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1. Introduction

Ceramics are materials that possess characteristics such as low density, high hardness, and high-
compressive strength that make them ideal for use in light armor; however, ceramics are also
brittle and have a low-tensile strength, which complicates the design of such systems. Numerous
experimental investigations have been performed since the 1960s to develop an understanding of
the behavior of ceramics under high-velocity impact, the phenomenology of ceramic failure, and
the behavior of the failed ceramic under large pressures. These studies have been crucial in the
development of ceramic material models (1).

The pioneering experimental and numerical work of Wilkins and coworkers gave a great deal of
insight into the penetration process and failure phenomenology of ceramics used in composite
armor (2). Their observations of ceramic failure were further expounded upon by the subsequent
work of Shockey et al. (3) who performed a series of experiments with confined ceramic targets
impacted by tungsten-nickel-iron rods at velocities from 0.8 to 1.4 km/s and from the recovered
targets were able to detail the failure sequence in the ceramic. It was determined that if the
projectile velocity is sufficient or if the ceramic is not adequately confined, the projectile loading
begins to introduce tensile cracks near the impactor periphery. Ceramics possess low-tensile
strength and when large tensile stress fields are introduced in the radial direction, they may form
ring cracks, concentric around the impact point. Initially shallow, upon continued loading these
ring cracks propagate in the direction of maximum principal tensile stress, typically on angles
from 25° to 75° normal to the surface. They progress to the back surface of the ceramic and form
large Hertzian cone cracks. As the loading increases further, the compressive strength beneath
the penetrator is exceeded and microcracking begins. After the cone cracks form, the principal
stresses redistribute to a circumferential direction, which result in tensile radial cracks forming
like spokes on a hub from the impact site. Lateral cracks also form below the impact surface and
intersect the radial and cone cracks forming fragments, which can break away from the impact
site leaving a crater (3).

Although fractured and fragmented, the ceramic still resists penetration. If confined, the
penetrator can only proceed by moving the ceramic out of the way. To do so, the projectile must
pulverize it and force the pulverized material to flow laterally and then rearward (1). This zone
of pulverized ceramic ahead of the projectile is known as the comminuted zone or the Mescall
zone, after the work of Mescall and Weiss (4). Ceramic penetration resistance is a function of its
compressive strength, hardness, pulverization, ceramic powder flow properties and abrasiveness,
which serves to erode and consume the lead surface of the projectile (3).

Subsequent studies by Bless et al. (5) and Hauver et al. (6) also observed that if the ceramic is
sufficiently confined, the projectile will flow laterally on the surface of the ceramic and not
penetrate. These phenomena have become known as interface defeat or infinite dwell (4).



Recent x-ray experiments by Lundberg et al. (7) have been able to capture the transition from the
projectile dwelling on the ceramic surface to penetration.

However, perhaps the most widely utilized and well known of the material models developed for
ceramics are the ones developed by Johnson and Holmquist (8, 9), which have become known as
JH-1 and JH-2. Holmquist, et al. have also extended the ceramic model to account for phase
transformation and this version is known as the JHB model (10). One significant difference
between the models is that the JH-2 allows for a gradual degradation of the ceramic strength
from the intact surface as the damage accumulates, while the ceramic strength in the JH-1 and
JHB models does not degrade from the intact strength curve until the material is fully damage
(D =1.0).

This work investigates the ability of the existing ceramic material models to duplicate the
damage of the confined boron carbide (B4C) and further investigates the ability of the existing
JH-2 ceramic material models to predict the observed damage, such as the lack of comminuted
region, and short and long cracking introduced in confined cylinders of B4C struck by a cylinder
of tungsten carbide at high (819-1205 m/s) velocities (9). The effect of specific strength and
failure model on the damage development is described and the contribution and sensitivity of
these parameters on the accuracy of the solution when compared to the experimentally
determined damage patterns are discussed.

2. Experimental Details

Details of the impact experiments have been reported by LaSalvia (11) and the experimental
setup is shown in figure 1. The targets were center impacted at velocities ranging from 819 and
205 m/s. Following the cylinder impact experiments, photomicrographs were taken of the
impacted surfaces. To preserve the impact surface integrity, the cylinders were impregnated with
a cold mount epoxy and then extracted from their Ti-6Al-4V cups by carefully sectioning the
cups (lengthwise) into several pieces. The final cross sections were 0.1-0.3 mm from the
apparent center of impact and were subsequently examined by optical and scanning electron
microscopy. A cross section showing the damage of the B,C at impact velocity at 1205 m/s is
shown in figure 2. The target was confined at the bottom of the Ti-6Al-4V “cup” (V =0 m/s).



*  PAD BA4C (hot-pressed B4C), BAE Advanced Ceramics
* 38.1-mm diameter by 38.1-mm-thick cylinders
*  Ti6Al4V “cups” (50.8 x 76.2 mm)
+  Slip-fit (< +/~ 0.05 mm)
*  3.175-mm-thick Ti6Al4V cover (welded)

*  93% W alloy (WHA), L/D 20, 3.175 x 63.5 mm, 8.94 g
(p=17.9 g/em3, Y = 1.4 GPa)

76.2 mm * Impact velocity 819, 1052, 1063, 1198 and 1205 m/s
p | UMM Ev | HR4 | K S | ppases
= (g/cm?) (;;f) (GPa) | (GPa) | (MPa*m'?) | (MPa)
450, B4C,
2.52 15 | o7 | 189 2.9 400 c

Figure 1. Target configuration and B,C measured properties.

Figure 2. SEM photomicrograph of B,C
failure pattern at 1205-m/s
impact velocity.

3. Numerical Simulations

The ballistic behavior of all the targets (figure 1) was studied with three-dimensional (3-D)
models and simulated using the nonlinear ANSYS/AUTODYN commercial package (12). The
material models used were obtained from the AUTODYN library (12). All materials were
discretized using smooth particle hydrodynamic (SPH) solver with a particle size of 0.25 mm.

The Ti-6Al-4V sleeve and cover were modeled using a Puff equation of state (EOS), Von Mises

strength, and a Grady spall failure model taken from the AUTODYN Material Library. The




tungsten heavy alloy (WHA) projectile was modeled using a shock EQOS, and a Johnson-Cook
strength model (3). The B4C was modeled using a polynomial EOS, JH-2 strength and failure
models. In addition, the tensile failure criterion for the B,C was set to either the hydro tensile or
minimum pressure, or principal stress with or without crack softening. In the effort to capture the
damage of the B,4C, various criteria were used.

4. Initial Numerical Study

As a first attempt, all materials were modeled using their corresponding material EOS, strength
and failure models as they appear at the AUTODYN library without any modification. In
particular, the tensile failure of the JH-2 failure material model of B,C was set to hydro tensile
(Pmin). The results for all simulations did not correlate well with the experimental observations.
According to LaSalvia (11) the B,4C for all impact velocities, 819, 1052, 1063, 1198, and

1205 m/s was cracked and the projectile was fractured (figure 3). While the simulated extent of
damage induced to the B4C as shown in figure 3 resembles qualitatively the extent of damage
shown on the x-ray radiographs, little cracking of the B,C appears only at 1205-m/s impact
velocity after 40 ps. Subsequent studies were performed by utilizing changing the tensile failure
of the JH-2 failure model of the B,C to principal stress without crack softening, and crack
softening with stochastic failure with stochastic variance y = 16. The resulting simulation
predictions of damage induced in the B4C also did not correlate well with the experimental
observations beyond 30 us of simulation time. Figures 3 and 4 show the damage evolution of the
target for the cases of principal stress criterion without crack softening, and with crack softening
with stochastic variance at impact velocities 819 and 1205 m/s, respectively. Simulations for
times beyond 40 ps for impact velocity of 819 m/s and 25 ps for impact velocity of 1205 m/s
showed complete B4C cracking. The conclusions of the initial study are summarized as follows
and in figures 3 and 4:

» The hydro-tensile failure criterion was not able to introduce cracking in the B,C target even
when it was decreased from 7300 to 2000 MPa.

» The principal stress failure model with crack softening and stochastic variance of the B,C
replicated partially the ceramic failure for all cases studied for two-dimensional (2-D) and
3-D simulations.

» For planar symmetry for the (2-D) simulation the cracking was replicated well up to 35 ps.

* When using the principal stress failure model with crack softening only, the ceramic crack
is excessive for both, low- and high-impact velocity.

» For (2-D) axisymmetric simulation, the cracking was replicated well up to 35 ps.



» The (2-D) axisymmetric modeling introduces an artificial target failure along the axis of
symmetry. For the 3-D modeling the target failure was replicated poorly up to 40 ps.

* No B,C failure model managed to stop the projectile from penetrating the target while
replicating the introduced cracking satisfactorily.

» The target penetration resulted in bulging of the Ti-6Al-4V “cup,” which was not observed
experimentally.

(a) 819 m/s (i) radiograph (i) simulation (b) 1205 m/s (i) radiograph (ii) simulation

Figure 3. Static x-ray radiographs of B,C and simulated damaged status (40 us) using hydro-tensile failure model.

(a) Hydro-tensile (b) Principal stress (c) Principal stress (d) Principal stress
(crack softening) (crack softening)

Figure 4. Simulated damage status after 25 ps at 1205 m/s impact velocity: a—c, 2-D axisymmetric; and d, planar
symmetry.

5. Material Models Parameter Modifications

To improve the predictive capabilities of the existing material models educated trial and error
modifications of shear modulus, bulk modulus and hydro-tensile limit of the AUTODYN library
values were conducted. Table 1 shows the modifications of shear modulus, bulk modulus and
hydro-tensile limit of the AUTODYN library values, which reproduced most successfully the



failure pattern of the B,C and WHA projectile. Figure 5 shows the simulated failure pattern of
the encapsulated B,C at 1205 m/s impact velocity obtained with unmodified AUTODYN library
strength and failure models. Although the projectile was stopped the simulated failure pattern of
the ceramic is poor compared to the experimental results. Figures 6—10 show the simulation
results obtained with the modified material models. For impact velocities 1052, 1063, 1198 and
1205 m/s the simulations duplicated successfully the extent of damage under the cover plate
(figures 6-9). However, for impact velocity 819 m/s the damage extent under the cover was
smaller than observed experimentally (figure 10). The projectile was stopped for all impact
velocities. Although the overall simulated damage appears to be like a mirror image of the actual
one, the extent of the simulated damage is remarkably similar (figures 6 and 7). The simulated
damage extent at 1063 m/s appears larger and similar to the simulated damage higher observed at
1205 and 1198 m/s (figures 6 and 7). The simulated damage at impact velocity 1052 m/s was
almost identical to the experimental damage.

However, the duplication of the only experimental existing detailed cracking pattern at 1205 m/s
(figure 2) is very poor (figure 6).

Table 1. Most successful material models parameter modifications.

Parameter AULL?EJN (MMogtd gb%iggs%l)
G (Shear Modulus) [Strength] (GPa) 199 100
K (Bulk Modulus) [EOS] (GPa) 230 117
HTL (Hydro-Tensile Limit) [Failure] (GPa) -1.9 -1.0

(a) X-ray radiograph (b) Simulated damage (c) Simulated impactor position|

Figure 5. Simulation using AUTODYN library parameters: impact velocity 1205 m/s.



(a) X-ray radiograph (b) Simulated damage (c) Simulated impactor position

Figure 6. Simulation using modified parameters: impact velocity 1205 m/s.

(a) X-ray radiograph (b) Simulated damage (c) Simulated impactor position

Figure 7. Simulation using modified parameters: impact velocity 1198 m/s.

(@) X-ray radiograph (b) Simulated damage (c) Simulated impactor position

Figure 8. Simulation using modified parameters: impact velocity 1063 m/s.



(a) X-ray radiograph (b) Simulated damage (c) Simulated impactor position

Figure 9. Simulation using modified parameters: impact velocity 1052 m/s.

(@) X-ray radiograph (b) Simulated damage (c) Simulated impactor position

Figure 10. Simulation using modified parameters: impact velocity 819 m/s.

6. Discussion

The modifications of the shear modulus, bulk modulus, and hydro-tensile limit successfully
duplicated the extent of the damage under the cover plate at impact velocities 1052, 1198, and
1205 m/s. Although the simulation at 1063 and 819 m/s produced larger and smaller damage
extent under the cover, respectively, the simulated damage was comparable to the experimental
damage. The projectile was stopped for all impact velocities and the cover plate was broken—in
agreement with the experimental results.



As it is shown in table 1, to successfully reproduce the failure pattern of the B,C, we had to
reduce the shear and bulk modulus, and the hydro tensile to about 50% of the AUTODYN
library corresponding values. This may be partially attributed to the smaller values of these
properties of the B4C due to its recently experimentally observed amorphization (13, 14).

The failure of the existing strength and failure material models of all the parts of the target
architecture to capture the experimentally observed cracking pattern of the ceramic and the
failure of the projectile may also be attributed to the inability of these models to account for the
continuously developing compressive stresses caused by the ceramic confinement during the
impact.

The simulations provide a significant amount of insight into the problem and could provide
another measure that could be quantified through experiments. The simulations also showed that
the higher the target cracking the more the retardation of the penetration process. The authors
believe that due to the ceramic confinement, the strength of the failed ceramic is higher than that
predicted by the B4C existing failure model, thus resulting in more effective defeat of the
impacting WHA cylindrical impactor.

7. Conclusions

The Johnson-Holmquist series of ceramic material models have been developed for the high-
velocity impact and penetration of ceramics; their applicability to the confined hot-pressed B,C
target hit by cylindrical WHA impactor is of interest. The ability of the phenomenological
Johnson-Holmquist ceramic model to predict the observed damage patterns induced by the WHA
impactor striking confined cylinders of hot-pressed B,C at velocities from 819 to 1205 m/s was
investigated. The simulation results of this investigation using modified shear and bulk modulus
and hydro-tensile limit can be summarized as follows:

» JH-2 model with standard properties did not reproduce the damage of the confined B4C to
any satisfactory level.

* JH-2 model with modified material models reproduced the overall B,C damage from
1052 to 1204 m/s impact velocity rather accurately when compared to the x-ray radiographs.

0 However, the overall reproduction for 819 m/s impact velocity was not as good as the
rest of them.

0 The 1198 and 1205 m/s simulations also reproduced the asymmetrical damage as
shown in the radiographs.



» High-impact velocity simulation failed to reproduce accurately the experimental cracking
pattern of the B,C.

» The projectiles were stopped for all impact velocities.

The efforts to duplicate the cracking pattern of the B,C by modifying further the existing
JH-2 material models continue for more accurate prediction of the failure pattern. Moreover,

efforts are anticipated to be improved by any measurement of the properties of the amorphous
phase of the B4C.
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