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Abstract--For cubes and spheres under high velocity impact there exists for each system of 
projectile and target, a threshold velocity that is just sufficient to shatter the projectile. This 
velocity, usually above 2km/s for metallic projectiles, is known as the fragmentation onset 
velocity. To determine the fragmentation onset velocity experimentally, a number of 
experiments in which the impact velocity of the projectile is varied in a cop.trolled manner 
needs to be conducted [1]. In the work described in this paper, the numerical analysis code 
AUTODYN was used to simulate the impact of stainless steel and tantalum projectiles onto 
transparent targets in an attempt to simulate the onset of fragmentation. Using the meshfree 
SPH method for discretizing the spatial domain of the projectile and a simple failure model that 
allows the critical spall stress of the material to vary with the local material and loading 
conditions, encouraging results were obtained, with the fragmentation onset velocity for both 
projectile/target configurations being reasonably well predicted. In addition, further 
experiments conducted at TNO-PML, to determine the fragmentation onset velocity for 
tungsten projectiles, will be reported. © 2001 Elsevier Science Ltd. All rights reserved. 
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I N T R O D U C T I O N  

Under the extreme conditions of a high velocity impact, the materials involved are subject to 
large stresses and strains that can cause catastrophic failure. In general there exists, for each 
system of projectile and target, a threshold velocity that is just sufficient to shatter the projectile. 
This velocity, usually above 2km/s for metallic cubic or spherical projectiles, is known as the 
fragmentation onset velocity. Knowledge of the fragmentation onset velocity is of  great 
importance, both to the design of the projectile and the target. To determine the fragmentation 
onset velocity experimentally, a number of  experiments in which the impact velocity of the 
projectile is varied in a controlled manner, can be conducted [1]. These experiments would then 
need to be repeated for each different projectile/target configuration (including both changes in 
material and geometry). 

There is, therefore, a requirement to determine, or estimate, the fragmentation onset velocity 
by a means other than experimental. Previous simulations of hypervelocity impacts where 
complete shattering occurs have been successfully conducted [2]. Of  great importance to the 
success of a numerical simulation is the accuracy of the material model used to determine the 
materials response to the large stresses and strains that are generated in an impact event. In the 
work reported here, it is the use of the SPH technique and the choice of failure model that is 
particularly important in being able to accurately predict the fragmentation onset velocity. 

The process of fragmentation in a projectile during a high velocity impact follows three 
stages. Firstly, very large stresses and strains cause local failure in the material. These regions 
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of local failure then grow under the surrounding tensile stress field, causing fracture on a more 
macroscopic scale. Finally, the fractured regions coalesce causing complete break-up, or 
fragmentation, of the projectile. Once this occurs, the projectile is no longer a single coherent 
mass, but composed of several smaller masses. In a numerical simulation, the initial local failure 
and growth of the failed regions of the material needs to be predicted via the failure model. The 
final fragmentation of the projectile is more of a kinematic process, controlled by the generation 
of new free surfaces (the macroscopic cracks). 

EXPERIMENTAL RESULTS 

A well-documented series of experiments, described in [1], has been conducted to determine 
the fragmentation onset velocity for a number of metallic projectiles. These experiments 
consisted of a series of impacts of spherical metallic projectiles onto target plates. The 
projectiles are accelerated to high velocities with a light-gas gun launcher. The target plates were 
chosen to be transparent to x-rays, allowing radiographs to be taken of the projectile after the 
impact without the target material obscuring the view. These radiographs were then used to 
determine whether fragmentation of the projectile has taken place by measuring the radial 
expansion, if any, of the debris cloud. 

Some sample experimental x-rays are shown in Fig. 1, for the impact of a stainless steel 
projectile onto a glass target at impact velocities of 3580m/s and 4530m/s. 

As can be seen, at 3580m/s, for which there was only a single x-ray, the projectile becomes 
heavily deformed but there is little or no radial expansion of the disk. At the higher velocity of 
4530m/s it is clear that the projectile is fully fragmented. There is a distinct radial expansion of 
the debris disk between the two times at which the x-rays are taken. 

Impact Velocity 3580m/s (only one X-ray available) 

Projectile deformed uncertain whether 
fragmentation has taken place 

Impact Velocity 4530m/s 

i ̧ : 

Projectile fully fragmented - note radial expansion of debris disk 

Fig. 1. Sample experimental results for a stainless steel projectile onto a glass target. 
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NUMERICAL MODELING METHODOLOGY 

In a numerical model of a continuum, the material is discretised into finite sections over 
which the conservation and constitutive equations are solved. The way in which this spatial 
discretisation is performed leads to different numerical methods. For example, the material 
could be discretised via a mesh that moves with the material throughout the calculation, giving 
rise to a mesh-based Lagrangian technique. In the AUTODYN code this method is termed the 
Lagrange processor. This method has distinct advantages, such as being able to track accurately 
and efficiently material interfaces and incorporate complex material models, but the fixed 
connectivity of the mesh can also lead to well-documented problems, such as mesh-tangling and 
element degeneracy. These problems can be alleviated by simply removing the distorted 
elements from the problem, by a process known as erosion. However this involves the removal 
of strain energy and may affect the results of the calculation, particularly if elements are being 
eroded in the region of interest. 

During the fragmentation process it can be assumed that the material will undergo large 
deformations, with the opening of new surfaces. A numerical method that combines the 
efficiency of a Lagrangian technique (i.e. only discretising the materials of interest and not the 
space in which they exist) but overcomes the mesh tangling often seen in large deformation 
problems is SPH (Smoothed Particle Hydrodynamics). In SPH, the materials are discretised as a 
set of interpolation points that interact with each other via a kernel function [3]. The points have 
no fixed-connectivity with each other, so large relative motion of initially adjacent material can 
take place without the need for any numerical procedures such as erosion. 

For the work described here, a combination of the Lagrange and SPH processors was 
considered to be the best approach. AUTODYN allows the user to model different regions of a 
problem with different processors, each of which is most suited to a particular region. These 
different processors can then interact with each other via different mechanisms. For example, 
SPH particles can interact with Lagrange nodes and surfaces via the standard AUTODYN 
contact logic. 

The projectile material was modeled with the SPH technique, because the material can be 
assumed to undergo large deformation and SPH has previously been found to accurately predict 
fragmentation events in hypervelocity impact [3]. As the post-impact behavior of the target is of 
less interest (only the initial behavior is important), it was modeled using the Lagrange processor. 
This processor is accurate and efficient until mesh deformation becomes too great. For the 
simulations considered here, large mesh deformation and subsequent erosion only occurs once 
the projectile has penetrated the target and has reached its terminal axial momentum. The 
numerical model used for the analyses is shown in Fig. 2. 

All of the analyses discussed here used a 2D axisymmetric approximation of the geometry. In 
all of the plots of the simulation, the x-axis is the axis of symmetry. This approximation reduces 
a three-dimensional problem to a two-dimensional one and results in a large reduction in 
computing cost. For these analyses, in which the impact is normal, the approximation is accurate 
up until the point of fracture. In the two-dimensional simulation, discrete fracture will not occur 
in the hoop direction. Once an element has failed it will lose its ability to sustain hoop stresses 
over the entire cylinder of material represented by that element. In reality, fracture would also be 
expected to occur in the hoop direction, which would, of course, break the axial symmetry 
assumption. This may affect the details of the post failure radial distribution of the debris cloud, 
but it should not affect the prediction of the fragmentation onset velocity. 
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Fig. 2. Numerical model used for simulations. 

NUMERICAL MODELING OF FAILURE 

There exist, in the literature, a large number of models that can be used in a numerical code to 
simulate the effect of failure in a material. These range from the very simple, such as the 
hydrodynamic tensile limit where failure occurs when the volumetric tensile stress (the pressure) 
exceeds a given limit, to the very complex, such as the NAG models [4]. Obviously, the more 
complex models usually include a more complete description of the physics of the problem. 
However, they also require a significant amount of experimental data for each material being 
studied and this data is often not available or difficult to obtain. 

The approach followed in this work, was to use a relatively simple model that would not 
require any more material data than that normally available. Failure in a discretised section of 
material (e.g. an element in the Lagrange processor and a particle in the SPH processor) was 
assumed to occur when the maximum tensile principal stress in that section exceeded some 
limiting value. 

For a ductile material undergoing dynamic loading, an estimate of the spall stress, ffs, can be 
obtained from the following formula, due to Grady [5]: 

In this equation, p is the density of the material, c is the bulk soundspeed, Y is the yield stress 
and ~ is the volumetric strain at which failure occurs. The value of ~ that is usually used for 
ductile materials is 0.15 [5]. As this expression contains the local values of p, c and Y, and that 
Y can vary with strain, strain-rate and temperature, it can then be assumed that the spall stress 
will also vary with the local state of the material. 

When failure occurs in an element, or particle, the stresses in the element are reduced to zero 
and the element can no longer sustain any tensile stresses or compressive deviatoric stresses (i.e. 
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the only stresses that can be sustained are bulk compressive). This simulates, in a macroscopic 
fashion, the cracking and break up of the material represented by that element, cr particle. 

In addition to a failure model, the material response to boot volumetric and deviatoric strain 
must be determined. The volumetric stresses are calculated using an equation of state (EOS) and 
the deviatoric stresses are calculated using a strength model. The EOS used for the metallic 
projectiles in the analyses considered here was a standard Mie-Gruneisen type based on a linear 
shock velocity - particle velocity relationship. A Steinberg-Guinan strength model was used to 
calculate the yield stress. 

SIMULATION RESULTS 

The experiments that were simulated were the impact of a stainless steel projectile onto a 
glass target and the impact of a tantalum projectile onto an alumina target. Note that in all the 
figures below the projectile is traveling from left to right. 

Stainless Steel on Glass 

The results from this series of simulations are shown in Fig. 3. These plots show the 
comparison of an experimental radiograph with the results of a simulation of the experiment. 
The simulation results are shown in two different plots. The first is a three-dimensional 
representation of the location of the stainless steel material. As the simulations are 
axisymmetric, the results are normally plotted as slices as shown on the right hand side of each 
figure. It is useful, however, to be able to rotate the two-dimensionai results to form a three- 
dimensional geometry as this allows a qualitative comparison with the x-rays to be made. As can 
be seen, at an impact velocity of 4530m/s, there is significant failure in the stainless steel and that 
the failed regions have extended through the body of the projectile causing fragmentation. The 
degree of radial expansion of the debris cloud is underestimated in the simulation. There is also 
more axial expansion in the simulation than that seen in the experiment. The reason for this is 
not clear, but may be due to the axisymmetric approximation (i.e. the lack of circumferential 
fragmentation). 

In addition to the simulations that were directly compared to experiment, a series was run in 
which the impact velocity was varied over the range at which fragmentation occurred. This 
allowed an estimate to be made of the fragmentation onset velocity. The results of three of these 
simulations are shown in Fig. 4. These show the material status of the projectile after penetration 
of the target plate. As can be seen, at an impact velocity of 3250m/s, there is significant failure 
in the interior of the stainless steel, but the failed regions have not extended enough to cause any 
radial expansion of the debris cloud. At 3500m/s, fragmentation has started and at 4500m/s the 
projectile is almost fully fragmented. Therefore, the numerical simulations would predict a 
fragmentation onset velocity of between 3250m/s and 3500m/s. This compares reasonably well 
with the value of around 3500m/s that was extrapolated from the experimental data. 
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14 E x p e r i m e n t  SS-1 - 3 5 8 0 m s  -1 S S 3 0 4  on  

G l a s s ,  t = 72kts 

J E x p e r i m e n t  SS-4  - 4 5 3 0 m s  -1 S S 3 0 4  on  

Glas s ,  t = 151.ts 

i i! E x p e r i m e n t  SS-4  - 4 5 3 0 m s  -n S S 3 0 4  on  

G l a s s ,  t = 431xs 

Fig. 3. Comparison between experiment and simulation results for stainless steel (SS304) 
impacts on glass 

1 
3 2 5 0 m s  -1- 3 5 0 0 m s  -1 4 5 0 0 m s  -t 

Fig. 4. Status of stainless steel projectile after impact for three different impact velocities 
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Tantalum on Alumina 

The results from this series of simulations are shown in Fig. 5, Fig. 6 and Fig. 7. As for the 
results of the stainless steel simulations, these plots show the comparison of an experimental 
radiograph with the corresponding simulation, at the same physical scale. 

For experiment TA-5, it can be seen that the tantalum sphere has become heavily deformed by 
the impact but there is little or no radial expansion of the debris cloud. This implies that full 
fragmentation of the projectile has not taken place. This is also the prediction of the numerical 
simulations. From the material status plot it can be seen that there is significant local failure in 
the interior of the tantalum sphere, but that these failed regions have not extended enough to 
cause global fracture. 

In experiment TA-4, some radial expansion was observed, but it was fairly small. The 
simulation results show a greater degree of failure than in TA-5, with global fracture evident. 
The radial expansion is consistent with that seen in the experiment, but there is a slight over 
prediction of axial expansion. 

For experiment TA-6 there is clearer evidence of fragmentation, with radial expansion of the 
debris observable between the two x-rays. This is also seen in the numerical simulation. The 
extent of the radial expansion of the simulation is slightly less than that seen in the experiment 
and there is also slightly greater axial expansion in the simulation. As mentioned above, for the 
stainless steel results, this may be, in part, due to the axial symmetry approximation. 

In addition to the simulations that were directly compared to experiment, a series was run in 
which the impact velocity was varied over the range at which fragmentation occurred. This 
allowed an estimate to be made of the fragmentation onset velocity. The results of three of these 
simulations are shown in Fig. 8. As can be seen, at an impact velocity of 2500m/s, there is 
considerable intemai failure in the tantalum. At 3000m/s, the failure has extended enough to 
cause fragmentation, although the fragments are still fairly large. At 3500m/s more extensive 
and complete fragmentation has taken place. A fragmentation onset velocity, for this 
configuration, would therefore be predicted to be a little below 3000m/s, which is consistent with 
that found from the experiments. 

FURTHER EXPERIMENTS ON TUNGSTEN FRAGMENTATION 

A series of experiments has recently been carded out at TNO-PML to investigate the 
fragmentation onset velocity of tungsten spheres. At TNO's Ballistic Laboratory, the maximum 
attainable velocity for small fragments is 2.7 km/s. This velocity is not enough to shatter 
tungsten fragments against representative targets such as thin aluminum or steel plates. The 
main driver for (the onset of) shattering is the difference in impedance. Therefore tungsten 
spheres were fired at thin ceramic tiles (without any backing). 

The spheres were 12 mm in diameter, and made of tungsten sinter alloy containing 93 % 
tungsten, 1% cobalt and 6 % nickel. These spheres were fired at 100xl00x8 mm ceramic tiles 
(Morgan Matroc 98 % aluminum-oxide) at normal incidence, using a 78 mm smoothbore 
laboratory gun and four-piece separating sabots. The impact velocity was measured using break 
foils. At two consecutive times X-ray shadowgraphs of the residual fragment or fragment cloud 
were obtained. Cardboard packs were used to capture the residual fragments. Fig. 9 shows the 
experimental set-up. 
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Experiment TA-5 - 2410ms l Tantalum 
on Alumina, t = 25p.s 

l Experiment TA-5 - 2410msl Tantalum 
on Alumina, t = 80~ts 

Fig. 5. C o m p a r i s o n  b e t w e e n  expe r imen t  TA-5 and s imula t ion  results  for  t an ta lum impac t s  on 

a lumina  

4 
Experiment TA-4 - 3000ms -1 Tantalum 

on Alumina, t = 201.ts 

. ,  * , .  

Experiment TA-4 - 3000ms 1 Tantalum 
on Alumina, t = 70$xs 

Fig. 6. C o m p a r i s o n  b e t w e e n  e x p e r i m e n t  T A - 4  and s imula t ion  resul ts  for  t an ta lum impac t s  on 

a lumina  
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Fig. 7. Comparison between experiment TA-6 and simulation results for tantalum impacts on 
alumina 

i 
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Fig. 8. Status of tantalum projectile after impact for three different impact velocities 
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Cardboard 
soft-catcher 

Target 

Fig. 9. Photograph of experimental set-up 

The experimental matrix plus the most important results are shown in Table 1. The residual 
velocity is the velocity of the front of the cloud along the line of fire. Notice that the maximum 
emission angle is determined from the cardboard. In cases when the fragment was clearly not 
broken up (see the X-rays later on) one would expect a zero emission angle. It appears that the 
fragment, which was intact after the impact, contained enough internal damage that it shattered 
due to the high velocity impact with the cardboard. 

Expt. ID 

4622 

Table 1. Ex 

Impact 
Velocity 

(re~s) 

963 

9erimental results for tungsten impacts on alumina 

Residual 
velocity 

(re~s) 

790 

Maximum emission 
angle (o) 

10.0 

Fragment 
post-impact 

status 

intact 

4623 1128 970 13.5 heavily deformed, intact 

4624 1657 1506 7.0 

4624a 4.0 1829 2083 

fragmentation, 
large pieces 

complete fragmentation 

Only fragments weighing up to 0.05 g are excavated. The rest of the fragments are dust like, 
and could not be collected. In total typically only 9-19 % of the total original fragment mass is 
recaptured. Fig. 10 shows the X-rays of the experiments at the two X-ray stations. These clarify 
the status description of table 2. Due to the above facts, soft catching is proven not to be usefl,l 
for these types of experiments. 

Fig. 11 shows the cumulative percentage of fragments as a function of the fragment mass. 
Notice that the distributions are very similar, for all experiments. In general, the fragments are 
very small, with only a few (1-4) larger than 0.4 g. 
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E___E___~eriment ID 
Time 1 
(All at 40 ~tsec) 

4622 
N/A 

Time 2 

Fig. 10. X-rays of fragment clouds (not to scale) 
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Fig. 11. Cumulative percentage of fragments as a function of mass 



464 LH.G. Livingstone et al. / International Journal of lmpact Engineering 26 (2001) 453-464 

The difference in axial velocity between the front of the cloud and of the trailing edge is 
shown in Table 2. The axial expansion of the cloud is apparently very limited (small difference 
in front and trailing edge velocity). 

Table 2. Debris cloud velocities for tungsten impacts on alumina 

Expt. ID 

4622 

Impact velocity 
(m/s) 
963 

Cloud frontal 
velocity (m/s) 

720 

Cloud trailing 
edge velocity (m/s) 

700 

4623 1128 820 790 

4624a 2083 1700 1650 

CONCLUSIONS 

The work described here is the development of a numerical simulation methodology to predict 
the fragmentation onset velocity for metallic projectiles. During fragmentation, a material 
undergoes large deformations, with new free surfaces being created. To overcome the problems 
that this would present to a mesh-based Lagrangian technique, such as mesh tangling and 
element degeneracy, the meshfree SPH method was used to represent the projectile material. 

In addition to the selection of an appropriate numerical technique, a suitable material model 
needs to be used. For the analyses considered here, it is the failure criterion that is important. A 
consistent method for calculating the critical spall stress of a ductile material has been outlined. 
This allows the variation of the spall stress with the local material and loading conditions and 
also does not require the knowledge of any additional material parameters (apart from an 
assumed value of ~), which is often the limiting factor in using more complex failure models. 

The results of the simulations are very encouraging, with good estimates of the fragmentation 
onset velocity being obtained for both stainless steel and tantalum. In addition, the numerical 
simulations can offer some insight into the physical processes involved during fragmentation. 

It is intended that the methodology be extended to simulate the impact of tungsten projectiles 
onto alumina, with the results being compared to the new experiments reported here. 
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