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Abstract-An experimental method for determining failure and fragmentation properties of metals
in catastrophic breakup events has been pursued in this work. Spherical samples of the test metals
were launched at high velocities with a two-stage light-gas gun facility and subjected to controlled
impulsive loading by impact on a stationary non-metallic plate. Fragmentation and motion of the
debris were diagnosed with multiple flash radiography. Methods for determining critical failure
properties and the fragmentation toughness of the test metals were explored.

I. INTRODUCTION

Some basic theories have emerged within the past 10 years for predicting the consequences
ofdynamic 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, 1988); Kipp and Grady (1985);
Glenn and Chudnovsky (1986)], and on the statistical issues of fragment size distributions
[e.g. Englman et al. (1984); Grady and Kipp (1985); Brown (1989); Grady (1990)].
These theoretical bases provide the underlying framework for a number of computational
algorithms employed to analyze complex fragmentation events [e.g. Smith (1989) ; Johnson
et al. (1990); Melosh et al. (1992); Kipp et at. (1993)].

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 and validation of these theories in Eulerian wave propagation codes are
needed for the investigation of dynamic fragmentation in complex large scale catastrophic
events.

A critical issue is a need for material property data for solids of interest which
characterize the failure and fragmentation behavior under intense stress-wave loading.
Although static fracture data frequently exist for these materials, the current state of
theoretical understanding does not provide for the confident extension of these data into
the highly dynamic regime.

In the present study we explore the possibilities of using a newly developed impact
fracture and fragmentation experiment to determine dynamic failure and fragmentation
properties of metals. A sample of the test material is prepared in the form of a solid sphere
and launched with a light-gas gun facility. The test sphere is caused to impact a thin plate
of low-density non-metallic material and to undergo catastrophic fragmentation. Flash
radiography is used to image the fragmented specimen at several stations. Only the metal
debris is imaged on the radiograph because of the low density of the impact plate material.
From the extent of fragmentation and velocity of debris expansion, fragmentation proper­
ties of the metal are inferred. In subsequent sections exploratory studies and the devel­
opment of this work are described.

t This work was performed at Sandia National Laboratories supported by the U.S. Department of Energy
under contract number DE-AC04-94AL85000.
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Fig. 1. Experimental configuration for radiographic and witness plate diagnostic of impact frag­
mentation experiment (timing is representative of a 5 km s I impact).

2. EXPERIMEl"TAL METHODS AND MATERIALS

The experimental configuration for investigating the fragmentation properties of met­
als is shown in Fig. I. Solid metal spheres mounted in lexan sabots were launched at
velocities between about 3 and 5 km S-l with a two-stage light-gas gun system. The diameter
of the launch tube used was 12 mm. Plastic sabots were separated from the metal spheres
through forces produced by a rarefied atmosphere in the gun range section. Sabot segments
were trapped upstream and did not reach the target impact chamber. Velocity of the metal
spheres was measured to ± I % 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 x 75 mm square plastic target plate of thickness between 0.6
and II mm. The plastic was polymethylmethacrylate (PMMA) Rohm and Haas Type II
UYA, and had a normal density of I 186 kg m - 3.

In this exploratory series of experiments, steel spheres 6.35 mm (~in) in diameter were
used. The measured mass was 1.027 ±0.001 g. The steel examined in this initial study was
AISI E52100 high-carbon chromium steel, heat treated to a Rockwell-C hardness of 60­
67. The density of the steel was 7837 kg m 3, static yield strength was 2.03 GPa, fracture
toughness was 30-40 MPa m l

" and bulk elastic modulus was 164 GPa, with a Poisson
ratio of 0.29.

Fragment debris was diagnosed at two stations (approximately 150 and 300 mm)
downstream from the input point. Two 150 keY 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 Fig. I. Appropriate delay times were calculated from the predicted
impact velocity and the X-ray tubes were 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. The fragment debris impacted an aluminum witness plate which provided an
independent measure of particle size and velocity statistics (Kipp, 1993).

3. EXPERIMEl"TAL RESULTS AND EVALUATION

In the present study, 24 experiments were performed to investigate the modes of
dynamic fragmentation and the variations brought about by changes in impact velocity
and the thickness of the PMMA plate. One example of an experimental radiograph is shown
in Fig. 2(a), illustrating qualitatively the nature of the fragmentation process observed in
all of the tests with the exception of several tests in which parameter extremes (highest
velocities or thickest impact plates) were reached. As seen in the radiograph, the steel
fragments remained well grouped and continued to move along the original trajectory at
velocities somewhat less than the initial impact velocity, having been slowed by the impulse
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(a)

First x-ray position Second x-ray position

(b)
Fig. 2. (a) Radiographic images from test 5 illustrating the general fragmentation character observed
in the majority of experiments in the present study. The time interval between images is 33.2 liS.

Diameter of the debris disc is abollt 2X mm in the first X-ray and 46 mm in the second. (b) Oblique
X-ray radiograph from test 2. Debris is imaged from behind. 30.5 from the perpendicular. The

\ertical extent of the debris is about 45 mm.
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Table I. Experimental impact parameters and debris properties

Test h V, IlV V, Test h V; IlV V,
number (mm) (m s -I) (m S-I) (m S-I) number (mm) (m S-I) (m 5- 1) (ms- I )

------------_._-

I 3.28 4460 t t 13 5.37 4430 460 290
2 3.28 4460 t t 14 5.36 4060 330 183
3 1.74 4450 200 15 5.38 3310 240 50
4 1.74 4700 150 147 16 5.37 4080 330 164
5 3.38 4570 270 271 17 3.25 4520 195 223
6 3.28 3460 200 52 18 4.71 4430 345 219
7 3.44 4160 250 171 19 5.39 4610 410 660+
8 1.49 3950 130 105 20 4.75 4040 295 158
9 1.51 3460 170 44 21 4.78 3750 270 82

10 0.63 3410 50 0 22 0.99 4700 85 72
II 0.64 3920 60 0 23 11.23 4060 785 580+
12 0.69 4470 90 0 24 9.47 4030 680 540+

t Obliq ue impact experiments.
:j: High-velocity umbrella spray (see text).

delivered to the sphere by the plate. Axial dispersion of the fragment debris was quite
limited, with fairly well-defined, nearly planar boundaries forming. Radial dispersion was
significant, however, although the fragments were constrained within rather well-defined
limits. Off-normal radiographic experiments, illustrated in Fig. 2(b), were performed which
demonstrated fairly uniform diametral distribution in both fragment density and size. These
observations held in general except for the very largest of target thicknesses. Since the
PMMA was not recorded in the radiograph, we are assured that only the mass of the
original steel sphere is represented in each image. The primary experimental parameters for
all tests performed in the present study are provided in the first two columns of Table I,
where h is the PMMA plate thickness and VI is the impact velocity.

The nature of the fragmentation process in the present tests can be described within
the framework of Fig. 3. Points identify the impact velocity and target plate thickness on
the vertical and horizontal axes, respectively. The product of the two parameters provides
an approximate measure of the impulse imparted to the steel sphere. Solid curves in Fig. 3
are then constant curves of this product. The fragment pattern for all tests in region II
approximated that shown in Fig. 2. For those tests in region II with plate thicknesses less
than approximately 2.5 mm (vertical dashed line in Fig. 3) there was a tendency to separate
into two clouds of fragment debris suggesting an axial spall plane in the sphere interior.
Over a relatively broad range of plate thicknesses (3----6 mm) a uniform and self-similar disc
of fragment debris was produced. For very thin plates (region I) in the present velocity
range the impulse was insufficient to cause breakup. For quite thick plates and also for one
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Fig. 3. Plot of impact velocity versus target thickness. Different regions of fragment debris charac­
teristics are identified and separated by iso-impulsive curves. The vertical dashed line separates

distinct fragment pattern differences in region II (see text).
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(I)

(2)

test at the highest impact velocity on a 6 mm plate (region III) transition to a behavior in
which a trailing umbrella pattern of high-radial-velocity fine fragment debris was observed
(tests 19, 23, 24). This region of behavior was identified as diffuse fragmentation and
conditions leading to its onset are not well understood. For the present purpose of deter­
mining fragmentation properties, interest will focus on the region II behavior (self-similar
disc of fragment debris), and this mode of breakup will be examined further.

It is apparent from the radiograph in Fig. 2 that the impulse imparted to the steel
sphere by the PMMA plate will redistribute 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, ~ V, recorded for the experimental
series in Table I, 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 Fig. 4. As noted earlier, this latter parameter
provides a measure of the impulse delivered to the sphere by the PMMA target. Within
experimental scatter, the ~ V data are found to be single-valued functions of the parameter
hV,.

The trend of the data in Fig. 4 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 deceleration of the steel sphere of mass m can be determined
from

dV
m-- = - ~pV2A,

dr

where p V2/2 is the Bernoulli pressure applied by the PMMA target material, of density p,
under steady flow conditions, and is assumed to apply over the projected geometric area A
of the sphere. For target plate thicknesses h of the order of the sphere diameter or less, a
first order solution of eqn (I) provides the functional relationship of the decrease in velocity
with the impact velocity and target thickness,

T pA
~~ =~hV,.

2m

Comparison of eqn (2) with the measured velocity decrease, tabulated in Table I, is shown
in Fig. 4, and demonstrates reasonable agreement with this approximate analysis. A more
complete development should look more carefully at the transient shock pressure which
also tends toward a V 2 dependence in the present impact velocity range.

For the tests exhibiting region II behavior in which an expanding disc-shaped pattern
of fragment debris was observed. radial expansion velocity data (see Table I) are plotted
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Fig. 5. Radial expansion velocity of fragment debris. Tests with nominally similar target-plate
thicknesses are plotted against the impact velocity.

as functions of impact velocity and impact plate thickness, as shown in Figs 5 and 6. In
Fig. 5, tests of nominally the same plate thickness are identified by a common symbol and
plotted against the impact velocity. Although data scatter tends to obscure detailed trends,
some clear observations emerge. First, at similar impact velocities, the expansion velocity
initially increases with increased plate thickness but becomes nearly insensitive to plate
thickness at larger plate thicknesses. This trend is most noticeable at the higher impact
velocities. Second, there is a critical impact velocity below which fragmentation and sub­
sequent fragment expansion do not occur. This velocity limit is outside the range of the
data for the 0.6 mm plate. [A single small fragment was observed to spall off of the back
of the steel sphere at the highest velocity (4470 m S-I) experiment for the 0.69 mm plate.]
The critical velocity is probably around 4000 m S-I for a 1.0 mm plate. For thicker plates
(1.6 mm and above) this critical velocity (about 3000 m S-I) becomes independent of plate
thickness, as found by extrapolating to zero expansion velocity in Fig. 5. In Fig. 6, an
alternative representation of the expansion velocity data is shown. Expansion velocity is
plotted against plate thickness 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 showing that the initial transient shock pressure, and
not the sustained hydrodynamic pressure, is principally responsible for producing the radial
impulse and expansion.

4. FAILURE ENERGY

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
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Fig. 7 Geometry of shock-wave coupling upon normal impact of a spherical particle on a planar
surface.

conclusion is supported by the nearly linear dependence of the measured translational
velocity change on plate thickness as seen in Fig. 4, in agreement with the analytic expression
given in eqn (2). In contrast, the evidence displayed in Figs 5 and 6 suggests that the radial
impulse acquired by the impacting sphere fragment debris is a consequence of the early
shock phase of the interaction and is little affected by the later hydrodynamic penetration
phase.

To pursue the shock energy coupling process we shall examine an analytic theory of
the shock interaction event and compare implications with the observed trends in the
expansion velocity data. Because 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 Fig. 7, for a spherical projectile undergoing
normal impact at a velocity Vi on a planar surface, the distance of the collision point from
the centerline at time lis

i(2R )a= VJ~ V;t-I .

The velocity of the collision point is provided by the derivative of eqn (3) :

(3)

(4)
. Vi[(RjV;t)-I]
a=

.j[(2R/V,l) -I]

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 [Fig. 7(a)], ultimately allowing a lateral release wave to propagate inward, quen­
ching the shock coupling phase [Fig. 7(b)].

A reasonable assumption is that shock waves will couple into both materials over the
lateral distance at which if reduces to the release wave velocity in the faster material. We
shall approximate the release velocity by the shock velocity Us in the faster material.
(Release waves are dispersive but Us 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 l1 at which if = Us is calculated from eqn (4) through:

V,[(R/V,td-I]
Us =. . .

>![(2RjVJI) -I]

The corresponding radius at this time is provided by eqn (3) :

(5)

(6)
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The release time t2 is in turn calculated from the radius ae and the release velocity (shock
velocity U,) in the faster material through,

(7)

The axial thickness be of the shock pulse in the sphere [see Fig. 7(b)] is then determined
from

(8)

(9)

where Us1 is the shock velocity in the sphere material. A reasonable estimate of the region
of shock coupling into the spherical projectile is an ellipsoidal volume with major axis ae

and minor axis be. Hence the coupled shock energy (kinetic and internal) is provided by
the volume of material times its energy density:

_ 4n 2b p~
Es - ae c

3 pU;!

The shock energy provided by eqn (9) is necessarily approximate due to the simplification
needed to complete the analytic solution. Also, there is not a clear transition time between
the transient shock and the quasi-steady hydrodynamic phases of the impact and pen­
etration process. Nevertheless, comparisons of eqn (9) with wave-code simulations of
spherical impact on planar surfaces (Kipp et al., 1993) 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 energy. Most of the shock energy will go into plastic distortion and
fracture 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 eqn (9) for a
4600 m S-I 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, Ifwe assume that
this energy is fully coupled into the uniform radial expansion of a uniform disc of fragment
debris (kinetic energy = m V; /4), an expansion velocity of Vc = 360 m s-I is calculated.
Comparison with the appropriate expansion data in Fig, 8 (see also Fig. 6) 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
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fragment surface area can be expected to reduce the radial kinetic energy. Using a fracture
toughness of Kc = 35 MPa m 1/2

, a fracture surface energy from r = KZ/2pc2 is calculated
to be about 3800 J m -2. At an impact velocity of 4600 m s-I a total number of about 200
fragments is estimated from the radiographs. For this degree of fragmentation, a fragment
surface energy of about 2.8 J is calculated. Reducing the 33 J expansion energy by this
amount leads to a slightly lower expansion velocity of about Ve = 343m S-I (see Fig. 8).

Static tensile tests on the present steel provide a strain to failure of £, ~ 0.05 (5%).
Assuming a similar strain to failure under the dynamic conditions of the impact fracture
process, a strain-to-failure energy, E, = Y£, (Y = 2 GPa is the yield stress), provides an
additional fracture energy of 13.4 J. Accounting for both fracture surface energy and strain­
to-failure energy further reduces the expansion velocity to about Vc = 258 m S-I. It is worth
noting from the radiographic record for test 12 that this projectile indicated a plastic
distortion of about 5% without fragmentation.

As developed earlier, the transient shock energy is coupled into the spherical projectile
in a time of t l + t2 [see eqns (5)~(8)]. This time requires that the target plate be thicker than
Udt l + tJ/2 where Us2 is the shock velocity in the target material. For an impact velocity
of 4600 m s -I this thickness is calculated to be approximately 1.1 mm. Thinner target plates
would lead to reduced shock energies and radial expansion velocities as suggested by the
linear decrease in predicted velocity for thicknesses below 1.1 mm in Fig. 8. In contrast,
target plates thicker than 1.1 mm would not increase the coupled shock energy and the
expansion velocity should be independent of increasing plate thickness. This predicted
behavior approximates the observed behavior in Fig. 8.

5. THRESHOLD FAILURE PROPERTIES

At this point we shall begin to explore the experimental method as a technique for
evaluating critical dynamic failure and fragmentation properties of the test metal. In Fig.
9 the expansion velocity data for the four tests with a nominal plate thickness of 3.3 mm
are plotted. The data extrapolate to zero expansion velocity at an impact velocity of
approximately 3100 m s -1. The shock pressure at this threshold impact velocity is approxi­
mately 20.3 GPa. As noted earlier, this threshold velocity is relatively insensitive to plate
thicknesses between about 1.6 and 5.4 mm (see Fig. 5).

It is reasonable to consider the use of this threshold impact velocity to extract exper­
iment-independent failure properties of the test metal. At 3100 m S-I the shock energy
predicted from eqn (9) in the previous analysis is approximately 18 J. Ignoring the small
corrections for shock heating and axial impulse this energy represents the energy the test
metal is capable of absorbing without failure by dynamic fracture. It is most likely a
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Fig. 9. Expansion velocity versus impact velocity for E5l200 steel on nominal 3.3 mm PMMA plate

thickness indicating threshold impact velocity.
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measure of the plastic work sustained by the body prior to failure. The disc-shaped expan­
sion imparted to the fragment debris in the present test method suggests that, although
complex, strain-to-failure nominally occurs under a low confining-stress environment. This
contrasts, for example, to a strain-to-failure occurring in a spall experiment in which a
strong tensile confining-stress environment exists.

Dynamic energy-to-failure is the fundamental property determined in the present test.
The unknown dynamic stress history precludes calculation of the strain-to-failure. If a
static yield stress of 2 GPa for E52l 00 steel is assumed, a strain-to-failure of approximately
7% is calculated for the 18 J failure energy. More recent tests not described here suggest
that an indication of the strain-to-failure can be obtained from radiographic data on sub­
threshold impact tests.

6. FRAGMENTATION PROPERTIES

As is seen in the radiographic data in Fig. 2, an indication of the extent of fragmentation
(fragment number or statistical fragment size) can be obtained, in addition to the kinematic
state of the fragment debris. This data is difficult to 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 Fig. 2 for test 5 indicates about 200
particles, with an average fragment size of about I mm and a largest fragment size of about
2mm.

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 Areg . 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 A obs , then the statistical theory leads to a relation between the observed
area A obs and the actual area A of the N coins randomly distributed on the region A reg :

A = A obs In (I _.I)-I I, (10)

where f = Aobs!Areg is the fraction of the region (table) covered by coins. A Taylor expansion
of eqn (I)

(
f f2 )A=A .1+'----+-. + ...

nbs 2 3 (II)

reveals that A is always greater than A obs and approaches A obs as f becomes small.
Application of the statistical relation in eqn (10) or eqn (I I) 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, the total observed projected fragment area A obs 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, eqn (10) provides the required
projected fragment area. Note that iff is reasonably small the expression for A is relatively
insensitive to inaccuracies inl

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 = NS3

• In addition
the total projected area satisfies A = NS2

• Solving these relations provides the average
fragment size:
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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.

Nominal fragment size versus impact velocity for the same tests plotted in Fig. 9 is
shown in Fig. 10. Each test in Fig. lOis made independent of the experiment in the following
way. First, a strain rate at failure is calculated by dividing the radial expansion velocity by
the initial radius of the sphere, f; = Vel R. Second, a dynamic toughness is calculated based
on the strain rate and the average fragment size from eqn (12) through the relation

pC8S 3!2

K1 = .J24 (14)

Equation (14), which relates the dynamic fragmentation toughness to fragment size and
expansion strain rate, has been developed in an energy-based theory of dynamic frag­
mentation of solids (Grady, 1988). The property K1 provides a measure of the fracture
resistance. Results for the same four experiments are shown in Fig. II.

The dynamic toughness is also compared with the static critical stress intensity factor
for this steel in Fig. II. Although the data suggest a reduced toughness of the steel under
the 104-105

S-I strain rates of the dynamic fragmentation event, such a conclusion would
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Fig. II. Dynamic toughness data for £51200 steel (Fig. 9 data). Comparison with static fracture

toughness data.
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be premature at the present time because of the relatively early state of development of the
fragmentation theory.

7. CONCLUSIONS

The resistance to, and the mechanisms of, catastrophic fragmentation of solids under
intense impulsive loading have not been studied extensively. Current test techniques, which
include Hopkinson bar methods and plate impact spall experiments, have so far not been
sufficient to provide the property data needed to predict adequately such events. There is a
need for alternative test methods to measure fragmentation properties and to compare the
relative fragmentation resistance merits of different solids.

In this work a technique has been explored in which controlled impulsive loading,
produced through ballistic impact methods, has led to dynamic deformation and frag­
mentation motions which may be sufficiently uniform, at least for engineering purposes, to
yield useful material property data on failure and fragmentation behavior of solids. Data
on the energy-to-failure and the dynamic fracture resistance for one steel have been deter­
mined to demonstrate the technique. Further investigation of additional materials will be
required to validate the test method.
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