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• Experimental and Numerical Studies of

High-Velocity Impact Fragmentation*

M. E. Kipp, D. E. Grady, and J. W. Swegle

Sandia National Laboratories

Department 1430

Albuquerque, New Mexico 87185-5800

ABSTRACT

Developments are reported in both experimental and numerical capabilities for characterizing the
debris spray produced in penetration events. We have performed a series of high-velocity experiments
specifically designed to examine the fragmentation of the projectile during impact. High-strength, well-
characterized steel spheres (6.35 mm diameter) were launched with a two-stage light-gas gun to velocities
in the range of 3 to 5 km/s. No_Tnal impact with PMMA plates, thicknesses of 0.6 to 11 mm, applied
impulsive loads of various amplitudes and durations to the steel sphere. The extent of fragmentation, loss in
momentum, and divergence of the debris are shown to correlate with the impact conditions. Multiple flash

radiography diagnostics and recovery techniques were used to assess size, velocity, trajectory and statistics
of the impact-induced fragment debris. Damage modes to the primary target plate (plastic) and to a

secondary target plate (aluminum) were also evaluated. Dynamic fragmentation theories, b_sed on energy-
balance principl,_,s, were used to evaluate local material deformation and fracture state information from

CTH, a three-dimensional Eulerian solid dynamics shock wave propagation code. The local fragment
characterization of the material defines a weighted fragment size distribution, and the sum of these

distributions provides a composite particle size distribution for the steel sphere. The calculated axial and

radial velocity changes agree well with experimental data, and the calculated fragment sizes for a specific

experiment are in qualitative agreement with the radiographic data. A particle cloud impact has been made

onto a witness plate to simulate secondary fragment impact. Supporting analytic studies have also been

performed.

•, A secondary effort involved the experimental and computational analyses of normal and oblique

copper ball impacts on steel target plates. High-resolution radiography and witness plate diagnostics

provided impact motion and statistical fragment size data. CTH simulations were performed to test
computational models and numerical methods.
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I. INTRODUCTION

Some basic theories have emerged within the past 10 years for predicting the consequences of
dynamic fragmentation brought about by high-velocity impact or explosive events. These theories
have focused principally on the prediction of mean fragment size through energy and momentum
balance principals (e.g. Grady, 1982; Kipp and Grady, 1985; Grady, 1988; Glenn and Chudnovsky,
1986) and on the statistical issues of fragment size distributions (e.g. Brown, 1989; Englman, et

• al., 1984; Grady and Kipp, 1985; Grady, 1990). This theoretical basis has provided the underlying
framework for a number of computational algorithms employed to analyze complex fragmentation
events (e.g. Johnson, et al., 1990; Melosh, et al., 1992; Smith, 1989).

High-velocity impact represents a mechanical event which is ideally suited to treatment with
large scale computational wave-propagation codes. Through parametric computational studies
involving material properties, geometry and impact velocity, much can be learned about the high-
velocity impact process. Such computational studies can also prove useful in guiding the
development of models which provide the components for more specific engineering solution
methods of the impact process. Because of the high-velocities and intense stress states achieved on
impact, a significant portion of the motions are hydrodynamic in nature in spite of the high-strength
materials which may be involved in the interaction. Nonetheless, critical aspects of the impact
interaction are strongly dependent on strength properties of the materials involved. The total mass

and size distribution of ejecta material, along with the size and structure of the impact or
penetration crater, depend sensitively on the strength properties.

High-velocity impact also exercises the full thermodynamic equation-of-state of materials.
Entropy production due to both the initial shock wave and the dynamic shear deformation will lead
to a broad range of temperature states. Melting and vaporization of some fraction of the impact
debris will commonly occur above impact velocities of about 5 km/s.

There are, nonetheless, a number of unresolved issues within the development of statistical
energy-balance theories of fragmentation, and there is a pressing need for high-resolution
experimental data focused on the validation of these theories. Furthermore, implementation of
these theories into Eulerian wave propagation codes is important for the purpose of investigating
dynamic fragmentation in large scale catastrophic eve_ats.

The present studies focus on the development of both numerical and experimental capabilities
for Characterizing the debris spray produced in penetration events. A systematic fragment debris

database is essential for the continued development of a theoretical understanding of fragmentation
and the associated computational model development and verification. This investigation of
impact-induced fragmentation was undertaken to provide such an experimental base of high-

., resolution impact fragmentation data for evaluating models and determining the accuracy of
current computational fragmentation analysis techniques.

" The primary experimental objective in this study was to investigate the dynamic
fragmentation characteristics of a high-strength steel through controlied impact tzxperiments, using

flash-radiography diagnostics. Experiments of this type usually involve the high-velocity
interaction of a metal projectile with a stationary target (plate) of similar or dissimilar metals. We
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report high-velocity impact experiments in which copper spheres strike 4340 steel target plates at
velocities between 3 and 5 km/s, and at both normal and oblique impact angles. In addition to flash

radiography, witness plate and fragment capture methods were used to evaluate size and trajectory
statistics of ejecta fragment debris.

e

Radiographic diagnostics of the fragmentation event cannot readily discern projectile
fragments from target fragments, however. In a second suite Gf experiments, a high-velocity steel

sphere, accelerated to a velocity in the range of 3 to 5 km/s, undergoes no_xnal impact on a thin
stationary plastic plate. The plate imparts a controlled impulse to the steel sphere of magnitude and
duration determined by impact velocity and plate thickness. The radiographic diagnostic

exclusively images the fragmented steel sphere, since the target plastic is transparent to the x-ray
beam. This technique offers valuable analysis and interpretation features of the fragmentation
event not available in multi-metal impact experiments, foremost of which is the association of the

known mass of the sphere with the debris in the radiograph. Several secondary issues were also
investigated in the experimental aspects of this study. An aluminum target plate was placed at a
fixed position behind the primary plastic plate and intercepted the flux of steel fragments. The
objective was to assess secondary target damage by a noncontinuum fragment debris pattern. The
experimental consequences of the secondary impact event were evaluated. Finally, interesting
damage modes were noted in the primary plastic plate and these results have also been
documented.

The numerical tool chosen for development of fragmentation prediction capability is the
three-dimensional Eulerian wave propagation code, CTH (McGlaun, et al., 1990). A post-

processor was developed to determine local average fragment sizes from strain-rate and
temperature information, using the dynamic fragmentation theories mentioned previously.
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11. STEEL SPHERE IMPACT ON PMMA TARGETS

The first major series of experiments to be reported are focused on the normal impact of
hardened steel spheres onto PMMA target plates, with the intent to examine the dependence of the
steel fragmentation on the impact conditions. This section includes the experimental description,

a

experimental results, analysis of the data and the approach to numerical analysis of fragmentation
events, and concludes with some numerical analysis of the motion of the debris.

A. Experimental Configuration and Materials

The experimental configuration for the series of impact fragmentation tests is shown in
Figure 1. Saboted steel spheres were launched at velocities between about 3 to 5 km/s with a two-
stage light-gas gun system. The launch tube diameter was 12 mm. Plastic sabots were separated
from the steel spheres through forces produced by a slight back pressure in the gun range section.
Sabot segments are trapped upstream and do not reach the target impact chamber. Velocity of the
steel spheres is measured to +1% accuracy by recording of the time interval during passage
between two magnetic coils of known separation. Normal impact occurred in the target chamber
at the center of a 75 mm by 75 mm square plastic target plate of thickness between 0.6 and 11 mm.
The plastic is PMMA (polymethyl-methacrylate) Rohm and Haas Type II UVA, and has a nominal
density of 1186 kg/m3.

In all experiments a steel sphere 6.35 mm (1/4 in.) in diameter was used. The measured mass

was 1.027 + 0.001 grams. The steel was AISI E52100 high-carbon chromium steel, heat treated to
a Rockwell-C hardness of 60 to 67. The density of the steel is 7837 kg/m 3, static yield strength is

photographic
p late -__

I

t ~ 60 gs fragment

t~ 30 g_,_ _ debris

ii!ili
steel aluminum

projectile _ NN witnessplate

plate
_. x-ray

. heads

Figure 1. Experimental configuration for radiographic and witness plate
diagnostic of impact fragmentation experiment. (Timing is
representative of a 5 km/s impact.)



2.03 GPa, fracture toughness is 30 to 40 MPa J-m-, ,andelastic modulus (Young's) is 200 GPa, with
a Poisson ratio of 0.29.

Fragment debris is diagnosed at two stations (approximately 150 mm and 3()0 mm)
downstream from the input point. Two 150 keV flash x-ray tubes, placed approximately 400 mm

from the line of debris travel, provided orthogonal shadow-graphs of the fragment debris, as shown
in Figure 1. Appropriate delay times were calculated from the predicted impact velocity and x-ray

tubes independently triggered from the second magnetic velocity coil. The x-ray film cassette,
using Kodak Direct Exposure film backed by a Quanta Fast Detail screen, was stationed about 100
mm from the centerline of the debris trajectory.

For two experiments (Test 1 and Test 2), the x-ray tubes and film cassette were oriented to
obtain an oblique shadow-graph of the fragment debris (the x-ray angle was significantly less than
the 90 degree orientation to the line of travel used in the majority of the experiments).

Table 1: Experimental Impact Parameters a

Test h Xps ds Vi Test h Xps d s Vi

# mm mm mm m/s # mm mm mm m/s

1 3.28 b b 4460 13 5.37 422 12.7 4430

2 3.28 b b 4460 14 5.36 422 12.7 4060
, ,, ,

3 1.74 206 6.35 4450 15 5.38 422 12.7 3310

4 1.74 495 6.35 4700 16 5.37 422 12.7 4080
,,,

5 3.38 470 12.7 4570 17 3.25 657 12.7 4520

6 3.28 476 12.7 3460 18 4.71 638 12.7 4430

7 3.44 483 12.7 4160 19 5.39 637 12.7 4610

8 1.49 422 6.35 3950 20 4.75 640 12.7 4040

9 1,51 422 6.35 3460 21 4.78 646 12.7 3750

10 0.63 422 6.35 3410 22 0.99 637 12.7 4700
,,,

11 0.64 422 6.35 3920 23 11.23 641 12.7 4060
..........

12 0.69 422 9.53 4470 24 9.47 638 12.7 4030 °
......

a h = primary plate thickness; Xps = plate separation; d s = secondary plate thickness;
_. = impact velocity.
b Oblique angle radiograph -- Witness plate data was not recorded.
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An aluminum target plate 152.4 mm (6 in.) on a side and either 6.35 mm (1/4 in.) or 12.7 mm
(1/2 in.) in thickness was placed on axis approximately 400 mm down stream from the PMMA
primary target plate to intercept the flux of steel fragments. This witness plate, prepared from 6061-

• T6 aluminum plate s,'ock, was recovered after each experiment, and provided a post-test passive
diagnostic of secondary fragmentation effects.

• The primary configuration parameters for ali experiments in the present study are provided in
the first two columns of Table 1, where h is the PMMA plate thickness and Vi is the impact
velocity.

B. Fragment Debris Experimental Results

A total of 24 experiments of the basic impact configuration described in the previous section
were performed in this investigation. The principal experimental variables were the impact

velocity, Vi, and the thickness., h, of the primary target plate (PMMA), which defined the
amplitude and duration of the impulse transmitted to the steel sphere, and consequently, the

intensity of fragmentation of the steel projectile.

An example of the experimental radiographic results is shown in Figure 2, where the images
for Test 5 are displayed. These images qualitatively illustrate the nature of the fragmentat;_on
process observed in all of the experiments in the present study, with the exception of several tests
in which parameter extremes were reached. The steel fragments remain well grouped and continue
to move along the original trajectory at velocities somewhat less than the initial impact velocity,
having been slowed by the impulse delivered to the sphere by the plate. Axial dispersion of the
fragment debris is quite limited, with fairly well-defined, nearly planar boundaries forming. Radial
dispersion is significant, but still the fragments are contained by rather well-defined limits. These
observations hold in general except for the very largest of target thicknesses. Since the PMMA is

not recorded in the radiograph, we are assured that only the mass of the original steel sphere is
represented in each image.

The foremost objective of the experimental study was to assess, through radiographic
diagnostics, the kinematic and structural characteristics of the steel fragment debris produced by
the impact of the PMMA plate with the steel sphere.

Kinematic Properties of the Debris

Several experimental parameters have been extracted from the data and are included in
,, Table 2. First is the axial velocity decrease, AV, of the fragment debris from the initial impact

velocity, Vi. Residual velocity, Vr, of the debris is readily calculated from AV = Vi - Vr. The
magnitude of A V can also be regarded as the change in axial velocity of a stationary sphere due to
momentum imparted by the impacting plate. This velocity change is determined from the motion
of the geometric center of mass of the debris cloud observed in the radiogr:aph. The most accurate
value is calculated by using the separation of the two radiographic image_ and the times at which

~11 ~



i̧ _! _!

First x-ray position Second x-ray position

Figure 2. Radiographic images from Test 5 illustrating the general
fragmentation character observed in the majority of experiments in
the present study. (Time interval between images: 33.2 _s.)

the images were -.,ade. Corrections are made for magnification and parallax in the radiographic
measurement. A more detailed table of timing measurements is included in Appendix A.

As noted earlier, axial dispersion of the fragment debris is small. The axial extent for ali of the
tests is not more than several sphere dian:eters at the later radiograph image. The induced radial

expansion velocity, Ve, is substantial, however, and varies systematically with initial impact
parameters. Ve represents the radial velocity of the outer fringe of the fi agment cloud from the
center-line and is determined from the change in diameter of the successi_ e radiographic images.

Although an errant fragment at the cloud fringe can lead to a degree of subj, ctivity, the expansion
velocity is determined with an accuracy of about + 20 m/s. In a few cases, at the higher impact
velocities, data scatter was somewhat larger. In three experiments (Test 19, Test 23, and Test 24)

the fragment debris pattern included a sparse spray of high velocity peripheral fragments. For these
tests, radial expansion velocities in Table 2 represent the extreme of spray fragments observed on

the radiographs. In three experiments (Test 10, Test 11, and Testl2) the impulse to the steel ball
was insufficient to induce an expansion velocity.

Fragment Size and Number Measurements Through Radiographic Diagnostics and Image
Processing

The x-ray image of a cloud of fragment debris produced in a high-velocity impact event
produces a shadow-graph of the resulting fragments. The total number of fragments and the
average fragment size are important items of data in such an experiment. This data is difficult to

~12~



Table 2: Kinematic Properties of the Debris
I

Test Vi AV Ve V r Test Vi AV V e V r

# m/s m/s mis m/s # m/s m/s m/s rn/s
.......

1 4460 a a a 13 4430 460 290 3970
,,,,

° 2 _ a a a 14 4060 330 183 3730

3 4450 200 15 3310 240 50 3070

4 zt700 150 147 4550 16 4080 330 164 3750

5 4570 270 271 4300 17 4520 195 223 4325
I

6 3460 200 52 3260 18 4430 345 219 4085

7 4160 250 171 3910 19 4610 410 660 c 4200

8 3950 130 105 3820 20 4040 295 158 3745

9 3460 170 44 3290 21 3750 270 82 3480

10 3410 50 0 3360 22 4700 85 72 4615

11 3920 60 0 3860 23 4060 785 b 580 c 3275

12 4470 90 0 4380 24 4030 680 b 540 c 3350

a Oblique angle radiograph w parameters not determined.
b Velocity of debris cloud front.
c Diffused

extract from radiograph records, however, because of the overlap and shadowing of fragments
which occur if sufficient spreading of the fragment debris is not allowed before x-ray imaging. The
latter solution is often inconsistent with other objectives of the radiographic diagnostics. For

example, preliminary examination of the images shown in Figure 2 for Test 5 indicates about 200

particles, with an average fragment size of about 1 mm and a largest fragment size of about 2 mm.

A useful method for extracting fragment number and average fragment size data from

radiographs of reasonable tightly packed fragment debris clouds is based on a statistical formula
for randomly positioned areas (Johnson and Mehl, 1939). The approach can be conceptualized by
imagining coins of various sizes which are tossed and land at random positions on a table of a

specified area A reg" After N coins have been thrown the total area of interest A will be the sum of
- the areas of the N coins. The area of the table that is covered, however. will be less because of

overlapping due to the random placement of the coins. If the area covered is Aobs, then the
•. statistical tb,_,_)ryleads to a relation between the observed area A,,_,s and the actual area A of the N

coins randomly distributed on the region Areg,

A = Aol,sln (1 _f)-i//, ( 1 )
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where f = Aobs/Areg is the fraction of the region (table) covered by coins. A Taylor expansit;n of
Equation 1,

a =aobs(l+f +_+...), (2)

reveals that A is always greater than Aobs and approaches Aobs as f becomes small.

Application of the statistical relation in Equation 1 or Equation 2 to radiographs of fragment

debris is reasonably clear. Because of shadowing and overlap of fragments in the relatively dense
debris cloud, the fragment area projected on the radiographic image will be less than the projected
area of the same fragments if shadowing and overlap does not occur- the latter being the desired
property. Thus, image processing of the radiographic record requires two measured properties m

the total observed projected fragment a_-eaAobs, and an estimate of the area fraction of the debris
cloud region masked by the debris fragments. Assuming a random distribution of fragments
through the region, Equation 1 provides the required projected fragment area. Note that if f is
reasonably small the expression for A is relatively insensitive to inaccuracies in f.

Knowing the total volume of fragmented material within the debris cloud, the number of
fragments N and the average fragment size S are related through V = NS 3. In addition the total
projected area satisfies A = NS 2. Solving these relations provide_ the average fragment size,

S = V/A, (3)

and the total fragmen m:i_ber,

N = A3/V 2 . (4)

The above procedure was used to analyze the majority of the fragment debris radiographs in
the present study and extract experimental fragment size and number data. The image-processed

records are included in Appendix B and provide a documented record of the radiographic images

obtained in the present work. The figures in Appendix B also indicate the areas (Areg, Aobs) used
in the above analysis. Results for ali fragment debris radiographs are tabulated in Table 3,
including both average fragment size and number calculated from Equation 3 and Equation 4.
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Table 3: Fragment Size and Number Results from Image-Processed Radiographs

Aohsl f A A N S_

° mm 2 mm 2 mm 2 mm

168.4 0.287 198.5 0.361 64.7 15

108.3 0.069 115.6 86 1.16 0.519 131.5 127 1.02

92.4 0.438 121.5 100 1.10 0.274 138.5 _ 0.97

275.4 0.503 142.6 161 0.94 92.1 0.469 124.3 106 1.08

119.0 0.274 150 0.96 134.7 0.273 216 0.85

I17.1 0.582 301 0.76 89.3 0.587 136 1.00

160.3 0.379 455 0.67 114.1 0.283 134 1.00

65.4 0.572 51 1.38 93.1 0.386 90 1.14

73.8 40 1.49 102.0 0.150 76 1.21

110.2 167.0 259 0.80 95.3 0.591 167 0.93

155.4 0.412 447 0.67 123.3 0.389 212 0.86

65.2 0.615 101.3 58 1.32 73.5 0.623 85 :.17

95.7 V'_._124.1 106 1.08 116.2 0.449 154.3 204 0.87

44.3 _ 72.8 22 1.84 64.6 0.581 96.7 50 1.39

61.6 _ 90.7 41 99.3 0.421 128.8 119 1.04

83.3 0.607 128.2 117 1.04 0.

124.3 0.36 154.2 203 0.87 166.2 0.084 173.6 291 0.-"_'-_-

80.0 _ 117.9 91 116.2 138.9 149

83.6 _ 104.1 122.2 128.0 117

44.8 0.57 66.7 17

Partial radiograph

,. The fragment size and number data are plotted in Figure 3 and Figure 4, respectively, as a

function of the radial expansion velocity for that experiment provided in Table 2. The experiment

x numbers are used as data symbols in Figure 3 and Figure 4. For the experiment in which tw_
radic_graphs of the debris cloud were obtained both points are plotted.

Uncertainties in the present analysis can arise from several sources. The esti_nate (_f A rc' g

which encloses the fragment cloud has some subjectivity. This measure effects the value _f [, but
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Figure B35. Test 21, Radiograph b.
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its influence on the final S and N values is small if f is small. One can readily see other image-
processing methods for estimating f but they were not pursued. The image-processing method used

to determine Aobs requires an edge-selection criterion and further uncertainties can be introduced
in this procedure. In retrospect this uncertainty could be reduced by calibration of the edge-

- selection method on a radiograph of particles of known size.

The fragment size data are fairly clearly represeated in Figure 3: the average fragment size is
" relatively constant above expansion velocities of 150 rn/s.The level of scatter probably reflects the

uncertainties mentioned above. The fragment number data in Figure 4 reflect a similar insensitivity
to expansion velocity above 150 rn/s. The data for Tests 5 and 7 clearly fall outside of the trend in
this plot. The reasons for this behavior are not yet understood.

C. Analysis of the Steel Debris

It is apparent from the radiograph in Figure 2 that the impulse imparted to the steel sphere by
the PMMA plate partitions the initial kinetic energy of the steel sphere into kinetic energies of axial

translation and radial expansion of the steel fragments, kinetic energy of the PMMA debris, and
energy expended in the various dissipative processes active during the impact process. The axial
velocity change, A V, recorded for the experimental series in Table 2, provides a measure of the
translational momentum loss by the steel sphere upon impact. These results are plotted against the
product of the PMMA plate thickness and the steel sphere impact velocity, h Vi, in Figure 5. This
latter parameter provides a measure of the impulse delivered to the sphere by the PMMA target.
Within experimental scatter, the AV data are found to be a single-valued function of the parameter
hVi.

Translational Impulse Analysis

The trend of the data in Figure 5 can be reasonably well understood in terms of a relatively
basic hydrodynamic description of the sphere and target interaction (e.g. Backman and Goldsmith,
1978). The acceleration of the steel sphere of mass m, is determined from,

dV 1
m-d_ = _ p V2A, (5)

where p V2/2 is the Bernoulli pressure applied by the PMMA target material, of density [9,under
: steady flow conditions, and is assumed to apply over the projected geometric area A of the sphere.

The velocity V is the equilibrated velocity of the PMMA and the steel sphere. The relatively low
target impedance of PMMA compared with that of the steel projectile permits this approximation.
Integration of Equation 5 leads to a predicted exponential change in projectile velocity with plate
perforation thickness. For target plate thicknesses h on the order of the sphere diameter, a firstD

order solution of Equation 5 provides the functional relationship of the decrease in velocity with
the impact velocity and target thickness,

pa
AV- _--_hVi. (6)
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Figure 5. Translational velocity reduction data. Dependence on product of
target plate thickness and impact velocity.

Comparison of Equation 6 with the measured velocity decrease data, tabulated in Table 2, is shown
in Figure 5, and demonstrates excellent agreement.

Fragment Debris Pattern

In the preponderance of experiments performed, the fragment debris stayed closely grouped
or clustered. There was a well-defined region in space within which fragment density was high
and a sharp gradient outside of which no fragmenr_ were found. This description readily carries
over to the characteristics of the impact footprint on the secondary impact plate (see later
Sections). In these tests the radial expansion velocity defined previously was relatively easy to
establish.

Interesting features are also observed in the radial expansion characteristics of the steel
fragment debris following target impact. Several distinct regions of behavior were noted to occur

within the parameter range of the present study. First, impulses below which there was no radial
expansion of the steel spheres were observed in three experiments performed on target plates
approximately 0.6 mm in thickness. The steel sphere remained intact at impact velocities of 3400

a¢

and 3900 m/s. A small fragment was spalled off the rear surface of the sphere at a velocity of 4500
m/s.
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Figure 6. Plot of impact velocity versus target thickness. Different regions of
fragment debris characteristics are identified and separated by iso-
impulsive curves. The vertical dashed line separates distinct fragment
pattern differences in Region II (see text).

One of several possible representations of debris formation data is provided in Figure 6. Points
identify the impact velocity and the target plate thickness, on the vertical and horizontal axes,
respectively, the product of which provides an approximate measure of the impulse imparted to the
steel sphere. Curves of constant impulse are used to identify boundaries between three regions of
behavior in the fragmentation process: Region I - No Fragmentation; Region li - Cluster

Fragmentation; and Region IH - Diffuse Fragmentation. In Region I, the impulse was insufficient
to cause fragmentation. Region II identifies the tests in which fragment debris was clearly clustered

in the sense described previously. Within this cluster region, two fairly distinct patterns were
observed in the debris cloud; they were most likely a consequence of the target plate thickness

relative to sphere diameter. For plate thicknesses less than about 2 mm, distinct spall debris fi'om
the back of the sphere leads to some axial divergence and a shallow conical shape to the debris

o pattern (tor example Test 4 and Test 8). For plate thicknesses closer to the sphere diameter (3 to 6
mm) a distinct plate or disc shape is observed for the debris pattern.

• Also appearing in Region I1 are two experiments (Test 1 and Test 2) in which an oblique x-
ray orientation was used (47 + 2 degrees from the shot line) to establish how fragments were
distributed through the diameter of the debris disc. The radiograph for Test 2 is shown in Figure 7.
The debris is moving obliquely away from the point of observation. The radiograph establishes that
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Figure 7. Radiograph of steel debris using oblique x-ray diagnostics (Test 2).
Note the continuous spatial distribution of the fragments.

fragment debris is in fact distributed fairly uniformly through the diameter, and a distinct regular
structure in the pattern of the peripheral fragments is observed.

F,nally, a clear transition in debris characteristics was observed in several tests in which

parameter extremes were achieved (Region III). The impact velocity in Test 19 was in excess of
4600 m/s for the steel sphere on a 5.4 mm plate, and the spheres in Test 23 and Test 24 impacted

at slightly lower velocities on plates in excess of 9 mm in thickness. Rather than an abrupt
transition in the fragment density, as observed in Region II, there is a more gradual thinning in the

density toward the cloud perimeter. The perimeter fragments in Region III have significantly
higher expansion velocities (see Table 2) than those achieved in Region II. Th_ debris pattern was
umbrella shaped with perimeter fragments lagging behind the central cloud.

It is speculated that sufficient impulse has been _chieved in the Region III tests to trigger

incipient jetting of material from the sphere-plate contact zones. Jetting could account for the
excessive radial velocity and trajectory of this part of the fragment debris, however this conjecture

has yet to be verified.

Radial Expansion Velocity

For the tests which have Region II behavior for their fragment debris pattern, expansion

velocity data from Table 2 are plotted as a function of impact veloc_ity, as shown in Figure 8. In this

graph, tests ef nominally the same plate thickness are identified by a common symbol. Although
data scatter tends tc, obscure detailed trends, some observations can be made. First, at similar

impact velocities, the expansion velocity increases with increased plate thickness but becomes less
sensitive to plate thickness. This trend is most noticeable at the higher impact velocities. Second,
there is a critical impact velocity below which fragmentation and subsequent expansion do not
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Figure 8. Radial expansion velocity of fragment debris. Tests with nominally
similar target-plate thicknesses are plotted against the impact
velocity.

occur. This velocity limit is outside of the range of the data for the 0.6 mm plate and is probably
around 4000 m/s for a 1.0 mm plate. For thicker plates (1.6 mm and above) this critical velocity
(about 3000 m/s) becomes independent of plate thickness, as found by extrapolating to zero

expansion velocity in Figure 8.

In Figure 9, an alternative representation of the expansion velocity data is shown. Expansion
velocity is plotted against plate thicknesses at nominally similar impact velocities. Increased
expansion velocity with increasing impact velocity is seen. Flattening of the curves for plate
thicknesses above about 2 mm is clearly observed.

Shock Coupling Analysis

The translational impulse imparted to the fragment debris appears to be a consequence of the
momentum exchanged during hydrodynamic penetration of the target plate. This conclusion is
supported by the nearly linear dependence on plate thickness, in agreement with the analytic

o expression given in Equation 6 and our numerical computations to be described later. In contrast,

the evidence displayed in Figure 8 and Figure 9 would suggest that radial impulse acquired by the
,_ impacting sphere is a consequence of the early shock phase of the interaction and is little affected

by the later hydrodynamic penetration phase.

To explore this supposition we will examine a conceptual theory of the shock interaction

event and compare implications with the observed trends in the expansion velocity data. Because
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Figure 9. Radial expansion velocity of fragment debris. Tests at nominally
similar impact velocities are plotted against target plate thickness.

of the spherical geometry of the impacting projectile, the coupling of shock energy into the
projectile is transient and constrained to the central impact surface of the projectile. An analysis of

the impact conditions due to Ang (1990) can be used to calculate duration and magnitude of the
coupled shock energy.

Referring to the geometry illustrated in Figure 10, for a spherical projectile undergoing
normal impact at a velocity V i on a planar surface, the distance of the collision point from the
centerline at time t is,

a = Witl2_i t- 1. (7)

The velocity of the collision point is provided by the derivative of Equation 7,

R

Vi(--_iit- 1) ,.
a = (8)

The collision velocity is initially infinite and decreases with time. As curvature of the
impacting sphere at the contact point increases, the collision velocity will continue to decrease
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(Figure 10a), ultimately allowing a lateral release wave to propagate inward and quenching the
shock coupling phase (Figure 10b).

A reasonable assumption is that shock waves will couple into both materials over the lateral
. distance at which _i reduces to the release wave velocity in the faster material. We will

approximate the release velocity by the shock velocity Us1 in the faster material. (Release waves
are dispersive but Usl is approximately equal to the release velocity at one-half of the Hugoniot

" particle velocity in a linear shock velocity - particle velocity material.) The time tl at which

d = Usi is calculated from Equation 8 through,

R

Vi( Vit---_I- 1)
Usl = (9)

The corresponding radius at this time is provided by Equation 7,

ac = Vitlff 2v_.Rtq- 1. (10)

The release time t2 is in turn calculated from the radius ac and the release velocity (shock
velocity Us1) in the faster material through,

t2 = ac/Usl. (11)

The axial thickness bc of the shock pulse in the projectile (see Figure 10b) is then determined
from,

R

-
Contac Point

.. Surface Us2

(a) (b)

Figure 10. Geometry of shock-wave coupling upon normal impact of a
spherical particle on a planar surface.
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1
bc = -_Usl (tl + t2). (12)

A reasonable estimate of the region of shock coupling into the projectile is an ellipsoidal volume
with major axis ac and minor axis be. Hence the coupled shock energy (kinetic and internal) is

provided by the volume of material times its energy density,

4_ 2 P_
= acbc,--;77-,. ( 13 )

Es -j- p Usl

The shock energy provided by Equation 13 is necessarily approximate due to the
simplification needed to complete the analytic solution. Also, there is not a clear ta'ansition time
between the shock and the steady hydro-phases of penetration. Nevertheless, comparisons of
Equation 13 with wave-code simulations (see later Sections) of spherical impact on planar
surfaces have shown reasonably close agreement (within about 25%).

A portion of the shock energy coupled into the projectile will be dissipated in shock heating.
This heat energy is calculated to be about 10% of the shock energy at the present impact
amplitudes. Momentum conservation requires that a portion of the shock energy also be converted
into kinetic energy associated with axial motion. This energy is also about 10% of the total shock
c,,ergy. Most of the shock energy will go into plastic distortion of the projectile and radial kinetic

energy of fragments if the impact is sufficiently intense.

Carrying through the analysis needed to calculate the shock energy from Equation 13 for a
4600 m/s impact velocity, and reducing this value by the required heat and axial kinetic energies
provides an energy available for radial expansion of about 33 J. If we assume that this energy is
fully coupled into the uniform radial expansion of a uniform disc of fragment debris
(K.E. = m V2r/4), an expansion velocity of Ve = 360 m/s is calculated. Comp,'u'ison with the

appropriate expansion data in Figure 11 (see also Figure 9) finds the calculated value somewhat
higher than the data.

Although approximations in the analytic solution could probably encompass the observed

difference between calculation and experiment, it is, nevertheless, worthwhile attempting to
account for energy absorbed in the fragmentation process to assess the expected level of influence
on the calculated expansion velocity. First, energy to create fragment surface area can be expected
to reduce the radial kinetic energy. 1::_r a fracture toughness of Kc = 35 MPa _/m, a fracture
surface energy from F = K2c/2E is calculated to be about 3830 J/m 2. At an impact velocity of
4600 m/s a total number of about 100 fragments ca:: be calculated, or estimated fi'om the

radiographs. For this degree of fragmentation, a fragment surface energy of 2.8 J is calculated.
Reducing the 33 J expansion energy by this amount leads to a slightly lower expansion velocity of
Ve = 343 m/s (see Figure 11).

Static tensile tests on the present steel provide a strain to failure of cf= 0.05 (5%). Assuming
a similar strain to failure under the dynami_ conditions of the impact fracture process, a strain-to-

failure energy, Ef = Yef, (Y = 2 GPa is the yield stress) provides an additional fracture energy
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Figure 11. Comparison of calculated and measured radial
expansion velocities for debris fragments at 4600 m/s
impact velocity.

of 13.1 J. Accounting for both fracture surface energy and strain-to-failure energy further reduces
the expansion velocity to Ve = 258 m/s. lt is interesting to note from the radiographic record for
Test 12 that this projectile indicates a plastic distortion of about 5% without fragmentation.

As noted earlier the shock energy is coupled into the spherical projectile in a time t1 + t2 (see

Equation 9 to Equation 12). This time requires that the target plate be thicker than Us2 (q + t2)/2
where Us2 is the shock velocity in the target material. For an impact velocity of 4600 m/s this
thickness is calculated to be approximately 1.1 mm. Thinner target plates would lead to reduced
shock energies and radial expansion velocities as is indicated by the linear decrease for thickness
below 1.1 mm in Figure ll. In contrast, target plates thicker than 1.1 mm would not increase the

coupled shock energy and the expansion velocity would be independent of increasing plate
thickness. This predicted behavior roughly approximates the observed behavior (Figure 11).

Debris Cloud Expansion Analysis

Considering the level of approximations adopted in achieving an analytic solution to the
B

radial expansion characteristics of the Region II fragment debris, the agreement is certainly better
than can be expected. Nevertheless, the agreement between trends and rough magnitudes tend to

support the premise that the radial expansion and dominant fragmentation characteristics of the
debris pattern are established earlier in the interaction by the shock aspect of the impact, and are
only weakly effected by the later hydrodynamic loading portion on the projectile.
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Adl alternative approach relating the debris cloud expansion velocity to the impact velocity
has been taken by Lawrence (1992). In this analysis, hypervelocity impact of particles onto a
target is assumed to result in perforation of the target. A non-dimensionalized impact velocity is
determined that is dependent upon geometric parameters and the expansion angle, 0, of the debris
cloud behind the target plate. The geometric non-dimensionalized variable is

3132
hPtarget × _ , ( 14 )M - DPball

where h is the target thickness, Ptarget is the target material density, D is tile spherical particle
diameter, Pball is the material density of the sphere, and [_ is the ratio of hole diameter to sphere
diameter, set equal to 1 in this case. The angle of the debris divergencc, 0, is determined from

0 = arcsin (Ve/Vr) , where Ve is the debris cloud expansion velocity and Vr is the debris cloud

translation velocity. The non-dimensionalized impact velocity, Vp, is deternained from

(1 +M 2)

Vp = M- (sin0) 2" (15)

Data from Table 2 are used to calculate the experimental values of M and Vp for each
experiment, and these are plotted in Figure 12. The experimental data are grouped into three
separate ranges of expansion angle: 0.7 - 3°, 3 - 5°, and 9 - 11°. The theoretical curves for 0 = 0,
5, and 10 degrees compare very well with the available data. The most extensive data is for the

lower angles of debris divergence (Tests 4, 6, 7, 8, 9, 14, 15, 16, 17, 20, 21, and 22). The three
points in the 9 - 11° range (Tests 19, 23, and 24) fall right on the 10° curve, and the three data points
in the 3 - 5° range (Tests 5, 13, and 18) fall just below the 5° curve. (Note in Table 2 that expansion
data is unavailable for Tests 1, 2, and 3, and that the expansion velocity is zero for Tests 10, 11,

and 12.) Note also that 13is not constant, varying between 1.2 and 1.6 for these data.

D. Target Crater Characteristics

Although a study of the PMMA target crater formation process was not a primary objective in
the present investigation, the results were noteworthy and warrant some discussion. A number of
the target plates were seriously shattered due to the primary or subsequent impacts within the taa'get

tank. Consequently, a systematic examination of ali the data was not possible. Nevertheless, a
sufficient number of plates survived to reveal characteristic trends of the crater geomeu'y.

The target plate from Test 19 remained intact ',ffter the test and a photograph of the impact

crater region is shown in Figure 13. The crater characteristics observed in Figure 13 aJ'e
representative of all of the tests with the exception of those experi,'nents in which very thin plates
were used. These latter include tests 10, 11 and 12 which used 0.6 to 0.7 mm thickness plates. In

these tests simple punch-through left a hole only slightly over projectile diameter and no collateral
crater damage was observed. A transition to the cratering behavior seen in Figure 13 occurred with
the 1.0 mm plate used in Test 22 and for ali thicker plates.
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Figure 12. C_mparis_n _f steel debris expansion velocities with theory _f
Lawrence ( ! 992)

In ali tests the physical h_,le left in the PMMA uuget plate after the penetration process was

never larger than lip mm in diameter and was usually somewhat less. The h_le diameter for Test

19 I Figure 13_ was ab_,ut X mm. tRecall that the projectile sphere was 6.35 mm in diameter.)

The c_,ncentric radial spall regimen _,n b_th the frunt (impact) and back (exit) _f the target plate

was the m_st striking feature _,f the impact crater. The diameter of the spall crater w'as slightly

larger in fn,nt than in back. A sharply-defined circular spail lip was ob_rved _n the fn_nt crater.

The spall lip _t the exit crater was m_we jagged and less unifiwm. This general character _f the

- spail crater is clearly seen in the ph_t_graphic results c_fTest 19 in Figure 13. An intericw hackle

_r crazed regi_,n in the PMMA _as _bserved tt_ extend a few millimeters bey_nd the radius _f the

spall lip - representing further interi_,r spall with_ut material break-away. Finally a c_llecti_n _f

15 t_ 25 irregular sp_ke cracks extending radially _utward am_ther II) t_ 31_nam c_mpleted the
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Figure 13. Photographs of the impact (left) and exit (right) craters in
the PMMA target plate for Test 19. Plate thickness = 5.39
mm and impact velocity = 4.61 km/s.

collateral crater damage effects. Propagation of several of these cracks to the plate edge caused

breakup of most of the target plates.

Some systematics were extracted from the target crater data. First, the diameter of the radial

front spall zone was found to be relatively insensitive to changes in the impact velocity over the
range studied (- 3.3 to 4.7 km/s) for target plates of similar thicknesses. Diameters were 20 and
23 mm, respectively, for Tests 6 and !7, and 33 and 34 mm, respectively, for Tests 15 and 19.

On the other hand, a clear dependence of the front spall crater diameter on target thickness

was observed. Ali tests for which a spall crater diameter could be measured are plotted in

Figure 14. The data include impact velocities over the range of 3.3 to 4.7 km/s. A linear increase
in crater diameter with plate thickness up to thicknesses approaching 6 mm was observed. This
linear trend is not continued for the two thicker plates.

E. Summary of Fragmentation Theory and Code Implementation

A cap_,bility has been developed to produce fragment size predictions from calculations using

wave propagation codes that solve the equations expressing conservation of mass, momentum, and
energy for a continuum. Although plots produced from standard wavecode calculations sometimes
appear to depict a collection of discrete fragments, the physical mechanisms that control these
processes, such as surface tension or real physical heterogeneities and microstructure, are not
currently included in the codes, lt is not feasible for continuum mechanics wavecodes, except

perhaps io_one dimension (Kipp and Grady, 1985), to account for the complete, explicit formation
of discrete fragments. But extensive work has demonstrated that continuum models of various
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Figure 14. Front (impact side) spall-crater diameter data. Impact
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levels of sophistication can successfully address the damage processes of void and crack growth
leading to material failure (e.g. Grady and Kipp, 1989).

Previous work (Grady, ez al., 1990b) has produced dynamic fragmentation theories that are
based on the assumption that strain rate and temperature at the time of failure control subsequent
fragmentation. Considerable progress has been made in extracting this information from
Lagrangian wavecodes (Grady, et al,, 1990b; Johnson, et al., 1990), which are excellent at tracking

the history associated with each material element and can easily save the required information at
the time of fracture, lt is a much more difficult task for an Eulerian wavecode to maintain accurate

values of this information because of the degradation accumulated by the repetitive rezoning used
in the convection process. However, the extensive deformation associated with these impact and
penetration events encourages the use of an Eulerian wave propagation code.

The wavecode that was used for the calculations was the Eulerian finite-difference shock wave

propagation code CTH (McGlaun, et al., 1990). This code has a general internal state variable
capability which allows information to be saved in variables that are advected with the material as

. it crosses the cell boundaries. Significant modifications were made to the fracture algorithm in the
code to locate each time and position at which the tensile stress criterion for a single material, rather
than a mixed-material cell, was exceeded and material fracture was judged to occur. Ali diagonal
components of the strain-rate tensor,

_v i

Ei = _X i' ( 16 )
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including the hoop component in cylindrical coordinates,

VR

&

where vi and X i are velocity .and position components and R refers to radius, were then calculated
and the maximum value was stored as an internal state variable. While the internal state variables

provide storage locations for the strain rate and temperature information that must be saved from
the calculation, there is a problem with diffusion of these quantifies as material motion occurs. For
instance, even though a calculation may be performed in which only a single fracture of a material

cell takes place during the entire calculation, subsequent material motion may result in spurious
values of strain rate appearing in ali cells through which the material has passed. Fortunately, these
values typically have a very small magnitude except in the region of the mesh containing the bulk
of the fractured material. However, diffusion does result in some spreading and loss of localization
of the fractured material, so extreme care was taken to assess such effects and ensure that

reasonable fragment size distributions were obtained. Since most fractures occurred at high strain
rates on the order of 103 to 106 per second, it was possible to discard significantly lower strain rates

as having been produced by diffusion. Mass fraction weighting was used to maintain the proper
convected amplitudes of the strain rates and temperatures.

Files containing strain rate and temperature at the time of fracture are saved periodically
during the simulation of the impact, and these are examined to determine the extent of the fractured
regions as time progressed. When the fracture process is complete, the data are post-processed
outside the wavecode to produce fragment size distributions. Dynamic fragmentation theories
predict an average local fragment size at a given strain rate and temperature, and the number of
fragments with this average size is determined by the local mass of the material that fractures. The
dynamic fragmentation theories that were used to process the strain rate and temperature

information have been described in detail elsewhere (Grady, 1988; Grady, et al., 1990a; Grady, et
al., 1990b), and they will only be summarized here. Various types of fragmentation mechanisms
have been identified, depending on the strain rate and temperature at fracture. The data can also be
used to determine the mass distribution of fractured material in the solid, liquid, and vapor phases.

For the present purposes, the average fragment size S will be determined in three different
fragmentati n regimes. These are:

(i) solid spall dominated by fracture toughness, for which

S = , (18)
9ce

(2) solid spall dominated by the flow stress, for which

1/2
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and (3) liquid spall above the melt temperature, for which

S (48_ 1/3= _ . (20)
\pe /

In these equations, p is the density, _ is the strain rate, c is the sound speed, y is a constant value

. of the surface tension, the temperature and strain rate dependent yield strength, Y, is given by

Y= Yo(I- _-£) (21)

and the temperature dependent fracture toughness, K c, is given by

rl'
rr,

K c = Kco(1-_--) (22)
m

where Yo is the reference yield strength, Kco is the reference fracture toughness, T is the
temperature, Tm is the melt temperature, go is a reference value of the strain rate (one per second),
and n, m, and n' are constants. In the solid regime, the transition from fracture toughness to flow
stress dominated spall occurs at a strain rate given by

/'0.003_ C4 ?

=4
Appropriate material properties were obtained for the steel sphere for the fragmentation

regimes of brittle, ductile, and liquid spaU, as shown in Table 4. Application of the above formulas

Table 4: Fragmentation Material Properties

Hard Steel
. ,;" ,

Density p (kg/m 3) 7850

Sound Speed c (m/s) 4620

Surface Tension 7 (N/m) 1.5

Yield Strength Yo (GPa) 2.0

Fracture Toughness Kco (MPa m 1/2) 40

. Melt Temperature Tm (K) 1800

n 1

m 0.1
........

n' -1
,.,

-31 ~



allows each point in the strain rate - temperature plane to be mapped into a fragment size for a given
material.

The fragmentation theories described above are derived assuming spall induced by uniform
volumetric dilatation, so they are most applicable to the prompt fragmentation of the steel sphere
induced by the impact. The fracture process is complete within a few microseconds following
impact. The strain rate and temperature files generated by each of the calculations that were

b

produced immediately after this time were used for the fragment size predictions.

To obtain the fragment size distribution from the analysis, files are generated by the wavecode

calculations that contain the strain rate and temperature at the time of fracture for each cell
containing fractured material. There is thus a mass associated with each strain rate - temperature
pair, which is just the total mass, m, of the material in the cell. The simplest assumption to make
when determining fragment size distributions is that ali of the mass in the cell produces equal
particles of size S, given by the appropriate one of Equation 18 to Equation 20. Thus, letting i be
the cell index, where i = 1,... N and N is the total number of cells containing fractured material,

the cell data consist of N pairs mi, S i where m i is the mass of material in cell i and S i is the size
of all the particles in the cell. If the data are arranged in order of increasing fragment size, so that

Si <-Si + l, then the cumulative mass of fragments less than or equal to size Si is

i

M (Si) = X mY (24)
j=l

However, as previously described (Grady and Kipp, 1985), statistical considerations indicate
that a distribution of fragment sizes should be determined about the mean fragment size calculated

for each cell, Si . The form of the distribution is obtained by assuming that fragments in the mass
mi are Poisson-distributed. This leads to a probability distribution of finding a fragment of mass I.t
in the cell within a tolerance dit given by

dP (lt) = _1 e-_t/_-adit, ( 25 )
Ita

where Ita is the average, or mean, value of the fragment mass in the cell. Integrating from 0 to It
and multiplying by the total mass m i of the cell gives the cumulative mass of fragments of mass
less-than or equal to It in the cell

M (It) mi_l 1= - . (26)

Now, assuming that the mass of the fragment is related to the cube of the fragment size (such as

for cubic or spherical particles) and noting that the average mass l.ta corresponds to a fragment
having the average size Si,

It_(S 3- _) (27)
It--_ Ji
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Therefore, the cumulative mass of fragments in cell i having a size less than or equal to S is

M(S) mill e-(S/S')31= - . (28)

, Finally, the total cumulative mass of ali fragments in ali cells having a size less than or equal to S is

N

• M T (S) = Z mil 1 - e-(sls')31 . (29)
i=1

It was found that if the original distribution (Equation 24) is sharply peaked, a large spread is
generated by the statistical relations. However, if the original distribution already contains a large
range of fragment sizes, the additional statistical spread is minimal. The statistical distributions do
show the addition of a tail at small, possibly aerosol-sized, fragments, but the total additional mass
in the aerosol source term so generated is negligible. In application, the cell data is grouped into
"bins" of a chosen fragment size increment.

The spectral distribution in size, corresponding to Equation 25, is

S 2 (s/si) 3
dP (S) = 3--_e- dS. (30)

Si

The original distribution of average sizes can be depicted as in Figure 15a, where each bin contains

Distribution of Average Sizes Statistical Distribution for S i

(Si, Ni) ._ (Si, Ni)

0 0

z . I I I i, ' ' ,
Fragment Size Fragment Size

(a) (b)

Figure 15. Process of transforming the original fragment size distribution to a
.- statistical fragment size distribution.

the number of fragments, N i, of an average fragment size, Si. These parameters are used in
Equation 30 to define the associated statistical distribution for that particular bin, as represented in
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Figure 15b. Ali of these statistical distributions are summed to obtain the final statistical
distribution of fragment sizes for the event. Note that although the distribution is exponential in
mass, it is exponential in the cube of the size, and the resulting coefficient in Equation 30 contains
the square of the size, leading to the character of the statistical distribution in Figure 15b.

F. Numerical Simulations of Steel Sphere Impact on PMMA Targets

Impact simulations of a steel sphere onto a PMMA target plate were made with a physical

space that was partitioned into uniform square cells, with a resolution of 0.05 mm (about 60 cells
in the radius of the sphere). The two-dimensional, axisymmetric geometry encompassed a 20 mm
radius and a 20 mm axial length, requiring 160,000 computational cells. This radius is sufficiently
large that edge effects of the target do not influence the fragmentation behavior of the steel sphere.
The steel and PMMA were both represented as low temperature Mie-Gruneisen solids, in which
the Hugoniot was described with a linear shock velocity - ptuxicle velocity relationship. The
properties used in the calculations are listed in Table 5. The fragmentation parameters for the steel

Table 5: Material Parameters Used For Calculations

PMMA Hard Steel

Densiiy (kg/m _) 1186 7850
,,,

Bulk sound speed (m/s) 2598 4570

Linear shock velocity - 1.516 1.49
particle velocity slope

Gruneisen coefficient 0.97 2.17

Yield strength (GPa) 0.2 2.0
......... , .....

Poisson ratio 0.32 0.29

Fracture stress (GPa) 0.15 4.0

are listed in Table 4. The mass of the sphere used in the calculations was 1.052 gm, slightly larger
than the experimental mass of 1.027 gm.

As an example, consider the case of Test 5, in which a steel sphere impacts a 3.38 mm PMMA
target plate at a velocity of 4570 m/s (of Table 1). The computed sequence of penetration that
occurs is plotted in Figure 16. Note that the sphere is deformed as it progresses through the plate,
with the leading surface undergoing significant flattening. The impact pressure is about 30 GPa,

well above the 2 GPa yield strength of the steel. Just 'after 1 Its, void is beginning to be inserted into
the sphere by the code as spall fracture commences, lt is apparent from these plots that the PMMA
material in front of the sphere has been accelerated to a higher velocity than the exit velocity of the
sphere, as is easily confirmed from a one-dimensional pressure - particle velocity diagram of the ..

impact. Flash laser photographs of ,,_imilarevents also clearly show the dispersed PMMA det,ris
leading the clustered steel debris tAng, 1992). We note in passing that the appearance of the
calculated PMMA target plate residual hole is that of a rather ductile material; the experiments
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Figure 16. Calculated sequence of a 6.35 mm steel sphere, with normal
incidence velocity of 4570 m/s, perforating a 3.38 mm PMMA target
plate (Test 5).

indicate a far more distinctive residual hole surrounded by large fractured rings that have been

removed, suggesting that there are equation of state and plastic fracture issues to be pursued.

Tracer particles, embedded in the sphere to provide point histories of computed variables,
indicate that fracture is completed between 1.5 and 2 gs. After this time, the PMMA imparts very
little impulse to the steel sphere. This response is illustrated in Figure 17, where the minimum
principal stresses through the axial diameter of the sphere are plotted. (The first pulse is recorded
at the impact surface, and the final pulse at the trailing surface.) The tensile stress is observed to
reach a limit of about 4 GPa, then unload as void is added to the local cells to relieve the state of

tension. The strain rates going into tension along the axis of the sphere are about 2xl 05 per second.

This strain rate occurs in the regions that are driven into tension by release wave interactions.
Divergent strain rates near the periphery of the sphere tend to drop below 1xi05 per second. As
the shock pulse transits the axis of the sphere, the amplitude decays from an initial peak of about
30 GPa to less than 10 GPa. The immediate consequence of this decay in impulse is a larger

decrease in particle velocity at the leading edge of the sphere than at the trailing edge, so that the
• trailing material in the sphere has a relative velocity towards the leading edge of the sphere. This

relative velocity of the leading and trailing surfaces of the sphere explains the tendency of the

. particles to stay clustered in a thin disk, as seen in the radiographs (cfFigure 2 and Figure 7). As a
consequence of the impulse delivery being completed by about 2 ps, the formation of fragments
has also been completed by then, and the fragmentation post-analysis calculations can be made.
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Figure 17. Histories of minimum principle stress at points along the axis of the
steel sphere.

The debris is basically in free flight by this time, expanding as seen in the radiographs (in Figure 2)

at much later times (e.g., 30 and 60 Its).

When the steel fragmentation characteristics were computed for this example, it was found

that less than 25% of the mass of the steel sphere had fragmented. That is, the fracture stress of 4.0

GPa was exceeded in only a quarter of the volume of the sphere. Examination of the tensile strain

rates that occur throughout the sphere indicate a range from about 6xl 04 per second to over l ×106

per second. Under these conditions, the expected spall stress would range from 2.2 GPa to 5.6 GPa,

based on derived expressions by Grady (1988) for brittle fracture. Recalculating this example with

a fracture stress of 2.0 GPa results in about 80% of the sphere fracturing; with a fracture stress of

1.0 GPa, 100% of the sphere fractures, lt is clear that fracture based on a constant tensile stress limit

does not accurately represent the behavior of this steel, nor of other materials with similar strain-

rate dependence.

To further elucidate this issue, it is of interest to evaluate the shock energy coupled intc) the

sphere considered earlier by analytic methods, as defined by Equation 13. in the current example

of a 3.38 mm PMMA target plate perforated by a 6.35 mm steel sphere, that analysis indicates the
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steel sphere acquires approximately 110 J of energy over the duration of the impact process. This
calculation is based on an initial impact pressure of about 36 GPa, with a corresponding shock
velocity of 5780 m/s and particle velocity of 787 m/s. (In this analysis, tl is 0.15 Its, t2 is 0.34 Its,

ac is 2 mm, and b¢ is 1.4 mm.) This energy increase represents the combined kinetic and internal
. shock heating, and assumes a reverse ballistic impact (i.e. the sphere is initially at rest). One-half

of this energy is internal energy, or about 55 J. From the numerical analysis, the individual energy
, components associated with the steel sphere can be determined. The increases of the kinetic and

internal energies as a function of time for the steel sphere are plotted in Figure 18. The reference
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Figure18. Internal,kinetic,andtotalenergyforthesteelspherefromthcnumerical
analysisofTest5.

internal energy assigned by the shock wave code to the steel (141 J) has been subtracted from the
internal energy so that only changes in the internal energy acquired during the impact are plotted.
The total change in energy of the steel sphere during the impact process is about 140 J. The change
in internal energy is about 50 J, which corresponds well with the calculated analytic value; the
kinetic energy tracks the internal energy until about one-half microsecond, and then the kinetic

- energy continues to increase to about 90 J. The impact process is dominated by changes in kinetic
energy of the sphere, and the majority of this change has occurred in the first microsecond. The

, internal energy of the sphere is acquired during the first one-half microsecond, and chaoges little
after that. The sum of tl and t2 is about 0.5 Its, supporting the numerical restllts. This indicates that

the primary shock contribution to the internal energy of the sphere has occurred well before the
shock has even completed a single transit of the axis of the sphere, which rakes over one
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microsecond (cf Figure 17). The energy does not distinguish between shock heating and plastic
deformation heating. The sphere is still decelerating for another one-half microsecond, as steady
hydrodynamic forces act on it.

i_ragmentation Calculations

As a working basis for this example, the fragmentation process was permitted to proceed using
the 1.0 GPa fracture stress limit. The resulting computed steel fragment size distribution is shown
in Figure 19, labelled "w/o statistics". This distribution sums the masses of fragments in each

material cell, where the average fragment size is calculated from the local strain rate, as defined in
Equation 18 to Equation 23. The figure plots the total steel fragment mass determined for each
fragment size "bin", summed throughout the sphere. Each bin includes a fragment size incrementA

of 0.02 mm. The larg_t na'ass of fragments have an average fragment size of about 0.6 mm. The
temperature in the steel h_"a._increasedonly about 100 K, so that the majority of the material falls ill
the brittle, or fracture toughness dominated, region of fragmentation.

0.07

0.06 Steel Sphere Fragmentation:
b_ V_np= 4570 m/s ,

m 0.05 (rf= -I.0GPa

3.38mm PMMA Target

0.04

w/o statisticst.-, 0.03
_v_ with statistics

o 0.02
(Fragment bin efizv = O.O_nm)Cn

a_
o.ot

0.00
0.0 0.5 1.0 1.5 2.0

Fragment Size (mm)

Figure 19. Mass distribution of steel fragments vs. fragment size resulting fl'om
the impact of a 6.35 mm steel sphere with a 3.38 mm PMMA target
plate (Test 5). This distribution represents the sum of the average
local fragment size for each steel cell. Both twiginal and Poisson
statistics distributions are plotted
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As discussed in the previous section, the fragment size calculated for a given strain rate
represents the average fragment in an exponential (Poisson) distribution of sizes. The masses
associated with each of the fragment sizes shown in Figure 19 (curve labelled "w/o statistics") can
be modified to account for this statistical spread by employing the concepts expressed in

- Equation 24 to Equation 29. When these equations are applied to the current example, the mass
associated with each particle size results in the distribution labelled "with statistics" in Figure 19.

. The Poisson statistics (in which the same size "bins" were used) tend to broaden the distribution

up to about 1.1 mm fragment sizes, and do not significantly affect the upper and lower extremes of
sizes. The integral of the mass with size, as described by Equatior. 29, results in the cumulative

mass as a function of fragment size. Figure 20 contains both the original calculated cumulative
mass distribution and the associated statistical cumulative mass distribution as a function of

fragment size. The total mass of steel accounted for up through particle sizes of 2 mm is 1.01 gm,
or about 96% of the 1.05 gm mass of the sphere used in the calculations.

J
l0_'] o -

"_ 0.8

/ /__- with statistics
_00.6 /!
_r_ _/ Steel Sphere Fragmentatio_

0.4 f/ Vtmp = 4570 rn/s
._ r_t o't,= -I.0OPa

_ 0.2 5t7 _38mm PMMA Target

_ I/ _I¢ (Fragmentbin size= O.O_Rmm)_
_ 0.0 _..e-, , , .... , , , , , , ....

r..) 0.0 0.5 1.0 1.5 2.0

Fragment Size(mm)

Figure 20. Cumulative mass distribution of steel fragments vs. fragment size
resulting from the impact of a 6.35 mm steel sphere with a 3.38 mm
PMMA target plate (Test 5). This distribution represents the

, accumulated mass sums of the average local fragment size. Both
original and Poisson statistics distributions are plotted.

4,

The corresponding distributions that show the number of fragments at each fragment size are

plotted in Figure 21. Now the broadening effect of the Poisson statistics is apparent for the small
size particles. The largest number of particles are of size 0.2 rnm; the largest mass of particles are
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Figure 21. Final number distribution of steel fragments vs. fragment size
resulting from the impact of a 6.35 mm steel sphere with a 3.38 mm
PMMA target plate (Test 5). Both original and Poisson statistics
distributions are plotted.

of size 0.6 mm. This prediction compares well with the experimentally observed fragment size of

about 0.7 - 1.1 mm (Figure 3) at this impact energy. The cumulative number of particles calculated
here is nearly 3800, the majority of which are less than 0.5 mm in size. The average fragment size,
based on this number of fragments, is about 0.4 mm (spherical diameter). The average particle size
determined from the radiographs for this example (Test 5) was about 0.7 mm, for about 400
particles (Table 3). Hence this computed number of fragments is nearly an order of magnitude too

large, suggesting that the estimate of strain rate at the time of failure is too large by about a factor
of 2 (cf. Equation 18). Some effort is required to evaluate the fracture model being used to ensure
that fracture occurs at the proper time, since the governing strain rate is directly tied to this aspect
of the model, lt has also been observed that the strain rates, and consequently the average

calculated fragment sizes, depend on the equation of state being used for the materials. Issues
relating to the joining of the energy-based and statistical fragmentation theories may also
contribute to uncertainty in the fragment number prediction.

-. 4O



Target Thickness Variations

To examine trends of the behavior resulting from target thickness variations, a suite of eight

impact calculations was made in which the impact velocity was fixed at 4500 m/s. Variations in
PMMA target thickness from 0.76 mm (1/32 inch) to 6.35 mm (I/4 inch) covered most of the range
of the experiments, providing a large spread in the amplitude of the impulse imparted to the steel
sphere. Frma these calculations, comparisons can be made with experimental data for the loss in

" axial momentum, and the expansion velocity of the particles debris cloud.

The loss in axial velocity as a function of target plate thickness is plotted in Figure 22, and the
numerical data clearly compares well with the experimental data. This figure can be compared with
Figure 5, noting that the numerical simulations are representing the experimental data in much the

same way as the analytic expression. The calculated curve in Figure 22 is not quite linear, and tends
to have an upward curvature as the PMMA target thickness increases beyond 3 mm.

0.12 ' , ' , ' l ' , ' ', ' ;

Decrease in Axial Velocity /"

O.I0 C'H'ICalculations a/1"7 Data, Table 1
o

0.08

> 0.06

> o

0.04
o

O.OL c,_o

0.00 , 1 , 1 , m , 1 , m , t ,
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Target Thickness (mm)

Figure 22. Decrease in axial velocity of the steel sphere as a function of PMMA
target plate thickness. Data is from Table 1.

The expansi_m velocity ()f the (inter debris edge is plotted in Figure 23 as a function of PMMA
" target plate thickness. The c()mputed p,)inu; were determined by evaluating the maximum radial

momentum acquired by the steel during penetration. The computed values generally fall within the
range of the experimental data. This figure can be compared to Figure 9, in which three curves of
c_mstant impact veh)city are included, in the present figure, ()nly an impact veh)city of 45()(1 m/s
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has been tabulated. In principle, the source of the particles in the debris cloud can be determined
from velocity histories at point,; distributed throughout the sphere. Along the initial surface of the
sphere, the amplitude of the maximum lateral velocity varies from zero at the leading impact ptfint
to a maximum near the equator, rzturning to zero at the trailing point on the axis. Analysis of the
velocity histories on a cro_-section at the equator of the sphere indicates a linear increase in
velocity from zero on the axis to maximum on the surface, resulting in the distribution of fragments
throughout the disk seen in the radiographs. This continuous spatial distribution of particles is in
contrast to the commonly ob_rved hollow debris cloud that tbrms when a target impart,s a larger
energy to the projectile (e.g. Giddy and Passman, 1990; Piekutowski, 1992). We note that as the
thickness increases., the calculated expansion velocity begins to increase again. This calculational

result may relate to the experimentally observed transition to Region III diffuse fragmentation
(Figure 6, Table 2) in which anomalously large expansion velocities were observed.

400 ' l ' w ' I ' l ' 1 ' _ '

RadialExpansion Velocity

300

°
200 o

_>

100 CrH Calculations
[] Data,Table Io

0 ,- I , I , 1 , l , ! , I ,

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Target Thickness (mm)

Figure 23. Variatitm of ma×imum steel particle debris ch_ud expansion velt_city
with PMMA target plate thickness. Data is from Table 1.

An initial attempt was made tc_quantify the influence _f target thickness, _r imparted impulse,
_n the fragmentaticm characteristics _t the steel sphere. F_r the present calculati_ms with an impact
vel_city of 45()1im/s, the fragment size distributi_ms fi_r_veral thicknes_s _1 PMMA targets are
c_mpared. The c_Dmparis_m is made _n the basis _f the statistical fragment size distributi_ms, as

illustrated in Figure 19. A statistical distributi_m was determined fi_reach impact case. The result.,,
are pl_tted in Figure 24. "['heleast impulse imparted t_ the sphere is tc_ra PMMA thickness _d().7f_
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Figure 24. Comparison of statistical fragment size distributions for several
thicknesses of PMMA targets, and an impact velocity of 4500 m/s.

mm, and the fragment size distribution has the largest average fragment size (about 1 mm) of ali

the distributions, as should be. However, the remaining distributions are observed to be nearly

indistinguishable from one another, suggesting that the sphere is fragmented in the same way, on

average, tor PMMA target thicknesses from 1.6 m_ to 6.35 mm. However, from radiographs of

the debris clouds, the qualitative data indicate a trend of continually smaller fragments as the target

thickness increases. The implication is that fracture of the steel sphere is not being correctly

represented. As a counter, however, the image-processed fragment size data (Figure 24) indicates

a degree of insensitivity to impact conditions above an expansion velocity of about 100 m/s.

Indications of this error were mentioned in previous paragraphs regarding the threshold fracture

stress required to obtain complete fracture of the steel sphere. Further work will be necessary to

sort out the exact source of the error, and correct it in a satisfactory manner. The comparisons made

in Figure 24, however, are of the kind desirable for evaluating effectiveness of armor or warheads.

Target Profile Comparison

In some cases, the PMMA targets were recovered intact following an impact experiment. This

provided an opportunity to compare the calculated crater and residual hole profiles with that of the
D

recovered target. For example, the cross-section of the PMMA target for Test 19 is sketched in

Figure 25a (also me Figure 13). The original steel sphere has been included for reference of scale.

This target profile is repre_ntative of the recovered targets. The residual hole in the PMMA is only

slightly larger than the original diameter of the steel sphere. Both the front and rear faces of the
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Figure 25. Cross-section recovered (a) and calculated (b) comparisons of PMMA
target for Test 19 (4610 m/s impact onto 5.385 mm PMMA).

target have been excavated to a radius of nearly five times that of the sphere radius, so that the
remaining central section has the appearance of a washer retained in the target. In contrast, the
calculated target profile is shown in Figure 25b. The strength material model for the PMMA was
elastic-perfectly plastic. Although there is a large fractured region in the target, extending to about
four and one-half sphere radii, there is no evidence of preferential front or back face surface
excavation. The residual target hole radius is over twice the original projectile sphere radius. The
front and rear crater lips are characteristic of this material treatment. At this time, the significant
differences between the calculated and experimental target profiles have not been explained.

Attempts to modify fracture strengths, yield strengths, or equations of state (with and without
vaporization) for the PMMA have had only negligible influence on the profile calculated in
Figure 25b. lt has already been noted that the impulse imparted to the sphere is correct, because the
decrease in axial velocity is corroborated with the experiments (of Figure 22). PMMA is a visco-

plastic material, and shock wave propagation and release wave structure are affected by this
property, particularly below 6 GPa (Schuler and Nunziato, 1974). This major modification to the
equation of state would be a profitable area to explore. In addition, there is also the distinct
possibility that PMMA fractures in a much more complex manner than currently modeled.

J

G. Secondary Target Damage

As indicated in the experimental contiguration shown in Figure 1, a secondary target

(witness) plate was placed in the line of flow, down stream from the primary impact p_fint, and
intercepted the projectile and PMMA target debris. These secondary target plates were prepared
from 6061-T6 aluminum plate stock into square plates 15 cm on a side and with several
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thicknesses (see Table 1). Depending on specific experiment parameters (impact velocity, PMMA
plate thickness, range to secondary plate), the secondary target plates suffered various degrees of
impact damage.

The damage experienced by secondary objects exposed to the high-velocity fragment debris/.

of a primary fragment event represents an effect for which computational and analytical solution
methods are in an early stage of development. Consequently, the supplemental data from the

" present series of experiments are useful for guiding theoretical model development focused on
secondary-damage high-velocity impact events.

Experimental Results

The thickness ds of the aluminum target plates was either 6.35 mm (1/4 in) or 12.7 mm (1/

2 in), although one 9.53 mm (3/8 in) plate was used. Secondary plates were positioned behind the

primary PMMA plates by a distance xps which ranged between about 40 and 65 cm (a somewhat
shorter distance was used in one early test). This dimensional data is provided in Table 1.

Several features of the secondary plate damage are provided in Table 6. First the loss of plate
mass caused by the impact and determined by measuring the weight of the plate before and after
the test was included. Because of uncertainties in the final disposition of the steel projectiles, and
in the difference measurement, an uncertainty of about + 1.0 g was assigned to this data. Second,
in almost ali of the tests, whether or not target penetration occurred, the impact debris footprint

encompassed a well-defined area on the secondary plate. (Tests 19, 23, and 24 were the
exceptions to this observation.) This footprint area was also included in Table 6. In those
experiments in which the primary fragment debris penetrated the secondary target, removing a
substantial mass of aluminum, the projected area of the hole was also measured and recorded in
Table 6. Typically this area was 60 to 80% of the footprint area for that test.

Secondary target plate damage in the present series of experiments could be generally
grouped into three classes. These classes were identified in order of severity as splash,
perforation, and plugging.

In the plate damage identified as splash the target plate was not penetrated by the steel
projectile debris. There is usually a degree of bulging of the back side of the plate over the area
behind the region of impact. Damage to the front of the tmget plate was perceived as a crater
extending over an area comparable to the spread of the fragment debris observed in the
radiographic record extrapolated to the point of impact. This crater area (footprint) is reported in

Table 6. The crater cavity appeared to be accommodated as much by the back-surface bulging as
by the splash of target aluminum during impact. Only a few grams of target material are removed

. by the splash process (see Table 6). The crater floor appeared chaotic with evidence of many
subcraters and deeper channels of varying depths associated with the impact of individual

fragments.

The character of plate damage called perforation wa_ssimilar in appearance to that of splash.
The only difference is that impact intensity was sufficient to cause full penetration of one or more

individual projectile fragments. These penetrations were typically channels through the target
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Table 6: Experimental Properties of Secondary Impact Damage

Test footprint damage footprint damage
area b mass c mode d Test mass carea mode d

# cm 2 g # cm 2 g "
,,w '1 "

1a -- -- -- 13 27.2 2.6 sPl e

2a _ _ _ 14 15.9 1.1 ptf

3 9.2 (6.7) 15.6 pig 15 8.1 (0.9) 0.5 pig

4 15.6 (13.6) 30.4 plg 16 16.0 4.4 spl

5 33.2 3.1 spl 17 32.3 4.4 ptf
.....

6 8.4 7.6 ptf 18 30.8 0.1 spl

7 22.8 2.8 ptf 19 84.2 2.4 prtef

8 9.4 (7.4) 14.1 pig 20 18.5 5.1 ptfe

9 5.6 (4.1) 8.6 pig 21 12.1 6.9 prf

10 3.7 (2.0) 8.6 pig 22 10.7 (8.0) 22.7 pig

11 5.7 (2.5) 8.6 pig 23 full plate 1.1 spl f

12 7.8 (3.6) 13.6 pig 24 177.0 2.0 spl f

a Plate was not recovered.

b Number in parentheses are hole area where plugging occurred.
c Accuracy of 1 gm estimated.
d pig - plugging, ptf- perforation, spl - splash.
e Back surface spall.
f Diffused footprint (see text).

.............

thickness with openings ranging from about one to several millimeters. The minimum mass of
steel fragment required to perforate the 'aluminum witness plate has not been determined
empirically, although there have been numerous studies made for other projectile / target material

combinations to ascertain the ballistic limit velocity (e.g. Backman and Finnegan, 1984; Cour-
Palais, 1987; Herrmann and Wilbeck, 1987; Hohler and Stilp, 1987). A brief numerical study
indicates that perforation of a 12.7 mm aluminum target will occur with a single steel particle of

2.5 - 3 mm diameter, at an impact velocity of 4300 m/s. However, allowing for a second particle
impact in a previous crater, two 1.7 mm particles spaced 10 mm apart (about the cloud thickness
at impact), will perforate the aluminum target, with about one half the kinetic energy required by
a single particle. The average size particles for this experiment was about 0.7 mm (Table 3), so
there would not be much expectation of two particles of 1.7 mm in the same u'aiectcwy, and
perforation of the witness plate is unlikely (see Table 6).
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For plate damage classified as plugging the collective impulse of the fragment debris was

sufficient to remove (plug) a region of the plate leaving a hole comparable to the projected area of
the debris cloud. For the tests in which the primary PMMA plate was insufficient to fragment the

' steel sphere, typical single-particle plugging phenomena was observed. The plug hole diameter
was somewhat larger than the projectile diameter and increased with increasing impact velocity

• (see Table6). When primary projectile fragmentation and debris spread occurred before
secondary impact the size of the plug region was significantly larger.

Three impact experiments (Tests 19, 23, and 24) did not readily fall into any of the three
classes of secondary plate damage just described. These three tests have already been discussed in
terms of the substantially broader dispersion of fragment debris observed on the respective
radiographic records. Impact damage on the secondary target also reflected this broad dispersion
of debris. Although areas for the impact footprint are reported for Tests 19 and 24 in Table 6, the
radius of these two footprints were not distinct, consisting of numerous independent fragment
craters which decrea.sed gradually in impact density with increasing radius. The footprint of
Test 23 encompassed the full area of the 15 by 15 cm plate. In each of these three tests a major
central crater (-15 mm in diameter) caused by a large fragment or cluster of fragments was
observed. This crater was virtually identical in Tests 23 and 24, causing significant back surface
bulging and incipient spall cracking. In Test 19 a central hole approximately 8 mm in diameter

was punched through. There is some evidence for the responsible central fragment or fragment
cluster in the radiographs for these three tests.

Photographs of four of the secondary target plates are shown ii1 Figure 26 and Figure 27 to
illustrate the various damage modes observed in the present test series. The secondary plates
shown were ali 12.7 mm in thickness and placed approximately 64 cm behind the PMMA impact
plate (see Table 1). Velocities for the tests shown ranged from about 4.0 to 4.7 km/s and various
thickness PMMA plates were used. The plate for Test 18 in Figure 26a illustrates the localized
splash mode of secondary target damage observed in many of the tests. The plate was not
perforated and ali fragment impacts are confined (clustered) within a relatively narrow solid angle

subtended from the point of impact. In Test 20 slightly different impact conditions led to a smaller
area of impact and perforation of several fragments through the plate thickness. Conditions for
Test 22, shown in Figure 27a, led to a tight group of the fragment debris and complete plugging
damage to a section of the secondary target. The secondary target plate in Figure 27b for Test 24
illustrates the transition to enhanced debris expansion and the more diffused damage footprint
observed in several tests at high velocities and/or with thick target plates.

Discussion of Secondary Target Damage

In the remainder of this section the discussion will focus on the critical issues of the

predictive analysis of sec,,qdary target damage. Computational or analytic methods for addressinga

secondary damage are n_t yet mature. The description and treatment of the discrete and statistical
character of the primary fragment debris which are sufficient to pr_wide adequate initial
conditions for interactions with subsequent barriers represents a challenge which is only
beginning t_ be met.
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a. Test 18 - Impact velocity = 4.43 km/s - PMMA plate thickness = 4.71 mm.
Splash damage.

ii̧ _ _: • _ _ •

b. Test 20 - Impact velocity = 4.04 km/s - PMMA plate thickness = 4.75 mm.
Perforation damage.

Figure 26. Secondary target damage modes.
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a. Test 22 - Impact velocity = 4.70 km/s - PMMA plate thickness = 0.99 mm.
Plugging damage.

....

m

b. Test 24 - Impact velocity = 4.03 km/s - PMMA plate thickness = 9.47 mm.
Diffused splash damage.

Figure 27. Secondary target damage modes.
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Computer solutions of high velocity impact on primary targets, and subsequent interactions
of the resulting ejecta with secondary targets have been performed (e.g. Chhabildas, et al., 1993).
These solutions intentionally ignore the physics of fragmentation in the condensed phases of the
matter. Instead, divergent motions imparted to the removed ejecta lead to a rarefaction of the
matter as it propagates through the space between primary and secondary targets. Some

computational lumping of the matter during the rarefaction process may occur but this
, unintentional fragmentation is a consequence of numerical instabilities, or physical instabilities

which do not adequately describe the material response during fracture and fragmentation. Impact

of this debris continuum onto secondary targets leads to impulsive loadings and material motions
which do not, in general, provide the desired details of target damage. For example, secondary
target damage through fragment perforation cannot be predicted through continuum solutions.

Computational methods for u'eating fragmentation in the high-velocity impact of a projectile
with a primary target were discussed in the previous section of this report. The available
capabilities provide for the statistical size, velocity, and trajectory of a cloud of impact debris
fragments over the region of interest. Therefore, it is also possible, in principle, to initiate a
second c_mputational solution, describing in detail the motion and interaction of a discrete
collection of fragments with a secondary target _ the size, velocity, and trajectory data from the
first calculation providing the starting condition for the second. Solutions of this type provide
insight into details of the multiple impact processes, and are discussed in the following section of
this report.

Before examining the simulation of the impact of an explicit fragment cloud onto a target,
possible intermediate methods for addressing secondary target damage are considered. One
possibility is to retain a continuum desc_ption of the impact fragment debris, and determine the
limitations of such an approach. However, conditions leading to fragmentation and the
fragmentation process will be treated as accurately as current theories will permit and statistical
fragment size properties will be advected with the material as internal state variables. Thus, the
computational approach retains a continuum representation of the fragment debris cloud, while
the discrete fragment characteristics are transported with the continuum cloud as hidden variables.

A difficulty arises with a continuum desc,'iption of a fragment cloud upon interaction of the
system of fragments with a secondary target. Momentum is exchanged at the immediate interface

between the continuum fragment cloud and the secondary target. This momentum coupling
process does not adequately model the interaction behavior of a discrete fragment cloud with the
target. Individual fi'agments can channel to some depth into the target, depositing momentum
along the path of penetration. If the target is thin, full penetration can occur with only a portion of
the particle momentum transferred to the target. Thus, in effect, a secondary target can be
semipermeable to the mass and momentum of a high-velocity fragment cloud.

There are, hc_wever, examples in the field of continuum physics of the type of
interpenetration suggested ab_ve, in the continuum description of a beam of laser light or atomic

ions, the energy and m_mentum are deposited at some depth into a stationary target _ the extent
of penetration is a physical prc_perty characteristic of the penetrability of discrete light or atomic

particles into the specific target material. Another, perhaps useful, continuum description of
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matter is that of two-phase flow in material mixtures. Water, for example, can flow through a bed
of solid particles. Momentum and energy is exchanged gradually between the two materials
through coupling laws which include appropriate friction or viscosity properties.

To assess the applicability of these later examples to the problem of secondary target impact

and damage an interaction which resembles the present experimental situation will be considered.
In the higher-velocity experiments in the present study a pancake-shaped cloud of several hundred
steel fragments was created which underwent normal impact on an aluminum target plate.
Accordingly, consider a planar sheet of fragments which is undergoing impact on a plate of target
metal. For this analysis, the thickness of the fragment sheet is assumed to be unimportant (i.e.

ignore the possibility of multiple impacts in the same site). The fragment cloud is characterized by
an impact velocity Vo, the number density of particles per unit area no, and mass per unit area

mo. The average particle mass is then g = mo/n o.

If treated as a conventional continuum, planar impact will couple a thin impulsive load into
the target at the impact interface. Depending on impact intensity and target properties spall
damage, or, if the fragment debris is finite in lateral extent, plugging, may occur. Such a treatment
is not sufficient to address perforation.

A more detailed analysis of the impact interaction event requires consideration of the
microscopic target impact effects. Again, depending on impact velocity, and fragment and target
properties, a range of impact physics can be encountered. Here, the development will be restricted
to hard (steel) fragments at velocities over which further fragment breakup during penetration
does not occur. Target material is plastic (aluminum). Under such conditions deep penetration of

• individual steel fragments into the aluminum target can be expected as the particle comes to rest.

The depth of penetration of hard spherical particle can be calculated with reasonable
accuracy from Equation 5 with a target strength resistance term R included,

dV 1 V2
m_-_ = (_p +R)A. (31)

Integration of Equation 31 and solving for the depth of penetration, _, provides,

X - 2OPDIn(I+
o V2

3 13 2-R -)' (32)

In Equation 32 D is the fragment diameter, while pp and 13 are fragment and target densities,
respectively. (Note that R - 2.5 Y for 606 l-T6 aluminum provides a best fit to the penetration data
of Trucano and Grady (1985).) Values of R = 2.6 - 3.0 Y are calculated for static punch tests.

Thus, the mass and momentum of a characteristic fragment of size D would not be deposited
at the impact surface but would instead be deposited along a penetration channel to a depth _,. A

" particle-to-particle variation in the depth of penetration is, of course, expected for several reasons:
First, there is a statistical variation in particle size in the fragment cloud. Second, some degree of
reinforcement and interference as a consequence of the close proximity of penetrating particles

would be expected to influence specific penetration events.
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Figure 28. Continuum debris cloud.

In the analysis of secondary impact and damage consider a cloud of debris fragments
(depicted in Figure 28) to be a continuum, but with mass and momentum which are initially
deposited exponentially in the target to a characteristic depth _,. Thus the cumulative fragment
mass as a function of depth into the target is,

m (x) = mo ( l - e-X/Z') , (33)

and the initial cumulative momentum is,

p (x) = mo Vo (1- e-X/X) . (34)

The latter relation assumes that a particle momentum is deposited at the final depth of penetration.
If the mass of the deposited fragments can be ignored (reasonable if mo <<p K where p is the target

material density), then the initial velocity profile in the secondary target plate can be calculated,

mo Vo -x/_.

v(x) - p_---e (35)

A continuum impact in which the theory provides for the deposition of momentum at depth
within the secondary target will differ in several ways from the direct coupling of momentum at

the impact interface. First, the shape of the impulsive load will be different and, consequently,
details of the behind target spall will differ. Second, if the target plate is sufficiently thin, the
model would predict that a portion of the debris mass, and momentum, could fully penetrate the
target. Only a portion of the fragment debris cloud momentum would be deposited in the target

plate. For example, for a plate of thickness d, Equation 33 would predict that a mass per unit areal,
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-d/_,
m = moe , (36)

would pass through the plate and Equation 34 would imply that the impulse imparted to the
secondary target would be reduced to,

p (d) = mo Vo ( l - e (37)

Consider one of the present experiments in which the steel fragment debris had an average

fragment size of 1 mm (-250 fragments) and impacted at a velocity of 4 km/s. Equation 32 would
suggest a characteristic penetration depth of about _, = 6 mm. Equation 36 would predict that
about 30 fragments (-10%) would perforate a 12.7 mm aluminum plate. This is about one order
of magnitude larger than the number of observed perforations in the present tests. This poor
agreement implies that an exponential distribution of the mass and momentum is probably a poor

representation of the deposition profile. Particle breakup may be occurring at these impact
velocities in which case the estimate of _, is most likely too large. Furthermore, the theory does

not provide for a dependence of the characteristic penetration depth on the density of particles
(areal density mo ).

Clearly there are some obvious weaknesses in the present tentative theory in which a
continuum interaction of a fragment debris cloud with a secondary target is considered, but where

internal state variables characterize the fragmentation State and determine the diffusion and
deposition of the cloud mass and momentum into the target. Nevertheless, in lieu of the present
lack of models and computational methods for accurately convecting debris from an initial impact
to incidence on a secondary target, further development of a theory to utilize these ideas to
address secondary target damage problems may be worthwhile.

H. Numerical Analysis of Debris Cloud Impact on Aluminum Target

An explicit approach to examining the effects of a debris cloud impacting a secondary target
is to define each particle in the cloud and compute the excavation of the target resulting from the
cumulative cratering of each particle. In this section, impact of the particles in a debris cloud
representing those formed in Test 5 is numerically simulated with CTH. This example provides

insight into the nature of multiple impacts and the influence of the cloud parameters on the target
response. For the present generation of computational hardware, this three dimensional problem
requires significant memory and execution time, and is not yet a routine method of debris cloud
analysis.

The calculations of debris characteristics from the initial impact of the steel sphere with a

PMMA target were discussed in Section E The size and number distribution characteristics of the
e

debris that was produced in that impact simulation were represented in Figure 19, Figure 20, and

Figure 21. In principle, a desirable technique would permit the extrapolation of the steel debris
• from the initial impact with the PMMA target to the location of the next target - the aluminum

witness plate in this example - complete with spatial and size distribution of the particles in the
debris cloud. The extrapolation step has not been taken yet; although the expansion velocities are
available, the axial dimensions of the debris cloud have not been determined from the simulation,
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primarily because of a lack of knowledge regarding the particle interactions during the time just
after sphere breakup commences. In addition, the total number of particles computed in the
example tended to be too large, based on qualitative analyses of the radiographs.

In order to define a tractable problem, the number of particles in the debris cloud was
constrained to be about 300, with a particle size distribution that was assumed to be exponential.
That is, the number of particles of a given mass was based on an exponential function of the
particle mass, normalized so that the total mass of the steel particles summed to the original mass

of the steel sphere, M, of 1.05 g. The maximum particle size was less than 2 mm, corresponding
to a mass of less than 40 mg for the largest particle. The number of particles of mass m, Nm are
distributed according to bin size intervals of Am, and determined from

N m - N° e-m/_tA m, ( 38 )_t

where No is the total number of particles, and _ is the average particle mass, related to the total

mass of the original steel sphere by M = Nol.t. For the present analysis, the average particle mass
is about 3.5 mg, and the average particle size (diameter) is about 0.76 mm.

The dimensions of the debris cloud envelope at the location of the aluminum witness plate
were determined from the positions and times of the radiographs relative to the position of the
witness plate. On this basis, the cloud, assumed to be a circular disk, has a diameter of about
55 mm, and a thickness of about 10 mm.

The impact velocity of the particles onto the witness plate is 4300 m/s, and the outer
expansion velocity is about 270 m/s (_.fTable 2). The coordinate positions of each particle were

assigned with a random number generator: an (x,y,z) position was assigned, and that coordinate
was checked to ensure it was interior to the envelope, and then compared against ali previous

particles for overlap; if no overlap occurred, then the c_ordinates were retained; otherwise a new
set was assigned and rechecked. This procedure was followed for each of the 300 particles until
ali the particles were contained within the envelope, and no overlap existed. In addition, each
particle was assigned an normal impact velocity of 43()0 ros, as well as a radial velocity based on

the expansion velocity times the particle position radius normalized to the envelope radius.

In this three dimensional calculation, the normal impact direction of motion was in the x-
coordinate, and the two lateral coordinates were y and z. The physical space of the cloud and
12.7 mm aluminum witness plate was defined by -2 mm < x < 28 mm, -37.5 mm < y < 37.5 mm,
and -37.5 mm < z < 37.5 mm, with uniform 0.3 mm cubical cells, resulting in ablaut 6.25 million

cells in the calculation. Views of the initial conditions are shown in Figure 29. One can note that
in this simulation there are clear differences from the radiographs in Figure 2 and Figure 7. Of
parti_:ular note is the fairly regular distribution of particles on the periphery of the radiograph in
Figure 7. The resolution of the calculation limits the number of cells to about 2 to define the

,,b

average particle dimension. Consequently, some of the particles will be shapeless masses
Impacting the target rather than well-defined spheres. At these velocities, however, the initial

~54 -



.e

e _,_ .hTu _ ..._m

Figure 29. Initial conditions of the 297 debris cloud particles.

shape of the particle is not of primary importance in determining the excavated crater. An edge
view of the initial conditions is shown in the upper _ction of Figure 30.

By 8 I.ts the craters have ali been formed and the steel particles exhausted their momentum in
the excavation process. An edge view of the target plate at this time is shown in the lower ,section
of Figure 3(i).The jagged crater lip formation is evident in this view. No particles have perforated
the aluminum target, but a significant bulge is observed to have formed on the back side of the
target. A perspective top view t_f the craters formed is shown in F_gure 31. (In this view, the edges
have been trimmed from the aluminum plate to include only that material that contains craters.)
Although there is clearly significant coupling between craters, extensive contiguous original
surface material remains. Ali the_ _bservations are consistent with the recovered witness plate.

An estimate _f the c_mputed excavation volume of aluminum is 2.75 cm 3. There are many
evidences _f multiple impact.s fi_rming craters, and rare instances of crater connectivity below the
surface.
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Figure 30. Edge view of the aluminum witness plate at 0 and 8 Its.
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Figure 31. Perspective top view of craters at 8 ItS (Stereo cross-eyed pair).
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II!. COPPER SPHERE IMPACT ON STEEL TARGETS

An impact configuration involving two distinct metals for projectile and target was defined
with the specific intent of obtaining radiographic diagnostics of the debris cloud shortly after
perforation was complete, and to recover the fragments for post-shot analysis. In the present
investigation we have undertaken a study of the high-velocity interaction of a copper projectile and
a steel plate in the velocity range ttf 3.5 to 5.0 km/s for the purpo_ of testing the wave-propagation
code. High-resolution radiography has been used to diagnose the crater formation and debris
motion within the time frame accessible to comp_,tational simulation. Both normal and oblique

impact experiments have been performed to test the full three-dimensional capabilities of the wave
propagation code. Additional diagnostics have also addressed further details of the fragment size
and trajectory properties of the metal debris. The radiographs were successfully obtained. The
particles were also successfully captured in foam blocks.

The major effort of this computational wave code analysis was focused _n an oblique impact
experiment performed at an impact velocity of about 4.5 km/s. Simulated radiographs (prt_jected
density plot,s) were constructed and compared directly with experimental x-ray data.

A. Experimental Configuration and Materials

The experimental configuration for the impact fragmentation tests is shown in Figure 32.
Saboted OFHC copper spheres were launched at velocities between about 3 tt_ 5 km/s with a twc_-
stage light-gas gun system. The launch tube diameter was 12 mm. Lexan sab_ts were separated
from the ct_pper spheres thrt_ugh forces produced by a slight back pressure ttf nitrc_gen in the gun

I

Radiograph'cr_
Film and Screens Steel Target

Plate

t=+lOgs

t = -10 gs

Spherical _lll_t_insu_m
_op.per.. _ /
_'roject_le

Foam/
Flash f_--] CaptureX-Ray--f I / t_nOCK

Tube [___]

Figure 32. Experimental cCmfigurati¢m fi_r radic_graphic and t'ragment witness
diagn¢_stics ¢_f c¢_pper-cm-steel impact fragmentati¢m experiments.
(Timing is representative efra 4.5 km/s impact.)



range section. Sabot segments were trapped upstream and did not reach the target impact chamber.
Velocities of the copper spheres were measured to + 2% accuracy by recording of the time interval
during passage between two magnetic coils of known separation. Impact of the copper spheres

• occurred in the target chamber at approximately the center of a 75 mm by 75 mm square steel target
plate of thickness 5.60 mm. Critical experimental parameters are provided in Table 7.

• Table 7: Experimental Conditions
,,,

Test Impact Copper Copper Plate Plate X-Ray
Velocity Mass Diameter Thickness Inclination Times

# km/s g mm mm degrees gs

Test 1 4.96 1.20 6.36 5.61 0.0 11.6

Test 2 4.52 1.20 6.35 5.60 30.8 11.6
..............

Test 3 3.43 1.20 6.36 5.60 0.0 131.4
,,

ha the reported experiments, spheres of four nines pure copper with a 0.2% offset yield
strength of about 270 MPa were used for the impacting projectiles. Target plates were prepared
from 4340 steel (AMS 6359 plate stock) heat treated to a Rockwell hardness of 41-42. In ali
experiments a copper sphere 6.35 mm (1/4 in.) in diameter was used. The measured mass was 1.20
+ 0.001 grams. The density of the steel is 7850 kg/m 3, yield strength is 2.(1GPa, fracture toughness
is 30 to 40 MPa _m--,and elastic modulus (Young's) is 200 GPa, with a Poisson ratio of 0.29.

Two impact configurations were tested in the present study. In ali tests the steel target plate

was supported by a bolt attached to one comer. In Tests 1 and 3 the plates were positioned so that
the plane of the plate was vertical (identified as 0.0 degrees of inclination in Table 7). Normal
impact within __+1 degree was achieved in these tests. For Test 2 the top of the plate was tilted out

of the vertical by 30.8 degrees achieving an oblique impact of the copper sphere on the target plate.

Impact ejecta in Tests 1 and 2 was diagnosed approximately 11.6 gs after impact on the front
surface of the target plate. One 15(1keV flash x-ray tube, placed approximately 1.5 m from the line
of projectile travel, provided orthogonal shadow graphs of the fragment debris, as shown in
Figure 32. Impact delays were determined from electrical shorting impact switches placed on the
front of the target plate. The x-ray film cassette, using Kodak Direct Exposure film backed by a

Quanta Fast Detail screen, was stationed about 15 cm from the debris trajectory.

For Tests 1 and 2 the x-ray image was centered on the target plate and the early-time record
provided detailed ge_metry _f crater formation, and both front and back surface ejecta debris. In
Test 3 a late-time image {_fback surface fragments was obtained which provided more detailed

. information _n particle number and disposition.

An assembly t_ witness and capture behind target fragment debris was also included in the
experimental cCmfiguratiCm. A block of p_lyurethane foam (3()cm _n a side and 7.5 cm in
thickness) with a density _f 32¢) kg/m 3 was positioned 25 cm behind the target plate. A sheet (_f
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30 cm by 30 cm aluminum foil 0.075 mm in thickness was placed on the front of the foam block
and provided a witness measurement of the number and distribution of debris fragments.
Fragments were captured within the foam block and were interrogated with post-test static

radiography.
P

B. Experimental Results
B

Radiography

The radiograph for Test 1 at 11.6 ,us corresponding to a normal impact at 4.96 km/s is shown
in Figure 33. The leading edge of the behind target debris is moving at a velocity of approximately

Figure 33. Radiographic record of 4.96 km/s normal impact at 11.6 gs (Test 1).
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2.3 km/s, slightly less than half of the initial impact velocity. Velocities in excess of 3 km/s were
determined for the highest velocity fragments in the back-splash debris. In contrast, large

fragments associated with the lip of the spall ring (both front and back of the target plate), emerging
from the peripheral region of the penetration spall crater, i,dicated an axial velocity component of.q

about 0.4 km/s. At the 11.6 its time into the motion, fragments appear fully formed although high

fragment density precludes resolution of individual particles.
,u

The radiograph resulting from the Test 2 oblique impact experiment at 4.52 km/s is shown in
Figure 34. The impact debris in this test was also imaged 11.6 its after impact. The leading edge of

................... _ .-, ....... -.,.e.:-.-,,...,.....+...-._.--¢..-._..,_.,:... :,,-::_::_-.,r-.:__'::.__:::.,_,'_.:-:,_-...__.';:.:_.:::::':.:_?_;_;_:_!i:!:_:::__:i._..;_:i::::_.:.:_:_::::i?;:i_..i_!::-i_:_i_i:!_:_:._._.:.i?:::_!;}:_.ii!..;_:_:}_::._:_!`._;?ii::::_!.:i:.::!;]_!_:_:.(_:!_._{_}i_._?_:_`(.;._._}._i::_:_?i:_?_:!::_:..:::}_::_":":"i"_i"::i:::i::5 -::" "":: "

Figure 34. Radiographic record of 4.52 km/s oblique impact at 11.6 gs (Test 2).
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the behind-target debris is moving at approximately 1.8 km/s. A slight asymmetry in the envelope

of the behind-target ejecta debris due to the oblique impact is noted, and most certainly has more
material on the upper side of the cloud than on the lower side, where there are observed to be more
spaces between fragments. From the radiograph, it is not possible to discern the interior character

of the debris cloud. Details in the back-splash debris from the impact surface associated with jetting
caused by the spherical impact are particularly apparent. The curved traces of debris on the impact
face of the target originate from a radially increasing crater, and are finest at the time of impact,
and increase in size as the crater becomes larger. A ray pattern associated with the circumferential
instability and breakup of the jet material is also observed. Note the defined spacing of these rays
of debris, their circumferential spacing determined by the strain rates of the expanding crater.
Leading fragments in the back-splash debris are traveling at velocities near 6 km/s.

Figure 35. Radiographic record of 3.43 km/s normal impact at 131.4 Its (Test 3).

In Figure 35 the radiograph for Test 3 shows the behind-target debris for a similar normal

impact event late in time. The low spatial density of material at this time allows nearly full
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resolution of ali fragments. Impact velocity for this test was 3.43 km/s, and the velocity of the

leading edge of the debris cloud inferred from the radiograph is approximately 1.6 km/s. The
majority of the observable fragments are uniformly distributed through an elliptical cloud. They

• have a statistical mean projected area very close to 1 mm 2 with a remarkably narrow size
distribution. Thus these particles would constitute only about 2 grams of the approximately 13 g of
the target ejecta and projectile mass. The remaining mass would be the back splash fragments and,
primarily, the large spall ring fragments residing close to the target plate in the Figure 35
radiograph.

Penetration Crater

Photographs of the impact and exit side of the penetration crater for the oblique impact
experiment (Test 2) are shown in Figure 36. Structure of the normal impact crater for Tests 1 and

Figure 36. Penetration crater for 4.52 km/s oblique impact experiment.

3 were visually identical to that shown in Figure 36. In Test 2 the top of the plate was tilted away
from the projectile trajectory to achieve the approximately 30 degree oblique impact configuration.
The crater shows an approximately circular penetration hole and a spall ring region on both impact

. and exit sides out to a somewhat larger spall lip radius. Penetration damage on exit and impact sides
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showed no visual differences. Crater hole and sp'ali lip diameters for the three impact tests are

provided in Table 8.

Table 8: Experimental Parameters

Initial Plate Hole Crater LipTest
Plate Mass Mass Loss Diameter Diameter

b

# g g mm mm
.....

Test 1 250.9 19.3 19 + 1 27 + 2

Test 2 251.7 16.6 18 + 1 26 + 2

Test 3 250.0 10.7 15 + 1 22 + 2

Target plates for impact Tests 1 and 2 were also sectioned through the center of the crater and
polished for metallographic examination. For the Test 2 specimen the crater was sectioned
vertically to expose possible asymmetry in the damage modes due to the oblique impact. The
photograph of the Test 1 target plate shown in Figure 37 is representative of the results. The extent

Figure 37. Metallographic section through center of penetration crater for 4.96 km/
s normal impact experiment.
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of the spall ring region is indicated. Close examination revealed extensive shear banding and small-
scale cracking. The central spall crack seen in Figure 37 circumscribed the penetration crater,
extending into the plate about 3 to 10 mm. This central spall crack was not observed in the oblique
impact experiment.

L

Mass loss from the crater region was determined by weighing target plates before and after the

, impact tests. Results provided in Table 8 show a consistent monotone increasing trend with impact
velocity.

Witness Plate and Capture Data

The passive methods used to interrogate the behind-target fragment debris were also

informative. The foam block and foil positioned behind the target were sufficient to intercept a
majority of the high-velocity behind-target debris. The large spall ring fragments which were
ejected with a large angle with respect to the projectile trajectory were not captured by this method.

First, the aluminum foil placed at the front of the foam block provided an excellent diagnostic
of the fragmentation pattern and intensity. Penetration craters in the foil provided only a rough
indication of size, however, since the hole areas were somewhat larger than the corresponding
projected fragment area. The number density of fragments was readily determined from the witness
foil, however, and provided valuable data for validating computational fragmentation codes since
the mass flux at a point in space is readily calculated in the wave-code analysis, and hence couples
fragment size and number.

lt should be noted that the qualitative fragment size distribution, as inferred from hole size data
in the witness foil, was strongly bimodal in character. A broad spread (covering most of the witness
foil) of larger fragments (holes) ranging from about 1 mm to about 5 mm in size was observed. In

addition an intense spray of very fine particles (hole size between 20-200 _tm) within about a 10
cm central region was witnessed by the foil. This effect was intense in Tests 1 and 2, but very weak
in the lowest velocity Test 3.

A particle number density for fragment hole sizes of approximately 0.5 mm and larger was

determined from witness foils from the three tests. These fragment number data are plotted in
Figure 38. The data are plotted as a function of radius from the line of projectile travel. This
representation is appropriate for Tests 1 and 3 because the normal impact conditions imply

rotational symmetry. For Test 2 slight skewing of the debris pattern was noted due to the oblique
impact, thus number density both vertically upward and downward from the projectile line are
plotted in Figure 38.

Static radiographs of the foam blocks used to capture the debris ejected from the target plate
were taken. Views in the direction of impact are shown in Figure 39 and Figure 40. Note the

distribution of particles through the diameter of the cloud. There is a large contrast in the apparent
" average fragment size between Figure 39 and Figure 40. The large impact velocity of Test 1 (4960

m/s) results in relatively small fragments, and many deep craters in the foam (Figure 39). The much
lower impact velocity of Test 3 (3430 m/s) results in an apparently larger average fragment size,
and considerably fewer deep craters in the foam block (Figure 40). The center region of the higher
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Figure 38. Number of fragment density data determined from penetration craters in

aluminum witness foils.

velocity impact is nearly devoid of larger fragment sizes, those appearing in an annular ring about
the center.

The radiographs were image processed (See Appendix C) and the fragment areas reduced to

digitized data (Figure 41). The abscissa is projected area of the fragment. The higher impact
velocity has nearly 600 fragments recorded, whereas the lower impact velocity has only about 300
fragments recorded in the foam blocks. There is a crossing of distributions in the cumulative
number data shown in Figure 41. This is a consequence of approximately equal masses of material

being partitioned into two distributions - one with a larger number than the other. The distribution
with more fragments has the mass concentrated nearer the small fi'agment end, with a steeper slope
to the large fragment end (assuming exponential distributions). In fact the data are quite linear in
over much of the fragment area range, and are represented quite readily with an exponential

distribution. The larger chunky fragments are presumed to be pieces of the spall ring that break off
and move at relatively slow velocities compared to the rest of the fragments.

At these impact velocities, there is sufficient shock heating locally to cause melt of some of
the metal (primarily copper), and the penetration of these fine particles causes a network of fine
holes in the aluminum witness foil (Figure 42). A representative section of the impact foil from

Test 2 was image-processed, and the size distribution data (actually foil hole areas) are provided
in Figure 42. The dominant hole diameter is about 50 I.tm, approximately consistent with predicted

break-up sizes of liquid melt fragments.

~ 66



Tesi 1 Static Radiograph of Debris in 12" by 12" Foam Block

(_.3f_:nra (5_ppcr Sphere Impact Vell_city 4t)(_(}m/y,
. Steel "l'arget Thickness: 5.61 nam

?<Figure __. Static radit_gi'aph of foam block used to capture behind-target e,iecta
fragments" Test 1 (Copper sphere impact velocity = 496(I m/s).
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Test 3 Static Radiograph of Debris in 12" by 12" Foam Block --

6.36 mm Copper Sphere Impact Vel_city: 3431) m/s
Steel Target Thickqess: 5.61) mm

Figure 40. Static radiograph of foam block used to capture behind-target ejecta
fragments: Test 3 (Copper sphere impact velocity = 3430 m/s).
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Figure 41. Fragment distribution dam for normal impact Tests 1 and 3 determined
from static radiographs of fragments captured in foam blocks.
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Figure 42. Statistical particle size data for fine spray particles determined from
aluminum witness foil.
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C. Numerical Analysis of the Copper Sphere Impact

The primary objective of the impact penetration experiments and radiographic diagnostics was
to provide spatially resolved data of the crater formation process and impact ejecta motion for the
purpo_ of validating three-dimensional (3-D) computational codes in the regime of high-velocity

material interaction. The Eulerian wave propagation code CTH (McGlaun, et al., 1990) was again
the computational tool of choice in the present investigation. The computational study focused
primarily on the obhque impact experiment (Test 2) which provided the most stringent test of the •
3-D features of the wave propagation code.

In the oblique impact geometry that was simulated, there is one plane of symmetry, a plane
through the axis of impact, appearing in plan view like the sketch in Figure 32. A computational

resolution of 0.2 mm was the best that could be obtained, based on available computer storage.
This resulted in just over 6 million computational cells, each 0.2 mm cubes. The material

properties for the copper and steel are provided in Table 9. The ot _-_e solid-solid polymorphic
phase transformation was included for the steel, a phase transformation that occurs at about
13 GPa, and has been shown to be an important factor in certain kinds of impact scenarios
(Bertholf, et al., 1975). The low- and high-pressure linear shock velocity - particle velocity
parameters are included in Table 9. The deviatoric behavior was modeled as elastic - perfectly
plastic, with the yield strengths indicated in Table 9. Fracture in the computational analysis was
treated by introducing void into the computational cell when a principal stress exceeded the tensile
fracture stress until the stress state in that cell was reduced to zero.

Table 9: Material Parameters Used For Copper Sphere Impact

Copper Hard Steel

Density (kg/m 3) 8920 7850

/

Bulk sound speed (m/s) 3904 4620

Linear shock velocity - 1.489 1.74 or-iron
particle velocity slope 1.64 e-iron

Gruneisen coefficient 1.99 1.75

Yield strength (GPa) 0.7 2.0
,,,

Poisson ratio 0.351 0.29
,,

Fracture stress (GPa) 0.3 1.2

The calculation was initiated with the copper sphere in contact with, and surface tangent to,
the steel target plate. The initial velocity vector of ali cells within the copper sphere was directed
into the target plate 30 degrees from the target normal, and with a magnitude of 4.,52 km/s. Impact

stresses are nearly 120 GPa. A sequence of images at the symmetry plane is recorded in Figure 43.
In these figures, the sphere is moving from bottom to top. At 2 _s, the crater has begun to form,
and the rear of the target is bulging. At 4 Its, the target is nearly perforated, with a spall region
visible in the steel layer at the top of the bubble. Although the impact was oblique, already there is
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Time: 0 Its Time: 2 laS

Time: 4 _ts Time: 6 Its

.,---'4

- Time" 8 gs Time: I1.6 gs

Figure 43. Symmetry plane views of the impact of the copper sphere _mto
an inclined steel target. Times are/), 2, 4, 6, 8, & 11.6 ItS.
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evidence of hole symmetry forming that has the appearance of normal impact. The copper is
preferentially layered on the steel about the impact axis. By 8 ps, the debris cloud is nearly
completely formed. At the f'mal computed time of 11.64 _ts, which corresponds to the time of the
radiograph, the debris cloud has completely separated from the rear of the steel target, with a
copper layer that has remained contiguous over a substantial section of the inside of the debris. The
target hole still has the appearance of a normal impact, but the debris cloud is asymmetric, with t

more material contained on the left than on the right of the cloud. This is more clearly seen in the
edge view of the target at 11.64 I.ts (Figure 44) where ali the material on one side of the symmetry

i

_ __, ,_ii_,i.,-_,_". i::_i
_i_;_• _ _i_, _:_

i ii_i:I.....:._i_

17 pi !:'_

,,: .

.. . . .

Figure 44. Edge view of the target at 11.64 ps (the darker material is copper).

plane has been removed revealing the interior of the crater and the bubble of debris ejecta. Much

of the copper (the darker material) is continuing to thin and has not yet undergone instability
breakup. On the other hand, ali of the ejecta steel has fragmented by this time. The size and shape
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of the fragments reflect in part the way the material is convected by the code, and the method of
representing the data (half volume fractions). The fragment sizes were not computed in this
instance. The cross-section (Figure 44) also shows the presence of spall rings formed at the front

' and rear of the target, as well as cracks penetrating the target. Hydrodynamic spreading of the
copper occurs over the interior of the expanding steel debris shortly after impact and, late in time,

_- interface separation between the steel and copper is achieved because of the difference in
mechanical impedance. Artificial contributions to this separation may also come from the interface
tracking algorithm in the code. Recent code modifications eliminate this material separation
(Hertel, 1992).

Another representation of the oblique copper-on-steel impact calculation was provided by
constructing a projected density normal to the symmetry plane at the final computational time of
11.6 gs. This simulated radiograph was then compared directly with the measured flash x-ray

record at the corresponding time for the oblique impact experiment (Figure 45). The calculated
profile of both the forward and backward ejected debris along with the mass density distribution
throughout the debris cloud were in excellent agreement with the measured radiographic data. This

nearly perfect overlay of the material boundaries indicates that the material motion in the impact
has been properly computed. The presence of the larger mass of material at the top and left of the
debris cloud is consistent with the densities of material observed in the radiograph (Figure 34).

The upward directed back-splash jet clearly observed in the x-ray image (Figure 34) is also
prominent iv the numerical simulation (Figure 44 and Figure 45). Although rapid instability
particulation is observed, trajectories and velocities of about 7.5 km/s are consistent with the
radiographic record. (Velocity of the observed leading jet fragments in Figure 34 was about 6 km/

s.) The jet is comprised of both copper and steel material.

A final view of the impact event at 11.6 _ts is a stereo (cross-eye) perspective provided by the
pair of images in Figure 46. Note that the debris bubble is indeed hollow, and that there is copper
mixed with steel in the impact-surface ejecta.

Due to entropy production in the primary shockwave in the copper projectile, substantial
temperature increases occur. The calculated residt,.,l temperatures in the copper (at 11.6 _ts) are
below incipient melt (- 1356 K) for nearly all of the mass (Figure 47). Approximately 0.16 g (13%)
of the copper remains in the melted state. Only traces of the steel are calculated to remain melted.

At approximately 5 Its int¢_the calculation, breakup of the behind target ejecta initiates (el

Figure 43). Breakup is not a consequence _f the tensile fracture model. Rather, it is thought to be
a result of kinematic instabilities in the rapidly thinning shell of ejecta probably stimulated by
numerical perturbaticms. Fragmentaticm c_fthe cc_pperoccurs later in time than the steel, c¢msistent
with the expected effect c_fthe substantially lower plastic flow stress c_fthe copper on instability

. breakup. The trend _f material t_ align _n 45 degree planes is a consequence _f preferential
material convection in the interface tracking algcwithm.

Fractures which initiated at later times (Figure 43) in the plane c_fthe 434(I steel target plate,
on the other hand, are a c_nsequence _f stress states exceeding the tensile fracture criteri_m. These
fractures are ccmsistent in trend with the fractures c_bserved in secti_med target plates used in the
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Figure 45. Simulated radiograph from the calculation, at 11.6 I.ts.
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Figure 46. Stereo perspective of the oblique impact at 11.6 Its.
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IV. CONCLUSIONS

The experiments and calculations reported here provide insight into the nature of debris
formed during impact and penetration of a target.

" The experiments with PMMA targets provide a clear definition of the steel debris cloud
formed by the impact of a steel sphere. The spectrum of impact velocities and target thicknesses

- provide sufficient basis to establish trends in debris cloud formation. Some aspects of the

fragmenting steel sphere data are represented quite well by the calculations, particularly the axial
velocity decrease and the radially divergent velocity imparted to the sphere. The former property,
the axial velocity decrease, is primarily a function of the hydrodynamics of impact; the radial
velocity acquired by the particles of the sphere is more sensitive to the modeling of the fracture,
particularly the time at which the material separates. The ability to calculate detailed fragment
size distributions is the first step in defining quantitative properties of debris clouds for

subsequent interactions. The quantitative comparisons of debris characterization will require
some additional refinement of the data from the radiographs. The simulations have also
demonstrated that there is additional work required on the fracture model used here to more
precisely determine the time of fracture and the condition of the steel at breakup.

High-resolution radiographic images of ejecta motion and fragmentation caused by impact of
copper spheres on steel plates at 3 to 5 km/s are a principle result of the present study. The images
were obtained at times after impact which are amenable to, and for the purpose of, verification of
computational simulation of the impact event. Simulations with the 3-D Eulerian hydrocode CTH
were in good agreement with all major features of the radiographic data. The study uncovered

minor numerical difficulties for which improvements were implemented over the course of the
research.

The remarkably good agreement in the size and character of material breakup in the
computational simulation with radiographic data remains incompletely understood. A reasonable
understanding of the plastic instability breakup mechanisms of expanding debris bubbles and

stretching jets is beginning to emerge (e.g. Grady, 1987; Romero, 1989). Whether instability
breakup of material in the computational simulation captures a measure of the correct physical
instability mechanisms, or is stxicfly a numerical instability issue, remains to be worked out.

Passive fragmentation diagnostics were successfully implemented in the present

experimental study in terms of witness foils and low-density foam fragment capture devices.
lntelrogation with static radiography and image processing methods provided statistical size,

number density and trajectory data. Implementation of energy-based fragmentation models within
the 3-D CTH hydrocode has provided a tool for the analysis of debris breakup in the

. hypervelocity impact event (Kipp, et al., 1993).

The extrapolation of the debris characterization to subsequent targets is a step that requires
" additional technique development.

This report provides experimental and analytic research in support of the 1990-1992
Laboratory Directed Research and Development program on behind armor debris. The effort was
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focused on providing an experimental foundation and an understanding of material response in
dynamic fragmentation for the purpose of the validation and expansion of computational
fragmentation modelling and calculation. Tasks remaining which would enhance our
understanding of the debris formed in these impact events include:

1. Image processing of fragmentation radiographs to extract statistical fragment size data,

2. Measure spaU crater profiles on representative primary target impact plates,

3. Completion of several tests in which recovery of the fragment debris will be accomplished and
statistical size analysis performed on the recovered data.
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APPENDIX A - Debris Cloud Data (Steel Impacts onto PMMA Targets)

The data extracted from the radiographs which was deemed useful for purposes of validating
analytic modeUing or computational simulation of the impact fragmentation events are included

-, in the present appendix. Appropriate experimental data for the debris cloud position and timing
for the tests are provided in Table A. In a number of the earlier tests only the distance between the
position of the fragment cloud in the first and second radiograph, and the corresponding transit
times were recorded. In later experiments (Test 17 to 24) the distance from the front of the PMMA

plate to the positions of the fragment cloud in the first radiograph was also determined and is
included in Table A. Positions are to the geometric center of the fragment cloud with the
exceptions of Tests 19, 23, and 24 where distances are to the front of the cloud.

Table A: Radiograph Debris Cloud Position and Timing Measurement Data a

Test Vi dp x 1 Ax At Test Vi dp x 1 Ax At
,.,....

# m/s mm mm mm gs # m/s mm mm mm gs
, , • i

1 4460 3.28 -- -- -- 13 4430 5.37 m 127 31.9

2 4460 3.28 u -- -- 14 4060 5.36 -- 183 49.1
,,....

3 4450 1.74 -- u _ 15 3310 5.38 m 138 45.1

4 4700 1.74 u 155 34.1 16 4080 5.37 m 143 38.1

5 4570 3.38 _ 143 33.2 17 4520 3.25 205 155 35.9

6 3460 3.28 -- 141 43.1 18 4430 4.71 156 147 35.9
,,, , ,,,

7 4160 3.44 _ 149 38.0 19 4610 5.39 166 b 15 lb 35.9

8 3950 1.49 m 141 37.0 20 4040 4.75 169 142 38.0

9 3460 1.51 _ 148 45.1 21 3750 4.78 171 150 42.9

lO 3410 0.63 -- 151 45.1 22 4700 0.99 183 161 34.9

11 3920 0.64 -- 143 37.1 23 4060 11.23 142 b 124b 37.9
,, ,

12 4470 0.69 -- 140 32.0 24 4030 9.47 159 b 144b 42.9

a
x 1 = distance from front of PMMA plate to position of fragment cloud in the first

radiograph. Ax = distance between fragment cloud in first and second radiograph.
At = time between first and second radiograph.

- b Measured to the front of the fragment cloud.
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APPENDIX B. Radiographs (Steel Impacts onto PMMA Targets)

The radiographic data acquired in each of the impact fragmentation events are included in the
present appendix. The original radiograph is the upper left image in the figure. Each radiograph
has been image-processed, and the results from those operations are included also: the upper right ,_
image is the digitized radiograph; the lower left is the same image with the encompassing
envelope; and the lower right is the digitized _utline of the radiograph. A size scale is provided in

each figure to define the dimensions of the fragment cloud. Note that for most of the experiments,
both the early and late time radiographs are present, but have been scaled to approximately the
same image size. The relevant fragment sizes and numbers determined from these radiographs

have been tabulated in Table 3. The areas A reg, Aob s used to compute average fragment sizes in
this table are acquired from the lower left image in the following figures. The total encompassed

region, shown in white, is Areg. The dark region within this image is identified as A obs"

The single exception is for Test 12, which is represented only with the radiographs. The
impact resulted in a small spall cap that was ejected from the trailing end of the ball, and no image

processing was done.
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Test 1, Radiograph - _ t

6.35 mm Steel Sphere Impact Velocity: 446() m/s 20 mm
PMMA Target Thickness: 3.28 mm

Figure Bl. Test 1, Radiograph.
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Test 2, Radiograph - , ,

6.35 mm Steel Sphere Impact Velocity: 4_ 50 m/s 20 mm

PMMA Target Thickness: 3.28 mm

Figure B2. Test 2, Radiograph.
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Test 3, Radiograph -_ l !

6.35 mm Steel Sphere Impact Velocity" 4450 m/s 10 nam
-. PMMA Target Thickness: 1.74 mm

Figure B3. Test 3, Radiograph.
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Test 4, Radiograph a ~ t I

6.35 mm Steel Sphere Impact Velocity: 4700 m/s 10 mm
PMMA Target Thickness: 1.74 mm

Figure B4. Test 4, Radiograph a.
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Test 4, Radiograph b- t I
6.35 mm Steel Sphere Impact Velocity: 4700 m/s 10 mm

" PMMA Target Thickpess: 1.74 mm

Figure B5. Test 4, Radiograph b.
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Test 5, Radiograph a ~ !
6.35 mm Steel Sphere Impact Velocity: 4570 m/s 10 mm ,
PMMA Target Thickness: 3.38 mm

D

Figure B6. Test 5, Radiograph a.
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Test 5, Radiograph b -- ; I

6.35 mm Steel Sphere Impact Velocity" 4570 m/s 10 mm
PMMA Target Thickness: 3.38 mm

Figure B7. Test 5, Radiograph b
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Test 6, Radiograph a ~ I I

6.35 mm Steel Sphere Impact Velocity: 3460 m/s 10 mm N

PMMA Target Thickness: 3.28 mm

Figure B8. Test 6, Radiograph a.
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"l'e,,<t(_,Rudi(_gr_lt_ilh ,-, I I
I () mm

- (_.35 mm Steel SpheFe Impact Velt,,.ity: 34(',() m/.,;
PM N,1A"['aF.gct"l'hiL'kncss: 3.2X mm

9'

. Figure B9. Test 6, Radiograph b.
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Test 7. Radiograph a- t

(_,35 nim Steel Sphere lnlpact Vel_lcity" 41(_(1 inis I() illlll m

PMMA Target Thickness" 3.44 mm

'lD

Figure B 10. Test 7, Radiograph a.
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Test 7, Radiograph b-- t t
6.35 mm Steel Sphere Impact Vel_city: 416() m/s I()mm1

PMMA Target Thickness: 3.44 mm

Figure B 1 1. Test 7, Radiograph b.
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Test 8, Radiograph a ~ I I .

6.35 mm Steel Sphere Impact Velocity: 395() mis I()mm
PMMA Target Thickness: 1.49 mm

Figure B t2. Test 8, Radiograph a.
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Test 8, Radiograph b--- I t

. 6.35 lllnl Steel Sphere llllpaL'I Vci_,citv: 3U5() m/_ I() illl/i

PMMA Target Thickncxs: 1.49 nim

Figure B 13. Test 8, Radiograph b.
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Test 9, Radiograph a- I I

(_.35 mill ,Steel Sphere Impact Vel_city: 34(_() Ill/y; 5 lllm .

PMMA Ta,'get Thickness: !.51 mm

Figure Bl4. Test 9, Radiograph a.

~ 96 ~



Test 9, Radiograph b--- I I

6.35 mm Steel Sphere Impact Velocity" 34611m/s 5 mm
PMMA Target Thickness: 1.51 mm

Figure B 15. Test 9, Radiograph b.
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Test 12, Radiograph a ~ _... ..._ .

6.35 mm Steel Sphere Impact Velocity: 4470 m/s 5 mm

PMMA Target Thickness: 0.69 mm

Figure B 16. Test 12, Radiograph a.
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Test 12, Radiograph b ~

6.35 mm Steel Sphere Impact Velocity: 4470 m/s 5 mm

. PMMA Target Thickness: 0.69 mm

Figure B 17. Test 12, Radiograph b.
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Test 13, Radiograph a --, _ _'
I()mm

6.35 mm Steel Sphere Impact Vel_city: 443() m/s
PMMA Target Thickness: 5.37 mm

J

Figure B 18. Test 13, Radiograph a.
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Test 13, Radiograph b ~ t t

6.35 mm Steel Sphere Impact Vel¢_city" 44311 m/s 211mm
PMMA Target Thickness: 5.37 mm

Figure B 19. Test 13, Radiograph b.
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Test 14, Radiograph a ~ I

6.35 mm Steel Sphere Impact Velocity: 4060 m/s i0 mm
PMMA Target Thickness: 5.36 mm

Figure B20. Test 14, Radiograph a.
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"l'c.',+t14, l+,iltliogr_iph h _ I I
2(I rnm

" ¢_.?,5mnl Stt',:l ,';l+lwrt' Iml_tct Vt.'It_city" 4()(_()m/._
I)MM A "l':lr_ct "l'hickncxx: 5.3(_mm

Figure B21. Test 14, Radiograph b.

- 103 -



"l'c.,,i 15.14_ldiCL,_,liiph_l- I t

(_.._5 Iil111 ,Slc.'c'l.'Sl_hc.'rcInll)_.ic'l k'clLwil)' 3.._I(I in/_ .5IIIill

I)MMA 'l]il'_.J'c'l lhickl_c',,,,: 5.31'4II1111 q

Figure B22. Test 15, Radiograph a.
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Test 15. Radiograph b .-. t I

, 6.35 mm Steel Sphere Impact Velc_city" 331(} m/s I() mm
PMMA Target Thickness" 5.38 mm

Figure B23. Test 15, Radiograph b.
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Test 16. Radiogniph a- I i
Ill rain

(,.35 mm Steel Sphere Impact Vcl_,city" 4111,;limis

PMMA Target Thickness: 5.37 nim
li

Figure B24. Test 16, Radiograph a.
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Test 16. Rudiograph b .-. t t

. 6.35 mm Steel Sphere Impact Volt,city' 4(18(I ml+'< 2c1 mm

PMMA Tutgt_-tThickne.,;.,_: 5.37 rnm

Figure B25. Test 16, Radiograph b.
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"l'cs! 1"7. Riidiogr_iph _i - t t

(_..:I5 111111Siccl Sphc'lC Illlpac:l Vcl_,ciiv 4521i Ill/',, iii I11111

I>MA1A "J",ir',2cl "l'hic'kilc',,," 3.25 I!1111
i

Figure B26. Test 17, Radiograph a.
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Tc,',;t 17, Rudiogruph h ,-- I I

,, ('+.35+lltUSteel Sphere lmpuct Vclt+uity" 452() mis 2(i mm
PMM A Tai'.gct Thickness" 3.25 nim

Figure B27. Test 17, Radiograph b.
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Figure B28. Test 18, Radiograph a.
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Figure B29. Test 18, Radiograph b.

-!11 ~



"IL'.',+IIt-,).l<t+.It.lit'_gr;.11+ll_l - I I

+_.35nllm St_+'_+'iSphere llnl+aCtVelt_u'ity" 4__!()m/,_ 3() tnnl .
I'MN,IA l'argL't 'l'hi_:kn_+'_,," 5.3".)nlm

Figure B30. Test 19, Radiograph a.
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,. (_.35nlnl.Steel,",;l_hcn.'lmlXlct\'_'l_ciI\' 4til()ml_ 3()Jnm

I_MMA I_Ir_ctIhickIlc,,,, 5.?,_;n_rn

.J.

Figure B31. Test 19, Radiograph b.
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'l'esl 2(). l,_ldi_gr;ll)h _l _ i

_.35 nlul .SteelSpherc Iml_a_.'tVt'l_,city" 4()4() ml.,, I() mill .,
I'M M A 'largct "I'hickncnn: 4.75 mm

Figure B32. Test 20, Radi_graph a.

-114-



"l'¢sl 2(), Radio_ruph h-- I I

(_.35 mm Steel Sphere Imp_lu't Vcl_,.'ity: 41)41)ml.,_ 2(I mm
•" PMMA 'litrgc! Thickness" 4.75 mm

,i

Figure B33. Test 20, Radiograph b.
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, 41it

(_. '15 Inll_ Stccl Sl_hcrc Itl_i_:tct Vclt,t.'ity: 375() mis I() nlull ,,,
I'MMA litrt'.ct 'l'hicklw,,,,: d.7X nlru

Figure B34. Test 21, Radi_graph a.
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"lu_t 21. Radiograph b .-+ t t
• (_.35 mnn_StL'cl Sphere Impact VL'l_city: 375(I m/.,_ I(1 mm

I_MM A "l"ar,,ct "l'h ick hess" 4.78 mm
=

Figure B35. Test 21, Radiograph b.

~117~



"I_._I 22. P,_diogr_lph _ _ t

(_.35 mm Sri'tri Sphcrc Im_;,lct Vcl_,city" 471111mis 5 mm i.

PMMA "l'ar,,c t Thic knc.s.s 1).t)t) ill!11

Figure B36. Test 22, Radiograph a.
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'lL'_t 22. R_ldi_gr_lph !_- i t

(_.35 mm .Src'el.Sl-_hc'tc.Imp_tct Volt,city: 47(1(I mt.,, iii mm
I>X,I,kIA 'l':ll'gt'l "l'hickncs.s: 1).99 Illnl

Figure B37. Test 22, Radiograph b.

-119~



Figure B38. Test 23, Radi_graph a.
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Test 23, Radiograph b ~ o I
" 6.35 mm Steel Sphere Impact Velocity' 4()6() m/s 5() mm

PMMA Target Thickness: 11.23 mm
li

Figure B39. Test 23, Radiograph b.

~ 121 ~



Tc.',;t 24, Radiograph a + + I

(+.35 rnm Steel Sphere Impaut Volt,city" 4()3() m/.'< 2() mm ,,
PMMA "litrget "l+hicknc.,+x• 9.47 mm

41

Figure B4(). Test 24, Radiograph a.

- 122~



Test 24. Radiograph b- t t
'lP

(',.35 mm Steel Sphere Impact Velt_city: 4113(I m/x 3() mm
PM MA Talt,et Thickness: 9.47 111111

li

Figure B41. Test 24, Radiograph b.
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APPENDIX C - Foam Block Radiographs (Copper Impacts onto Steel Targets)

The radiographic data acquired of the foam blocks in two of the impact fragmentation events

are included in the present appendix. The original radiograph is the upper left image in the figure.

Each radiograph has been image-processed, and the results from those operations are included P'

also: the upper right image is the digitized radiograph; the lower left is the same image with the

encompassing envelope; and the lower right is the digitized outline of the fragments in the .-

radiograph.
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Figure C 1. Radiograph of foam block for Test 1.
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Figure C2. Radiograph of foam block for Test 3.
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