materials, especialy in the case of A99, SIC ad
B,C, where the relative error of the computed dynamic
strength is less than 5%. The accuracy of the prediction
is especiadly noticeable having in mind that the
numerical rate dependence is explicit, i. e. it emerges
directly from the calculations, and al the parameters
given to the model are static.

Crack pattern

The experimental crack patterns were observed by means
of ahigh-speed camera [1-3]. A principa crack develops
in the mid-plane of the cylinder at a very fast speed ad
approximately at the peak load, as Fig. 5a shows for a
B,C specimen. Secondary cracks, paralel to the main
diametral crack, also appear astheload decreases, leading
to the typical columnar failure of Brazilian tests. Some
cracking near the supports is also observed in the shots
taken after the load peak.

The predicted sequence of crack patterns follows closely
the experimental patterns described above. Fig. 5b
shows the deformed mesh at the load peak —the
displacements are magnified by a factor of 100 in order
to aid visualization—. The main diametral crack is fully
developed in the figure, whereas the secondary cracks are
just initiating. The simulations also report some
additional damage near the supports, although the cracks
cannot be distinguished in Fig. 5b yet.

4. SUMMARY AND CONCLUSIONS

We used cohesive theories of fracture, in conjunction
with the direct smulation of fracture and fragmentation,
to describe processes of tensile damage and compressive
crushing in advanced ceramics subjected to dynamic
loading. The configuration contemplated in this study is
the Brazilian cylinder test performed in a Hopkinson bar,
which has been proposed as a convenient and reliable
experimental method to obtain the dynamic tensile
strength of these materials. Our approach accounts

235 240 245 272
3% 17% 1% 4%

explicitly for the development of macroscopic cracks,
and uses a mixed-mode cohesive law to control the
fragmentation process. The effective dynamic behavior
of six different types of advanced ceramics is predicted as
an outcome of the calculations. In particular, our
simulations capture closely the experimentally observed
rate-sensitivity of the dynamic strength of advanced
ceramics, i. e., the increase in dynamic strength with
strain-rate. The model also predicts key features of the
fracture pattern such asthe primary cracks paralel to the
load plane, as well as the secondary profuse cracking
near the supports.

We have assumed that the cohesive properties of the
material are rate-independent and therefore determined by
static properties such as the static tensile strength.
However, we have noted that cohesive theories, in
addition to building a characteritic length into the
material  description, endow the material with an
intrinsic time scale as well. This intrinsic time scde
accounts for the ability of the modd to predict key
aspects of the dynamic behavior of advanced ceramics,
such as the strain-rate sensitivity of the tensile strength.
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