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Abstract: Granular and pre-fractured bulk silicon carbide were subjected to high strain, high-strain-rate deformation
by radial symmetric collapse of a thick-wall cylinder. Profuse shear-band formation was observed, indicating the
deformation had inhomogeneous characteristics. The granular silicon carbide had lower shear-band displacement,
spacing between shear bands and thickness of shear bands than the pre-fractured silicon carbide. Bimodal particle size
distribution was seen inside the shear bands for both materials. The shear localization in the granular silicon carbide
was primarily due to particle break-up (comminution) and rearrangement of the comminuted particles. The shear
bands in the pre-fractured silicon carbide were formed through the incorporation of fragments from the shear-band
interfaces and the erosion of fragments inside the shear band.

Résumé: Des échantillons de carbure de silice pré-fragmentés et granulaires ont été soumis & des hautes
déformations a hautes vitesses par 'implosion symétrique d'un cylindre & parois épaisses. La formation de bandes de
cisaillement a été observée, indiquant que la déformation est inhomogéne. Le cisaillement dans les bandes la
distance entre les bandes et I'épaisseur des bandes étaient plus faibles pour le carbure de silice granulé. Une
distribution de taille de poudre bimodale a été observée dans les bandes pour les deux matériaux. La formation de
bandes de cisaillement a été produite principalement par la fragmentation des poudres et la réorganisation des
particules pulvérisées. Les bandes de cisaillement dans le matériau pré-fissuré sont formées par l'addition de
fragments 4 partir des interfaces de la bande de cisaillement et par I'érosion des fragments 2 l'intérieur de la bande
de cisaillement.

1. INTRODUCTION

The development of heavy armor that can resist modern kinetic and chemical-energy penetrators has a high
technological and tactical importance. Ceramics are a critical component in modern armor systems. The
recovery experiments by Shockey et al. [1] show the different regions of damage in ceramics subjected to
high velocity impact. Viechnicki [2] and Meyers [3] classified the damage produced in a ceramic into (a) a
comminuted zone (Mescall zone), (b) radial and conical cracks, (c) spalling, and (d) flow of the
comminuted material. The flow of the comminuted ceramic proceeds in a constrained volumetric condition
because the surrounding material imposes a lateral confinement. Curran et al. [4] developed a
micromechanical model for the flow of this comminuted material under high-strain-rate deformation. They
considered sliding and ride-up of fragments, with competition between dilatation and pore compaction.
They concluded that the inelastic deformation of the comminuted material plays a key role in the resistance
of ceramic to penetration. In the presence of superimposed confinement stress, the inelastic deformation of
comminuted materials is not a homogeneous process. Recently, Nesterenko et al. [S] and Chen et al. [6]
have demonstrated that granular and pre-fractured alumina (Al,0,) exhibit profuse shear-band formation
while they are subjected to large strains at high strain rates. The objective of this work is to investigate the
flow of both granular and pre-fractured silicon carbide (SiC), an important structural ceramic for armor
applications. '

2. EXPERIMENTAL PROCEDURES

Silicon carbide powder, manufactured by Norton (Grade F230), was used for the gra'nular specimens. The
average particle size is about 50 um, and the powder has 99.7% of purity. Commercial, hot pressed silicon
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carbide (CERCOM SiC-B) was used for the pre-fractured specimens. Quasistatic properties of the fully
dense silicon carbide are listed in Table 1.
- Table 1: Quasistatic Properties of Hot-Pressed Silicon Carbide (CERCOM SiC-B)
Density Grain Size Flexural Strength Toughness Young's Modulus Hardness
. 320 glem® | 4.0 pm 542 MPa ~ 4.1 MPavm 450 GPa 23 GPa
/
b o .
The thick-walled cylinder method was used to investigate the high-strain-rate deformation (3 X 10* s™") of
the granular and pre-fractured SiC. The experimental procedures were originally developed for metals but
were modified for granular and brittle materials [S-8]. This method consists of two explosive events: the
e first event to densify the granular SiC or to fracture the fully dense SiC and the second event to deform the

\'

ceramic.

The experimental steps are outlined in Figure 1. For the granular SiC specimens, SiC powder was loaded
into a tubular cavity between a central copper rod (14.5 mm diameter) and an outer copper tube (16 mm
inner diameter and 22 mm outer diameter). A mixture of 3 : 1 volume ratio of ammonite and sand was used
to generate an explosion of low detonation velocity (3.2 km/s) to densify the granular SiC. A cylindrical
orifice (11 mm diameter) was then drilled in the center of the central copper rod. The specimen then
underwent a second explosive event using 100% ammonite to achieve a detonation velocity of 4.2 - 4.4
knvs to collapse the center orifice. This explosive event produced large inelastic deformation. The fully
dense SiC specimens underwent exactly the same experimental procedures. A SiC cylinder (16 mm inner
diameter and 22 mm outer diameter) was assembled with the same central copper rod and outer copper tube.
The same explosive events were conducted: the first explosive event to fracture the solid ceramic and the
second explosive event to deform the fractured SiC. The objective is to simulate the flow of the granular
and fragmented ceramic under confinement. The confinement in this method is provided by the inertial
compressive stresses at the boundary between the ceramic and the copper sleeve.

EXPLOSIVE1  EXPLOSIVE 2

SiC Powder or Densified Granular
Solid Cylinder or Fragmented SiC

Shear Band

Copper
Rod
Collapsed
%%ier Orifice

(a) (b) (c)
Figure 1: Experimental steps for the high-strain-rate deformation, (a) explosive event 1 to densify the granular SiC
or to fracture the solid SiC, (b) explosive event 2 for large deformation, (c) final configuration.

3. RESULTS AND DISCUSSION

The overview of the ceramic specimens after the second explosive event is shown in Figure 2. The global
strain (e,), shear-band strain (e,) and spacing between shear bands (L) can be approximated as:
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where r, and r,, are the initial and final mean radii, respectively, ZA is the summation of all shear band
displacements (A is the shear displacement, as shown in Figure 1), and N is the total number of shear
bands. As shown in Table 2, both materials are deformed to an identical global strain (e=-0.21), and there
is a significant difference in the number of shear bands (N), total shear displacement (ZA), Sheaf‘ba"d
strain (e,) and spacing between shear bands (L). The granular SiC has profuse shear bands, but its shear-
band displacement (A) is minimum. On the contrary, the pre-fractured SiC has a lower number of the
shear bands, and the shear-band strain accounts for 58% of the global strain.



Table 2: Macroscopic Deformation of Granular and Pre-fractured SiC

Density after the | No. of bands (N) ZA e e Spacing (L)
First Explosive mm mm
Granular SiC 88 % 51 =0 -0.205 =0 0.619
Pre-fractured SiC 9 % 16 10.6 -0.228 | -0.133 1.907

(a) (b)
Figure 2: Overview of ceramic specimens after inelastic deformation to identical global strain (e=-0.21),
(a) granular SiC, (b) pre-fractured SiC.

3.1 Microstructure of Shear Bands

For granular SiC, the average thickness of the shear bands is about 20 pm. A bimodal particle size
distribution is observed inside the shear bands, as shown in Figure 3(a). The large particles range from 10
to 30 um, and the small particles are about 3 um. The large particles have round corners and contain
numerous microcracks. Outside the shear bands, both small and large particles can be identified. The
large particle exhibit the same characteristics as the large particles inside the shear bands: round corners

and microcracks. These large particles contain characteristic crack patterns, emanating from their contact
points.

Similar characteristics of shear bands were observed in the pre-fractured SiC, as shown in Figure 3(b).
Many shear bands exhibited two adjacent cracks. The large fragments ranged from 20 to 200 um, and the
small fragments were also around 3 um. Round corners and microcracks were also seen in the fragments
inside the shear band and in the fragments on the interfaces of the shear band. The average thickness of the
shear bands is about 170 pum, which is a magnitude higher than the average thickness in the granular SiC.

Based on the microstructural observations, the following mechanism is proposed for shear-band formation
in pre-fractured SiC [9]:
a. The material is first fragmented through the formation of cracks.
b. Moderate comminution proceeds through the friction of crack surfaces, corresponding to the
initiation of shear bands.
c. When the two interfaces of the shear band start to move in opposite directions, the adjacent
fragments are incorporated into the shear band.
d. With further shear, these fragments are rotated and eroded inside the shear band. The shear band

thickens through the continuous incorporation of fragments into the band and their erosion
during flow.

The mechanism for shear-band formation in granular SiC is similar to the pre-fractured SiC. The major
difference is related to the porosity in the granular SiC. As shown in Table 2, after the first explosive
event, the densified granular SiC has a much higher porosity than the pre-fractured SiC. The porosity
allows the comminuted particles to rearrange themselves, without a significant volumetric dilatation. As a
result, the shear-band displacement is small. The proposed mechanism for the granular SiC is as follows:

a. SiC powder is first compacted with moderate particle comminution.
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Figure 3: Microstructure of shear band, (2) granular SiC, (b) pre-fractured SiC.
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b. The compressive stress generated cracks emanating from the contact points.

c. The particles are fragmented by the coalescence of the cracks.

d. Small, comminuted particles rearrange themselves to achieve a higher packing density. Rotation
and erosion of large, fractured particles occur inside the shear band during the pore compaction.

3.2 Spacing Between Shear Bands

The spacing between shear bands defines blocks of material that exhibit large relative translation. The
treatment by Grady and Kipp [10] is based on the balance of the kinetic and strain energies of the material
prior to fragmentation and the energy required to produce cracks. This analysis enables the prediction of
the fragment size (L) using the material resistance to crack propagation (toughness K,), density (p), sonic
velocity (C) and strain rate (£):

2
- (V24K )3
L=( pCéc 3 )

This equation provides important qualitative trends, such as the effects of strain rate and resistance to shear.
As shown in Table 2, the granular SiC has a much lower spacing between shear bands than the pre-
fractured SiC. The same effects were observed for prefractured and granular ALO, (5,6]. The average
shear-band spacing for the prefractured AL O, is 2.0 mm, and the spacing is 0.49 and 0.61 mm for the
granular Al,O, with 0.4 and 4 um particle size, respectively. One can state that the shear-band spacing is a
characteristic scale that is governed by the release of strain and kinetic energies stored in the collapsing
cylinder. The granular material, with a lower resistance to shear flow has a lower shear-band spacing, in
agreement with Equation (2). However, quantitative estimates are not possible because of the uncertainty in
K. under compression/shear.

3.3 Comminution

Comminution is the size reduction process through the application of energy, usually by mechanical forces.
When a sphere is crushed by a contact force (F), a tensile stress is induced along the transverse direction of
the contact force, as shown in Figure 4(a). Meyers and Meyers [11] demonstrated that the maximum tensile
stress (G,) occurs at the center of the sphere:
o = 8F 3
1T 2p2

where D is the diameter of the sphere. In granular and pre-fractured ceramics, the materials can be
represented by close-packed spheres, as shown in Figure 4(b). The local contact force (F) between spheres
is determined by the number of contact points of the spheres, which is directly related to the sphere size (D):
F=KPD?, where P is the external pressure, and K is a dimensionless geometric factor. The value of K is in
the order of one but less than unity, because not all contact forces are aligned with the external pressure.
Substitute the F in equation (3), one can derive:

o= -8—[2<P =P 4)

T
Thus, the induced tensile stress inside the spheres is independent to the sphere size. The effect of the
tensile stress on an existing flaw size (2a) is: K,.=0,4/ma, where K. is the fracture toughness of the
particle. Since the flaw size (22) cannot be larger than the particle size, the following expression can be
obtained, assuming D=2a:

- P= 2K (4)

)
Equation (4) describes the minimum pressure to comminute spheres, and is graphically expressed in Figure
4(c). A fracture toughness of 4.1 MPav/m (see Table 1) was assumed for the first approximation. In
general, the K. of a single-crystal ceramic is less than the K. of a polycrystalline ceramic, because of the
absence of microstructural toughening effects, such as crack deflection along the grain boundary [12).
Under a certain pressure P, the smallest comminuted particles would be the ones with the diameter of D..
To further reduce the particle size through comminution, the external pressure must increase. In our high-
strain-rate experiments, the magnitude of the local external pressure is not known. However, both granular -
and pre-fractured ceramics were deformed under identical conditions. The external pressure for these two
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types of ceramics can be considered the same. Consequently, the sizes of the comminuted particles are
roughly the same (3 um) for both materials, as shown in Figure 3.
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Figure 4: Particle Comminution, (a) crushing of a single particle, (b) crushing of a granular or fragmented material,
(c) relationship between the external pressure and the comminuted particle size.

4. CONCLUSION

In large strain, high-strain-rate deformation of granular and pre-fractured silicon caroide, shear localization
is an important deformation mechanism. In granular SiC, the formation of shear bands occurs through
particle comminution and rearrangement of comminuted particles. The shear bands in pre-fractured SiC are
developed through the incorporation of fragments and the erosion of the fragments. The granular SiC has a
higher initial porosity than the pre-fractured SiC. During the shear-band formation, the granular SiC can be
deformed through pore compaction without a significant volumetric dilatation. As a result, the granular SiC
has a lower shear-band displacement and thickness of the shear bands. The granular SiC also has a lower
resistance to shear flow and a lower resultant spacing between shear bands. Both granular and pre-
fractured SiC have a bimodal particle size distribution, and the size of the comminuted particles is roughly
the same (3 pm). The comminuted particle size is determined by the magnitude of the external pressure.

Under the same experimental conditions, both materials have the same external pressure and the same
comminuted particle size.
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