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Abstract

Velocity and size measurements of ejecta derived from impacts of railgun-
launched projectiles into 10 mm thick gabbro tiles are examined. Fragmentation
of the target and the ejecta velocity field are found to be governed by Hertzian
fracture and the transfer of kinetic energy to the target. Over 90 % of the total ki-
netic energy is contained above the average ejecta velocity and greater than 95 %
in angles bounded by Hertzian fracture. Log-normal distributions of the ejecta
revealed that the kinetic energy transfer from projectile to ejecta is an organized
process that spans over four orders of magnitude. The ejection angle that contains
the most total kinetic energy coincides with the primary ejection angle, indicating
the importance of larger plate-like fragments on the fragmentation process. Ap-
proximately 11 % to 16 % of energy to the target (initial - final kinetic energy
of the projectile) is converted to the kinetic energy of fragments when the pro-

jectile does not perforate the target (< 52 J). The conversion to fragment kinetic
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energy increases near-linearly to ~50 % at an incoming projectile energy of 305 J.
This indicates the importance of this energy conversion mechanism under these
experimental conditions.

Keywords: particle tracking velocimetery, dynamic fragmentation, ejecta

measurements, railgun, Hertzian fracture, impact testing

1. Introduction

The quasi-static fracture of linear elastic-plastic and linearly viscoelastic ma-
terials are quite well understood [1-7]. Fracture occurs if the stress at a crack
tip exceeds the cohesive forces between atoms or molecules. Dynamic fracture,
where inertia effects are important in crack propagation mechanics, is less well
understood. This is due to the complex interaction of varying spatial and tem-
poral length scales that span many orders of magnitude. Dynamic fragmentation
is a spatially and temporally discrete process governed by flaws (inherent and
random), material properties (e.g., toughness, hardness) and structure (e.g., grain
orientation and size) [8]. The dynamic fracture and fragmentation of solids have
been an area of continued interest since the early works by Mott [9, 10], and they
remain an active area of research [11-18]. The dynamic fragmentation of natural
brittle materials is the subject of this paper.

Impact testing has been used to study the fragmentation of brittle materials
(e.g., ceramics) since the development of high-speed launchers (e.g., solid pro-
pellant launchers, light-gas guns) in the 1950’s [19-24]. High-speed impact test-
ing can be accomplished using, for example, solid propellant guns (200 m/s to
2.75 km/s [25]), single- and two-stage light-gas guns (300 m/s to 7.5 km/s [25]),
and electromagnetic railguns (10 m/s to 8 km/s [26-29]). Railgun launch tech-



nology is especially desirable because it has a relatively low operational cost and
is able to achieve higher theoretical velocities and efficiencies than conventional
chemical propulsion systems [30].

Applications for impact testing include evaluating the ballistic performance
of ceramic-metal shielding systems [31-35] and simulating colliding planetary
bodies in small-scale laboratory experiments [36—39]. This research has yielded
valuable information on the mechanisms governing fragmentation through the
predominantly qualitative post-experiment analysis of fragments [13—15, 40] and
the examination of fracture surfaces using, for example, scanning electron mi-
croscopy [40] and transmission electron microscopy [41, 42]. Real-time measure-
ments of the dynamic fragmentation of brittle materials have been less studied
due to the difficulty of collecting measurements (e.g., time resolution, trigger-
ing) [43, 44]. Examples of real-time measurements include velocity interferome-
try (VISAR) to determine equations of state [45—47] and velocity measurements
of ejected fragments [19-23, 44, 48-51]. In the present work, velocity and size
measurements of ejecta are recorded to investigate the dynamic fragmentation of
gabbro tiles.

Ejecta are generated through the dynamic tensile failure of the target material
via energy and momentum transfer from the impactor to the target. Laboratory
studies concerned with ejecta velocity distribution measurements have mainly fo-
cused on planetary impact scenarios involving, for example, basalt [44, 49], loose
quartz and sand targets [50, 51], and regolith-like powders [20]. These stud-
ies have primarily focused on quantifying crater formation [52-55], the effect
of porosity [56], scaling [S1-54] and corresponding ejecta size-velocity distribu-

tions [19-23, 48, 57-59].



Velocity measurements of ejecta have been obtained using various methods
in the past. Examples include: hand-tracing vector fields onto photographs [49]
and using post-experiment measurements of spatial distributions of mass to back-
calculate necessary velocities [43]. While these investigations have offered insight
into these catastrophic events, the ambiguity of these methods has not enabled
capture of a comprehensive set of velocity-size measurements to yield reliable
statistics. Knowledge of these relationships enable reconstruction of the frag-
mentation process through analysis of fragment velocities, and provide a deeper
understanding of the underlying kinetics of, for example, impact cratering and
planetary formation, ballistic protection, and the dynamic fragmentation of brittle
materials.

More recently, particle tracking velocimetry (PTV), which is analogous to par-
ticle image velocimetry (PIV) used in fluids research, has been implemented to
track the motion of multiple fragments over several high-speed image frames in
highly cluttered debris fields [51]. Tracking of all individual fragments is difficult
because of the cluttered nature of the debris field and the inherent difficulty in
developing associated computational algorithms.

This paper investigates the velocity-size distributions and associated kinetic
energy contribution of low-speed impacts (26-100 m/s) into gabbro tiles (10 mm
thick). An electromagnetic railgun was used as the launching platform. Low-
speed tests of this kind have not received attention in the literature, but are more
tractable since a lower number of distinct fragments are generated in comparison
to higher energy tests. The distribution of kinetic energy among ejecta velocities,
angles, sizes and kinetic energies are presented. Fragment size distributions are

examined and the relationship between kinetics and damage is explored.



2. Experimental Setup and Analysis Methods

The impact tests were performed at the French-German Research Institute of
Saint-Louis (ISL), France, to investigate the dynamic fracture of gabbro tiles (150
mm by 150 mm and 10 mm thick). The density is estimated at 3,200 kg/m?3. Gab-
bro is a coarse grained, intrusive mafic igneous rock consisting of plagioclase,
pyroxene, amphibole, and olivine. Gabbro tiles were chosen because they are
relatively homogeneous, there is an abundant supply, and they serve well as a
starting material for future tests. In addition, the material used is dark in colour,
allowing the fragments to be more easily distinguished by the tracking software,
as compared to lighter coloured rocks. The target configuration is shown in Fig-
ure la. The tile is sandwiched between two plywood plates and is secured with
four bolts on each side of the tile. The projectile used to fragment the tile was cast
from aluminum and had a mass of 62 g (Figure 1b). The projectile was 30 mm in
length and had a hexagonal cross-section with 20 mm between diagonal vertices.
A single copper brush passes through the projectile to enable conduction with the
rails. Impact velocities of 26 m/s to 100 m/s were obtained using the SR 3/60
electromagnetic railgun [60], corresponding to kinetic energies at impact of 21 J
to 305 J. Estimates of strain rate limits (velocity/thickness) of > 2.6 x 10% indicate
these tests are dynamic. Values for all trials are displayed in Table 1.

A Photron APX Ultima video camera filming at a 8 kHz frame rate captured
fragment trajectories at the rear of the targets. Two high-powered lamps are used
to back-illuminate the particles. Proper lighting is critical with such an experi-
mental setup. A tracking algorithm written in Matlab [61] is implemented to track
ejecta larger than 0.8 mm (length of two pixels determined by resolution of the

camera) over multiple high-speed camera images. The high degree of temporal



resolution available by the camera allows fragments to be tracked with certainty
over the course of their path.

Ejecta velocity was obtained by first determining the location of the fragments
in one frame and then matching probable locations through cross-correlation in
subsequent frames. Fragments are assumed to mainly move in the positive x-
direction (horizontal) and expected paths are estimated based on previous frames.
Results reported here are taken for three consecutive frames, as little variation was
found when a greater number of consecutive images were used. Individual frag-
ments were then identified by sizes and displacements, thereby yielding velocity.
As validation, some particle-tracking measurements were compared with hand-
traced measurements. Sizes agreed within 8 %, velocity 3 % and spatial position
within 1 %.

Individual ejecta fragments were sized and counted at Malvern Instruments,
Westborough, MA, using a Parsum IPP 70-S gravity-feed probe with operating
range of 10 ym to 6 mm. Secondary electron (SE) and back-scattered electron
(BSE) images of the fracture surfaces were obtained using a Hitachi SU-70 ana-

lytical Field Emission Scanning Electron Microscope (FESEM).

3. Experimental Results

3.1. Qualitative analysis of the ejecta field

The qualitative nature of the debris cloud evolution are examined in Figures 2
and 3 for impact energies of 21 J and 305 J, respectively. These are selected
to illustrate observed behavioral trends in fragmentation mechanisms. Principal
axes and scales are defined in all figures. Shown in Figure 2 is the 21 J case. After

3.75 ms, the debris cloud remains intact. Spall fragments are highlighted in the



figure. These fragments are inferred to be spall because they have much higher
velocities than their neighboring fragments and they are plate-like in nature [22,
62]. In fact, many of the larger fragments in Figure 2 are plate-like in nature,
suggesting the formation of these fragments is through tensile failure at the free
surface and not through another mechanism, such as cascading fracture (i.e., the
process of crack propagation and bifurcation from larger lengths to smaller scales)
or rupture.

After 10 ms (Figure 2b), a zone of smaller fragments follows the plate-like
fragments. These are believed to be formed via comminution and crushing ahead
of the projectile and are similar to the zone of highly crushed material observed
in many other impact tests into semi-infinite targets [22, 62]. Another zone of
fragments follows the comminuted zone. These are believed to occur through
rupture of the target as a result of its rapid deformation from the transfer of energy
and momentum from projectile contact. Rupture of the target is assumed due to
the thin target thickness. Fragment sizes within this group are the most variable
among the described fragmentation mechanisms (highlighted in Figure 2b). The
evolution of the debris after 20 ms is shown in Figure 2c. The projectile now
has a negligible velocity indicating that nearly all of its kinetic energy has been
transferred to the target. The evolution of the comminuted fragments is better
observed in this image.

Figure 3 shows the evolution of the debris cloud for an impact energy of 305 J.
There is a noticeable increase in the number of fragments (Figure 3a). The larger
fragments formed at the rear of the target through tensile cracking (spallation)
are decreased in size. Next, shown in Figure 3b is the evolution of the debris

cloud 6.25 ms after impact. Fast moving smaller fragments and slower moving



larger fragments formed via rupture are highlighted in the figure. Finally shown
in Figure 3c is the evolution of the debris field at 10 ms following impact. The
comminuted fragments in the debris field become more numerous and increas-

ingly spatially scattered.

3.2. Examination of target and fragment photographs

Next, the nature of the target and the larger fragments for the 21 J and 305 J
are shown in Figure 4. The target pieces, which are not ejected during impact and
contain surfaces of radial and circumferential through-cracking, are shown on the
left and examples of the larger fragments, which comprise plate-like fragments
and those which form a cone, are shown in the right hand images. Estimates of
all fragments for the 21 J and 305 J cases reveal cone angles of 22 to 27°, with
little variation observed for either case. Worth noting is that the larger pieces have
a thickness equal to the target target (i.e., 10 mm). This is used later as a rule to

estimate fragment mass tracked by the algorithm.

3.3. Quantification of the ejecta field
The velocity fields for the 21 J, 112 J, 163 J, 220 J, and 305 J experiments

are shown in Figure 5. Points on the plots correspond to measured ejecta. These
energies are selected to represent the evolution of the ejecta field as the impact
energy is increased. Note that three cases (112 J, 220 J, and 305 J) are plotted
for v, vs v, in (al) and two (21 J and 163 J) are plotted in (a2). Corresponding
ejection angles (defined as the arctan(v,/v,)) with resultant velocity are shown in
Figure 5b.

Results will be discussed with respect to the ejecta angle and resultant veloc-



ity ! (Figure 5b), with the velocity (v) field in (al,2) used for visualization. For
v<10 m/s, |0| is bounded by ~50°. The bounds on |f| increases to ~25° at ap-
proximately the average velocity for impact energies > (indicated in Figure 5b
with bands). The average velocity increases from 7 m/s at an impact energy of
21 Jto 31 m/s at 305 J.

Shown in Figure 6 is the total percentage of the initial kinetic energy (IE) that
is transferred into the target. This is obtained by measuring the projectile velocity
following perforation of the target. The energy not contained in the projectile
kinetic energy is assumed to be completely transferred into the target. 100 % of
the energy was transferred (i.e., no perforation) to the target for the < 52 J cases.
Perforation occurs for >98J (Figure 6) and the total percentage of kinetic energy
into the target decreases to 44 % for an impact energy of 305 J. Perforation is
predicted for impact energies greater than about 90 J. A limit of 44 % of the
energy is not likely reached and the decreasing trend is believed to continue as the
impact energy is increased beyond 305 J.

The ratio of tracked and collected mass is used to scale fragment numbers and,
by extension, size, mass, kinetic energy, and momentum distribution. Mass esti-
mates for the tracked fragments are obtained by multiplying the density with the
projected area (determined by the algorithm) and the minor axis (axis normal to
longest axis) for minor axes <10 mm (i.e., the target thickness). Minor axes are
set to 10 mm for those fragments with minor dimensions >10 mm. This assump-
tion is reasonable based on Figure 4, where larger fragments are commonly the
thickness of the target. The mass obtained from the algorithm, mass collected fol-

lowing each experiment, their ratios and the non-scaled total number of fragments

Tt is assumed that V=V,



measured by the algorithm are displayed in Table 2.

3.4. Normalized fragment count and kinetic energy distribution with ejection an-
gle

Shown in Figure 7 are histogram distributions of normalized count (bin sum-
mation divided by total number) with ejection angles for impact energies of 45 J,
112 J, 220 J, and 305 J. The distribution of fragments with ejecta angles for an
impact energy of 45 J is shown in Figure 7a. The distribution is near-normal
about -7° at a peak of ~11%. There is also a peak at approximately 45 J that
corresponds to slow moving fragments. These are likely crushed ahead of the
projectile. Near-symmetry about a negative angle of < -5° is consistent for all im-
pact energies < 52 J, with no clear trend in peak value observed. The extremities
of this distribution are -45° and 28°.

Shown in Figure 7b is the 112 J case. The distribution is symmetric about
-3° and the peak remains at approximately 10 %. The distribution of fragments
becomes increasingly symmetrical about an ejection angle of 0° as the impact
energy is increased to 220 J (Figure 7¢) and 305 J (Figure 7d) indicating that the
flow centre becomes parallel with the projectile impact angle.

Shown in Figure 8 are histogram distributions of the % of the total of fragment
KE for grouped ejection angles. Grouping the energy enables evaluation of the
directional dependence of the kinetic energy transfer from the target. Trends in
momentum are consistent with those for kinetic energy throughout the paper and
are not discussed further for brevity. The 45 J case is shown in Figure 8a. The
primary group at an ejection angle of -7° contains ~45 % of all KE and angles
between 0 and -10° contain ~80 % of the total kinetic energy. The primary group

contains >35 % of the total kinetic energy for pre-penetration impact energies and
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negative ejecta angles contain ~90 %.

The contribution of the primary group decreases to 20 % as the impact energy
is increased to 112 J (Figure 8b). The peak in the kinetic distribution is centred at -
3°. The total contribution of the negative ejecta angles corresponds to ~65 %. The
primary three groups contain ~63 % and the distribution is more closely centred
about 0° for the 220 J case (Figure 8c ). The total contribution among the negative
ejecta angles corresponds to 58 % of the total kinetic energy. Lastly, shown in
Figure 8d is the 305 J case. The distribution is centred about 0° and the primary
group contains 20 % of the total KE. Approximately 95 to 98 % of the total kinetic

energy is captured between +25° for all impact energies.

3.5. Normalized count and kinetic energy contribution of major axis dimension,

and mass contribution to each mass group

Shown in Figure 9a and b are the distributions for the normalized count of
major axis dimensions (defined as the longest spanning dimension) for impact
energies of 45 and 305 J, respectively. Distributions become increasingly skewed
towards smaller fragments as the impact energy is increased, with 40 % of the
distribution being composed of fragments <2.7 mm for the 45 J case and 46 % of
the total fragments recorded for the 305 J case.

Shown in Figure 9c and d is the percentage of the total kinetic energy for each
major axis dimension for impact energies of 45 and 305 J. All distributions are
skewed to the larger size fragments. Major dimensions > 10 mm contain 68 %
of the total fragment kinetic energy for 45 J, 65 % for 112 J, 56 % for 220 J and
45 % for 305 J. The decreasing contribution of kinetic energy is a consequence of
the size shift to the smaller scales and associated re-distribution of kinetic energy

towards these sizes.
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Shown in Figure 9e and f are the % contribution of the total mass for each
grouped mass. For an impact energy of 45 J, distribution peaks for masses >470 mg
range from 7 % to 15 % and contain 66 % of the total mass. Each mass group
>380 mg contains approximately 9 % of the total mass, with the total of the sum

of these groups is equal to 68 % for the 305 J case (Figure 9f).

3.6. Normalized count of ejecta velocity and contribution of mass and kinetic

energy

Figure 10a-d shows the normalized distribution of ejecta velocities for impact
energies of 45 J to 305 J. Post-impact projectile (v,,) and average velocities (Vq,4)
are indicated in the figures. The distribution for the 45 J case (Figure 10a) is
skewed towards the lower ejecta velocities, with the majority of the fragments
having velocities <16 m/s. The average (v4,,) and maximum velocities for the
45 J case are 7 m/s and 33 m/s, respectively. The distributions expand towards
higher velocities when the impact energy is increased to 112 J (Figure 10b). The
peak percentages range from 4 % to 7 % for velocities greater than the average
velocity. The average and maximum velocities for the 112 J case are 18 m/s and
46 m/s, respectively. When the impact energy is increased further to 176 J, the
velocity distribution further expands towards higher velocities and the counts are
re-distributed to peaks of 3 % to 5 % for groups >Vv,,,. The average and maximum
velocities for the 176 J case are 24 m/s and 64 m/s, respectively. Increasing the
impact energy to 305 J, results in a further expansion of the sub- v, fragments
to higher velocities. Again, percentages are similar for higher ejecta velocities at
peaks of 2 % to 4 % for velocities groups greater than the average velocity. The
average and maximum velocities are 31 m/s and 97 m/s, respectively. Shown in

Figures 10e and f are the average and maximum velocities for all impact tests.
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Shown in Figure 11 is the distribution of kinetic energy versus fragment ve-
locity groups. For all cases, ejecta velocities greater than the mid-range velocity
contain the bulk of the kinetic energy. The total percentage of kinetic energy con-
tained above v,,, is shown in Figure 11le. For impact energies <52 J, 91 % (at
21 7J) to 96 % (at 52 J) of the total kinetic energy is contained above the average
velocity. There is a decrease to 77 % when the projectile perforates the target
at 98 J. The kinetic energy contributions rises to 90 % as the impact energy is

increased to 305 J.

3.7. Normalized count and contribution of kinetic energy to kinetic energy

Shown in Figure 12 is the normalized distribution of fragment kinetic energies.
Shown in Figure 12a is the 45 J case. The distribution is near log-normal about
a median value of 3.0x10~% J. Median values of approximately 3.0x10~* J to
5.6x10~* J are consistent for impact energies of < 52 J. The log-normal nature
of the curve indicates that the kinetic energy transfer to individual fragments is a
coherently organized process, unlike individual distributions of velocity or mass,
over six orders of magnitude observed in these experiments.

Further increasing the impact energy results in an increase in the distribution
median (2.1x1073 J at 144 J and 4.1 x 1073 J at 305 J). Distributions for the higher
impact energies are log-normal over four orders of magnitude, with the gaussian
nature of the distribution breaking down for kinetic energies of <10~* J. Frag-
ments <10~* J are likely crushed and comminuted ahead of the projectile. A
summary of the medians in the distributions is shown in Figure 12f with a power
law-curve for the impact energies > 98 J. Median kinetic energies increase for
increasing impact energy, with a great rate of increase being observed for impact

energies > 52 J.
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Shown in Figure 13 is the total percentage contribution of kinetic energy
among kinetic energy groups. The 45 J experiment is shown in Figure 13a. Ener-
gies ranging from 0.06 J to 1 J contain ~78 % of the total kinetic energy, with the
largest group ~40 %. Similar characteristics are observed for impact energies of
<521

The 112 J case is shown in Figure 13b. Recall perforation is first observed
near this impact energy. The primary group has decreased significantly (18 % at
112 J from 40 % at 45 J) and the energy has been redistributed evenly among
ejecta energies of 0.06 J to 2.5 J. They contain ~82 % of the total kinetic energy.
The similarity of peak energies at ~17% and the summation of energies >0.06 J
at 80% remains consistent for impact energies of 144 J (Figure 13c) to 305 J
(Figure 13d). Results are similar for the momentum, where >76 % is captured in
the largest momentums.

Shown in Figure 13e is the total percentage of energy transferred to the target
that is converted to ejecta kinetic energy. Note that these are obtained by ex-
trapolating algorithm measurements using a ratio of tracked and recovered mass.
Approximately 11 % to 16 % of energy to the target is converted to kinetic energy
of fragments for incoming projectiles energies of < 52 J. No perforation occurs
for these cases. The % conversion to kinetic energy increases to ~50 % at an in-
coming projectile energy of 305 J. Percentages are slightly lower for momentum
(Figure 13f). Approximately 2 % to 13 % of momentum to the target is converted
to momentum of fragments for incoming projectiles momentums of < 3.5 kg m/s.
The values steadily increase to 45 % at 6.1 kg m/s. Overall, incoming project
kinetic energy and momentum partitioning into fragment kinetic energy and mo-

mentum represents a notable conversion for impacts into thin ceramic tiles and
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become more dominant as the impact momentum is increased.

3.8. Damage Features

This section explores associated consequences of the dynamic fragmentation
of the gabbro tiles using scanning (SE) and backscatter electron (BSE) microscopy.
Damage features are attributed to multiple interactions of fragments and fracture
propagation. Shown in Figure 14 are typical fracture surfaces for impact energies
of (a) 45 J and (b) 305 J. Fracture surfaces are rough, with the higher impact en-
ergy containing, on average, more deeper fractures (highlighted in Figure 14b).
Limited fracture along cleavage planes (indicated in Figure 14a) is observed.
Analysis of the fracture surfaces at this scale indicate the mode of fracture and
fragmentation under such experimental conditions is primarily through rupture.

Micro-scale fracture surfaces located on a fragment at the projectile impact
point are examined in Figures 14c and d. The surface is primarily covered in melt,
indicating that temperatures of at least 1,373 K [63] are achieved locally due to
frictional heating. Large frictional forces also enhance comminution of the target
material ahead of the projectile to generate the sub 1 mm fines observed previ-
ously. Folds of plagioclase melt approximately 10 pm in length are also observed
(Figure 14d), indicating the spatial extent of shearing of contacted surfaces.

Analysis of the damage is extended here by investigating intra-fragment frac-
ture (Figure 15). A sub-1 mm fragment is shown in Figure 15a. The fragment
is composed of different minerals (indicated by the color contrast in the BSE im-
age). The edge of the fragment, which is its surface, is jagged and contains limited
cleavage fracture. There are few noticeable intra-fragment fractures (highlighted
in the image), which primarily occur along grain boundaries.

An image of micro-scale fracture behavior is shown in Figure 15b. Large

15



transgranular fractures, likely generated from tensile stress [64], are indicated in
the figure. Thinner fractures are observed within the plagioclase grain. All cracks
emanate from the surface of the fragment. The complex array of fractures helps to
form secondary fragments from the parent fragment. These fractures help to dissi-
pate energy through the generation of new surface area and via associated elastic,
plastic and thermal effects. Visually-thicker fractures are believed to be a result of
tensile failure of adjacent grains under stable crack-forming conditions. Thinner
straighter tensile fractures are assumed unstable and a result of interactions (e.g.,
contact, abrasion) with adjacent fragments during early stages of the impact event.
Both are highlighted in Figure 15b.

Micro-scale damage in plagioclase is examined further in Figures 15¢ to f. En-
ergy dissipation through heat and plastic deformation at the micro-scale represents
a significant component of the energy [63]. Shown in Figures 15¢ is an example
of highly comminuted fragments. The interaction of rough fracture surfaces and
surface asperities through shearing leads to the degradation of these surfaces and
the formation of sub-20 pum fragments. Comminution is very energy intensive
process [63].

Micro-scale processes are not limited to fracture. Significant plastic deforma-
tion of the cleavage planes in plagioclase up to 5 pum into the grain surfaces is
a product of fragment interaction through shearing (Figure 15d) This contributes
to overall energy dissipation within the gabbro. Shown in Figure 15e is evidence
of micro-scale localized plastic deformation via necking. The formation of pla-
gioclase strings is a result of high strain-rate loadings at inter-granular surfaces
brought on by rupture of the target body. Lastly, shown in Figure 15f is evidence

of micro-gouging in a plagioclase surface. Energy-dispersive X-ray spectroscopy
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confirms traces of olivine in the gouges, which is on average harder than plagio-
clase (H,_,;;=6.5-8.4 GPa and H,_,;,=6-6.5 GPa [63]). The path of the gouge
is non-linear, indicating the complex nature of the stress field imposed on frag-
ments through interactions with adjacent particles of polyphase composition and

complicated surface asperities.

4. Summary and Implications

The fragmentation of gabbro tiles was investigated for impact energies of 21 J
to 305 J. Failure at the rear of the target was primarily due to the propagation of
circumferential and radial through-cracking. Various fragmentation mechanisms
were 1dentified through evaluation of the debris cloud: plate-like spalled frag-
ments [22, 62] at rear of target, comminution ahead of the projectile [62], and
rupture of the remaining target. Multi-scale surface features confirmed rupture as
the primary mode of fragmentation.

Ejecta were observed to be bounded by fracture cones with apex angles of 22°
to 27°. The formation of cones in the targets are commonly observed in impact
tests [18] and is attributed to Hertzian fracture. Hertzian cone cracks and their
trajectories are defined by the stress field in the body at impact [64, 65]. Crack
trajectories, defined here as the outer edge of the cone, will follow the direction
of maximum energy release [64]. For asymmetric loading in non-uniform stress
fields, these trajectories do not necessarily correspond with the normal to the max-
imum tensile stress [64].

The relationship between ejecta angle (|0|) and velocity was evaluated. |6| is
bounded by ~25° for velocities > v,,,. This angle coincides with the Hertzian

fracture zone and indicates the dependence of ejecta angle and average velocity
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on Hertzian fracture and the commonality of the fragmentation process. From
the qualitative images, the regions bounded by <v,,, primarily contain fragments
formed from rupture and comminution. These fragments are in close spatial prox-
imity and are assumed to be formed during the earlier stages of the impact pro-
cess [22, 62]. The low velocities for these fragments is a measure of the residual
velocity following fragmentation and particle interaction. Alternatively, the re-
gion bounded by >v,,,, contains plate-like fragments and ruptured fragments and
are fewer in number.

The implication of ejecta angles being governed by the direction of maximum
energy release of the stress field (i.e., Hertzian fracture) [64] is significant in brittle
and granular solid applications, such as impact crater formation. Components of
impact cratering stages (e.g., transient cavity, ejecta angle) can be determined us-
ing well-known solutions to the stress field (i.e., Hertzian contact mechanics) [65].
For example, ejecta angles can be back calculated from displaced ejecta on plane-
tary and lunar surfaces [51], which provide insight into the stress state of the crater
during a hypervelocity impact event. In addition, early and late time stress field
solutions [65] may provide a better understanding of the transition from complex
to simple craters [66]; a subject not entirely resolved in the impact cratering field.

Ejecta angle distributions reveal a migration away from 0° below the criti-
cal perforation energy (estimated as < 90 J). This may be attributed to gravity
effects over the measurement window and a lack of momentum and kinetic en-
ergy transferred to the ejecta from the projectile. The flow-field direction became
increasingly symmetrical about 0° as the impact energy was increased. The flow-
field direction coincides with the angle that contains the most kinetic energy. This

suggest a directional dependence of fragmentation on the direction of maximum
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kinetic energy transfer to the target. Further, distributions of the kinetic energy
with ejecta size also indicated that larger sizes contain the bulk of kinetic energy.
The larger sizes are inferred as spalled fragments. All together, this indicates that
more fragmentation commonly occurs in the spall direction. Approximately 95 to
98 % of the total kinetic energy is captured between +25° for all impact energies,
indicating a significant shift towards fragments bounded by the Hertzian fracture
as the impact energy is increased.

Histogram distributions of the major axis dimension and mass are increasingly
skewed towards smaller fragments as the impact energy is increased (40 % of
the total number of fragments contained <2.7 mm for the 45 J and 46 % for
the 305 J). Masses >380 mg contain approximately 68 % of the total mass for
all impact energies, with each group containing between 8 and 15 %. This is
important, because this suggest that they contribute equally to the total fracture
energy during the the fragmentation of the tile 2. Further, this indicates important
mass scales that can be implemented in numerical models to capture the bulk of
the fragmentation energy.

Major axis lengths >10 mm contain 68 % of the total fragment kinetic energy
below the critical perforation energy. This consistently decreased following per-
foration to 45 % at an impact energy 305 J as a consequence of the shift to smaller
sizes and associated re-distribution of kinetic energy towards these sizes. The sig-
nificant contribution of kinetic energy to larger size particles, and those previously
observed to be formed at the rear surface of the target, indicate their importance
towards kinetic energy transfer and, by extension, their formation through tensile

fragmentation. Ejecta size values presented here can also be implemented numer-

2 According to Kick [67], fragmentation energy was proportional to volume or weight.
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ical modelling codes to capture the bulk of the kinetic energy transfer of ejecta.

Trends in the normalized distribution of ejecta velocities reveal a fanning of
ejecta velocities greater than the average ejecta. Average and maximum velocities
were found to increase, with the average velocity being indicative of the Hertzian
fracture zone. For impact energies below the critical perforation velocity, 91 % (at
21 J) to 96 % (at 52 J) of the total kinetic energy is contained above the average
velocity and, by association, within the Hertzian cone. Following perforation, a
decrease to 77 % of the total kinetic energy for particles above the average velocity
was observed. The kinetic energy contributions above the average velocity rises
to 90 % at an impact energy of 305 J. The total % contribution of fragmentation
energy likely increases following perforation, as significantly more fragments are
produced and larger ones become smaller, resulting in a net decrease in the total
% contribution of kinetic energy.

Log-normal distributions of the ejecta kinetic energy revealed a coherently
organized process (unlike individual distributions of velocity or mass) over the
four to six orders of magnitude observed in these experiments. The breakdown
of the coherent nature of the fragmentation for lower ejecta kinetic energies fol-
lowing perforation is likely due to crushing at smaller mass and velocities scales.
Distribution of KE medians were observed to significantly increase following per-
foration. The large increase following perforation suggests a threshold condition
for individual ejecta kinetic energy to achieve projectile perforation of the target.

Individual ejecta energies >0.06 J contain ~78 % of the total kinetic energy,
with the largest group containing ~40 % for impact energies below the critical
perforation energy. The peak of the primary kinetic energy group decreased to

18 % following perforation. Qualitative analysis of the rear of the target suggests
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this is likely a result of increased fragmentation of larger fragments as the impact
energy is increased. The net contribution of these larger, faster moving fragments
(>0.06 J) remains consistent at 80 to 82 %.

Approximately 11 % to 16 % of energy to the target is converted to kinetic en-
ergy of fragments for incoming projectiles energies of < 52 J. The % conversion to
kinetic energy increases to ~50 % at an incoming projectile energy of 305 J. Over-
all, incoming project kinetic energy and momentum partitioning into fragment
kinetic energy and momentum represents a notable conversion for impacts into
thin ceramic tiles and become more dominant as the impact energy/momentum is

increased.

5. Concluding Remarks

The role of kinetic energy in the dynamic fragmentation of gabbro tile was
examined for impact energies of 21 to 305 J. Approximately 11 % to 16 % of
energy to the target is converted to kinetic energy pre-perforation. This increases
to ~50 % at 305 J. The conversion of impact energy to ejecta kinetic energy is
a coherently organized processes that spans over four orders of magnitude. The
primary direction of kinetic energy coincides with the spallation of larger plate-
like fragments and governs the fragmentation process. The spallation of fragments
from the rear surface of the target contribute 68 % at 21 J and 45 % at 305 J of
the total ejecta kinetic energy. Hertzian fracture was found to be an important
mechanism governing the average ejecta velocity, with over 90 % of the total
kinetic energy contained above v,,, and >95 % in angles bounded by Hertzian
fracture.

Recent advances in particle sizing technology and high-speed photography
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and image processing capabilities have made it possible to study fragmentation
phenomena in greater depth. Ejecta quantification is essential for continued de-
velopment of our theoretical understanding of fragmentation and associated com-
putational model development and verification. The data provided here facilitates
a framework to facilitate future studies and should be valuable for verification of

analytical and computational models for the dynamic fracture of brittle solids.
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Tables 1 and 2

Table 1: Impact conditions.

Shot  Velocity Projectile Projectile Projectile
Number (m/s)  Mass (g) Momentum (kgm/s) KE (J)
154 26 62.2 1.6 21
155 38 62.2 24 45
153 40 62.2 2.5 50
152 41 62.2 2.6 52
157 56 62.2 3.5 98
156 60 62.2 3.7 112
159 62 62.2 3.9 120
158 65 62.2 4.0 131
161 68 62.2 4.2 144
167 72 62.2 4.5 161
163 73 61.0 4.5 163
160 73 62.2 4.5 166
162 76 61.0 4.6 176
170 81 62.2 5.0 204
169 85 61.0 5.1 220
165 90 62.2 5.6 252
164 95 62.2 5.9 281
166 95 62.2 5.9 281
168 100 61.0 6.1 305
5.1. Tables
5.2. Figures
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Table 2: Mass tracked by the algorithm, mass collected following the experiment and the ratio
used to scale the experiments.

Shot Energy Tracked Collected  Ratio Pre-scale
Number (J) Mass(g) Mass(g) (x100) Frag’t Number
154 21 19.8 75.0 26.4 118
155 45 30.8 53.2 58.0 259
153 50 26.2 56.2 46.8 263
152 52 349 61.9 56.5 237
157 98 97.1 70.1 138.7 313
156 112 74.8 1154 65.0 397
159 120 105.6 105.1 100.6 355
158 131 79.9 53.7 148.6 387
161 144 69.0 94.7 72.8 321
167 161 87.9 131.6 66.8 310
160 166 86.7 93.5 92.7 425
163 163 96.7 120.2 80.4 394
162 176 110.7 118.6 93.3 445
170 204 102.1 135.0 75.6 437
169 220 79.4 120.2 66.2 562
165 252 237.2 245.2 96.8 518
164 281 210.3 225.5 93.4 422
166 281 260.8 255.0 1022 510
168 305 259.4 287.7 90.1 639
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Figla Exp setup




Figlb Aluminum projectile




Fig2 Qual nature of debris field for 21 J
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Fig3 Qual nature of debris field for 305 J
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Fig4 Target images
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Fig5 Velocity ejecta field
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Fig6 KE of projectile post impact
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Fig7 Histogram of ejection angle
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Fig8 KE distribution among ejection angles
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Fig9 Histogram of fragment sizes, KE to each size, and mass
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Fig10 Histogram distribution of ejecta velocity
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Figll Distribution of KE among ejecta velocity
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Fig12 Histogram distribution of KE
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Fig13 KE distribution with KE and total % KE and % Momentum
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Figl4 SEM images of fracture surfaces
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Fig 15 SEM images of intra-fragment fracture features
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