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Abstract The dynamic fragmentation of coarse and fine grained granitoid blocks during
impact has been examined for energies of 1.9 kJ to 3.0 kJ and 2.7 kJ to 6.8 kJ, respectively.
A particle tracking algorithm was developed to measure ejecta size and velocity at the rear of
the target for a horizontal railgun arrangement. Fragments for the finer-grained material are
smaller than the coarser-grained specimens as a result of enhanced comminution of fractured
surfaces and increased intergranular fracture. Length scales > 6 mm contain > 80 % of the

total mass and kinetic energy.

Median ejection velocities increase for increasing impact energy (range from 5 m/s to

10 m/s for both materials). These are low in comparison to incoming projectile velocity
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(250 m/s to 500 m/s) and indicate that the bulk of incoming energy is dissipated into forms
other than kinetic energy transfer (e.g., heat and comminution). Approximately 25 % of the
mass and 80 % of the kinetic energy is contained in velocities >20 m/s. The total conversion
of impact energy to ejecta kinetic energy is estimated as approximately 3 % for the coarser
material and 4 % for the finer grained material. The % conversion to momentum is higher,
increasing from 7 % to 11 % for the coarser grained material and 21 % to 30 % for the
finer grained material. This highlights the importance of momentum transfer during impact

testing at low speeds into blocks.

Keywords particle tracking velocimetry - dynamic fragmentation - brittle materials -

planetary materials - brittle fracture - ejecta measurements - railguns

1 Introduction

Understanding fragmentation and expulsion mechanisms [1-5] during impact into rocks
is important in planetary and space science [6], blasting and mining industries [7], and in
military applications [8]. Despite increased attention in associated fracture fields, such as
earthquake science [9], mineral processing and numerical modelling [9], challenges still
remain with integrating well characterized experimental measurements with physical failure
mechanisms.

Dynamic fracture of brittle materials occurs when they are stressed beyond their Hugo-
niot elastic limit'. Tensile fracture commonly occurs in brittle materials (e.g., most plan-
etary materials) and is related to grain orientation and size, temperature, strain-rate and
pressure [12]. Fracture occurs along trajectories of maximum energy release [13] and it is
typically initiated at a free surface [14]. Under quasi-static loading conditions, brittle ma-
terials fail due to the propagation of a small number of dominant flaws [15] and fracture
paths are principally governed by crystal orientation [12]. Under high strain rate loading,
many more flaw nucleation sites are simultaneously activated. The release of the excess

strain energy from more activation sites results in the cascade of fractures over vast spatial

! The Hugoniot elastic limit is the limit of elastic deformation that ceramics can endure before deforming
plastically or brittly under dynamic loading[10, 11].
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(e.g., grain size, target thickness), velocity (e.g., shock and elastic wave speeds, ejecta ve-
locities), and kinetic energy scales (e.g., those associated with small comminuted fragments
and those with spalled ejecta). The multi-scale nature, combined with complex energy dis-
sipation mechanisms, renders the study of the dynamic fragmentation of planetary materials

challenging.

The dynamic fragmentation of brittle solids has similarities with concepts presented in
the study of turbulent flows [4]. In three dimensional turbulence, the nonlinear interaction
between different scales is described by the Kolmorogov-Richardson [16] direct cascade.
Kinetic energy injected at large scale is transferred to smaller and smaller eddies until the
remainder is dissipated through viscosity [16]. During dynamic fragmentation of brittle ma-
terials, cracks propagate and bifurcate to subsequently smaller scales (comminution) and
secondary effects, such as abrasion between surfaces, promote further energy dissipation

via, for example, heat, fragmentation, and plastic deformation.

Understanding dynamic fragmentation involves consideration of a set of variables, each
requiring unique approaches. For example, micro-scale effects of crack propagation are cur-
rently not well understood due to the lack of availability of sensors (e.g., force) and equip-
ment (e.g., scanning electron microscopy with ultra-high resolutions) for characterization
of sub-100 um scales. The conversion to kinetic energy of fragments and the characteris-
tics of the ejecta field during impact testing is another aspect of dynamic fragmentation not
currently well understood despite its importance in armour development [17,18,8,19,20]
and impact cratering processes [21]. Solving these problems will require the combination
of new analysis methods for quantifying these events during experiments and predicting
them with multi-scale numerical models [22,9]. The development and applications of novel

experimental techniques for impact testing is explored throughout this paper.

Impact testing with an electromagnetic railgun [23-26] is used here to study the frag-
mentation of solid planetary materials (i.e., rocks). The ballistic performance of ceramic-
metal shielding systems [17,18,8,19,20], and the dynamic fragmentation of rocks [27-30]
have previously been extensively studied using impact testing. The evaluation of these ex-

periments have been at the bulk scale and primarily qualitative in nature [31,32,3,4]. Quan-
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titative measurements, for example detailed analysis of complete fragment distributions and
velocity measurements of ejected fragments [33—42], are more challenging to obtain. Ejecta
size and velocity distributions are used here to better understand the dynamic fracture and

fragmentation of planetary materials.

Velocity measurements of ejecta have been previously obtained by hand-tracing vector
fields on photographs [40] and using post-experiment measurements of spatial distributions
of mass to back-calculate necessary velocities [43]. Particle tracking velocimetry (PTV) has
also been implemented to track the motion of a few ejecta over several high-speed image
frames [42]. The cluttered nature of the debris field, especially for impact experiments at
velocities >1.5 km/s [39—42,34], and the inherent difficulty in developing associated com-
putational algorithms renders tracking most of the individual fragments problematic. More
recently, ejecta tracking methods have been developed and implemented to quantify size and
velocity distributions at the rear to the target for 10 mm thick gabbro tiles at velocities be-
tween 25 m/s and 100 m/s [44]. Lower impact velocities in this study produce less cluttered

debris fields, thus facilitating easier measurements.

This paper examines ejecta size and velocity measurements for impacts between 250 and
550 m/s for fine-grained and coarse-grained granitoid blocks. The blocks are 55 mm thick.
Electromagnetic railgun technology is used as the launching platform. Previously developed
particle tracking techniques are improved since Hogan et al. [44] to better resolve cluttered
debris fields. Fracture mechanisms are characterized using scanning electron microscopy.
The objective of the paper is to quantify length, mass, velocity, momentum and kinetic
energy scales during impact into solid finite planetary material targets. These scales are
observed to govern the ability of the body to dissipate the incoming impact energy through
fracture and fragmentation and can be used to quantify important inherent features of the
fragmentation process. More importantly, evaluation of scales enables a more complete and
fundamental understanding of these complex events that can, in turn, be implemented in

numerical models.
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2 Experimental Setup and Particle Tracking Methods

The impact tests were performed at the French-German Research Institute of Saint-Louis
(ISL), France using the SR 3/60 electromagnetic railgun as the launching platform. Impact
energies ranged from 1.9 kJ (250 m/s) to 3.0 kJ (313 m/s) for the coarser grained granitoid
blocks and 2.7 kJ (347 m/s) to 6.8 kJ (550 m/s) for the finer grained material. The coarse
grained (Figure 1b) and fine (Figure la) granitoid blocks were approximately 120 mm by
120 mm and 55 mm in thickness. Aluminum (left in Figure 1c) projectiles (65 g) were
used in the coarser grained block experiments and composite (right in Figure 1c) projectiles
(45 g) were used for the finer grained granitoid block experiments. The coarser grained
granitoid had noticeably more flaws and larger grains. Secondary electron (SE) and back-
scattered electron (BSE) images of the fracture surfaces were obtained using a Hitachi SU-

70 analytical Field Emission Scanning Electron Microscope.

A Photron APX Ultima video camera filming at a 8§ kHz frame rate captured ejected
fragments at the rear of the targets. Two high-powered lamps were used to back-illuminate
the ejecta. Lighting has improved from previous studies to obtain better contrast between
fragments and background [44]. A particle tracking algorithm written in Matlab [45] was
implemented to track ejecta larger than 0.8 mm (determined by resolution of the camera)

over multiple high-speed camera images.

Pre-processing involved image correction using, as examples, background removal and
ejecta enhancement. Improvements have been made since Hogan et al [44] to achieve better
sub-grid refinement for tracking more cluttered debris fields. This has been mainly due to
improvements to the image analysis software in Matlab [45]. Ejecta velocity was obtained
by first determining the location of the fragments in one frame and then matching proba-
ble locations through cross-correlation in subsequent frames based on iterative estimation
of match probability. Differences in size, shape and (X,y) locations are considered. For ex-
ample, fragments are assumed to move in the positive x-direction and remain ordered in
space and time. Consideration of size and shape allow the larger (>>4.5 mm) fragments to be
identified. Post-processing consisted of removing erroneous vectors (mainly of smaller frag-

ments) based on weighted averages of the well-tracked larger ejecta. Images are segmented,
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and previously tracked particles are then removed. The process is then reapplied to track a
new set of fragments once the field has expanded more within the view of the high speed

camera.

3 Results

3.1 Qualitative analysis of the debris cloud

Initially, the qualitative nature of typical ejecta fields is examined (Figure 2). There are no-
ticeably more smaller fragments in the finer grained material (Figure 2a) than for the larger
grained (Figure 2b). With the exception of a few smaller fragments, the forward-most ejecta
are larger in size for the coarser grained material. There is also a greater number of larger
ejecta dispersed throughout the debris cloud in the coarser grained material (Figure 2b).
Forward-most larger ejecta are smaller for the finer grained material and travel further after

10 ms, indicating they have a higher velocity.

3.2 Qualitative analysis of rear of the target

Post-impact features of typical targets are illustrated in Figure 3. Analysis of the target rear
for the finer grained granitoid at 3.7 kJ (Figure 3a) reveals the formation of a Hertzian cone,
initiating at the front surface and expanding through to the rear of the target. No observable
cones are present in the coarser grained block at 3.0 kJ (Figure 3b), with fracturing primarily

occurring along inherent larger planes of weakness (e.g., grain boundaries).

3.3 Ejecta field quantification

The ejecta fields (v, vs vy) for the lowest and highest energy cases for both materials are
shown in Figure 4a and c. Impact energies are labelled. Corresponding plots of the resul-
tant velocity, v, and ejecta angle (6=arctan(v,/v,)) are shown in b. The resultant velocity is
obtained assuming v,=v,. The ejecta angles are taken as the projections in the image plane

and referred to the normal of the target surface. Interpretations will be made with respect to
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Figure 4b and d, with Figure 4a and c used for reference. Lower velocities are bounded by
|6|<60° for both materials. For the finer grained material, ejecta angles begin to decrease at
approximately 6 m/s for an impact energy of 2.7 kJ J and 10 m/s for 6.8 kJ. For the coarser
grained material, ejecta angles begin to decrease at approximately 6 m/s at an impact en-
ergy of 1.9 kJ and 8 m/s for 3.0 kJ. Ejecta angles are bounded by |0|<20-22° at the higher
velocities for both cases. Trend curves reflecting these observations are shown in the figure.

The ratio of tracked (by the algorithm) and collected (post-impact) mass is used to scale
fragment numbers and, by extension, size, mass, kinetic energy, and momentum distribu-
tions. Mass estimates 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). The mass obtained from the algorithm, mass collected following each experiment,
their ratios and the non-scaled total number of fragments measured by the algorithm are

displayed in Table 1.

3.4 Distribution of ejecta angles and their kinetic energy contributions

Shown in Figure 5 are the normalized distributions of ejecta angles (6) for the lowest and
highest impact energies for each material. The distribution for the FG: 2.7 kJ case is bi-
modal with peaks at -10° and 20° (highlighted in Figure 5a). The low velocity crushed
fragments (observed in Figure 4a) contribute to the negative peak, while the faster moving
fragments correspond to the higher peak. The distribution for the CG: 1.9 kJ case is centered
at approximately -15° and skewed towards negative ejecta angles. Again, these fragments
are primarily from slower moving crushed fragments. The distributions for FG: 6.8 kJ and
CG: 3.0 kJ are more symmetrical about 0°.

The distributions of kinetic energy among ejecta angles for the lowest and highest energy
cases are shown in Figure 6. Peaks in Figure 6a (at -10° and 20°) and peaks in Figure 6¢ (at
-8° and -15°) correspond to the bi-modal peaks in the ejecta distribution in Figure 5a and
the skewed distribution in Figure 5Sc, respectively. Primary peaks are centered near 0° for
the highest energy cases (Figure 6b and d), again corresponding to distribution centers in

Figure 5b and d.
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3.5 Normalized distribution of major axis dimensions and mass and kinetic energy

contributions

Normalized distributions of major axis dimensions for the lowest energy cases for both
materials are shown in Figure 7a and b, respectively. Major axis distributions are skewed
towards the smaller fragments, with 55 % of the total number of fragments less than 3 mm
for the finer grained material, and 50 % of the total number of fragments less than 3 mm for
the coarser grained material.

Corresponding representative normalized distributions of mass among mass groups are
shown in Figure 7c and d. Distributions for the finer grained material (Figure 7c) mostly
remain at a consistent value at approximately 3 to 5 % for masses >100 mg and contain
approximately 81 % of the total mass. Distributions of mass for the coarser grained material
(Figure 7d) steadily increase in % beyond 100 mg and contain approximately 83 % of the
total mass. The significant contribution to total mass among groups larger than 100 mg is
important because, according to research by Kick [46], the input energy spent in fragmenting
the body is proportional to the mass distribution of fragments.

Shown in Figure 8 are the distributions of kinetic energy among major axis dimensions.
For all cases, larger dimensions contain significantly higher percentages of kinetic energy
than smaller ones, and distributions become more flat at larger dimensions for increased
impact energy. 82 % of the kinetic energy is captured in dimensions > 7 mm for the FG:
2.7 kJ case and 73 % for FG: 6.8 kJ. Similar values are obtained for the coarse grain tests
with 79 % of the kinetic energy contained in dimensions > 7 mm for the CG: 1.9 kJ case

and 74 % for CG: 3.0 klJ.

3.6 Velocity distribution and contributions of mass and kinetic energy

Shown in Figure 9 are histogram distributions of ejecta velocities. All distributions have
similar shapes and are skewed towards lower velocities. This is a result of increased frag-
mentation ahead of the projectile. Maximum velocities increase from approximately 30 m/s

for the lower energy cases to approximately 40 m/s for the higher energy cases for both
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materials. These are low when considering impact velocities ranged from 250 to 550 m/s.
Values of the 10", 50" and 90" (denoted in caption as X9, X109, Xs50 and Xog) percentiles of
ejecta velocity are shown in Figure 9e. 50" percentile values correspond to median values.
Corresponding linear fits of the data are also shown. Slopes for the 10", 50 and 90" reflect
the trends observed in the distributions. Namely, the expansion of ejecta velocities is more
sensitive (greater slopes) for higher velocities than lower ones. Slopes for all percentiles
remain statistically equivalent for both materials, highlighting the similarities of ejecta field

expansion rates under these experimental conditions.

The distributions of ejecta mass among ejecta velocities groups is shown in Figure 10.
Mass contained at lower velocities (e.g., < 10 m/s) for the lower energy case finer grained
material (Figure 10a) corresponds to finely crushed material (Figure 2a). The second con-
centration of mass at higher velocities (e.g., >20 m/s) in Figure 10a corresponds to those
fewer larger fragments ejected at the foremost rear of the target (Figure 2a). The distribu-
tion of mass for the higher energy cases for the finer grained material (Figure 10b) expands
about the higher velocities when the impact energy is increased. The distributions of mass
among ejecta velocity groups for the coarser grained material are shown in Figure 10c and
d. These distributions are more uniform (at approximately 7 %) than for the finer grained
material. There is no notable change when the impact energy is increased. Velocity groups
greater than 20 m/s contain 7 % of the mass for FG: 2.7 kJ and CG: 1.9 kJ and 14 % for FG:
6.8 kJ and CG: 3.0 kJ. The total contribution of mass > 20 m/s is approximately 23 % for
FG: 2.7 kJ and 20 % for FG: 6.8 kJ, and 29 % for CG: 1.9 kJ and 24 % for CG: 3.0 kJ.

Shown in Figure 10e are cumulative distributions of mass (normalized by total mass)
for individual ejecta velocity for the lowest and highest cases for the finer grained material
(black dots). Intermediate case are bounded by these curves. Also shown in the figure are

curve fits (red solid and green hashed lines) in the form of:

C1x©2 + Czexp(Cyx) + Csln(Cex) + Crexp(Cyx) (1

where C;, where i=1 to 8, is determined using a least-squares approach. Of all possible

combinations (e.g., two power law or additional logarithmic functions), this functional form
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provided the best fit for all impact energies. In the future, other, more simple, functional
forms may be explored (e.g., known cumulative distribution functions such as logarithmic).
The red solid line is for the FG: 2,710 J and the green hashed line is for the FG: 6,810 J
(Figure 10e). Again, the black dots are the raw experimental data. Curve fitted exponents
provide reasonable predictions of experimental results. Also shown in the figure is a curve
fit for the highest energy case in the form of a single power law with an intercept (blue line).
This functional form is commonly assumed when describing the distribution of mass for
velocity [47]. Here it does not fit the FG: 6,810 J data well, especially for ejecta velocities

> 25 m/s (Figure 10e).

Shown in Figure 10f is the cumulative distribution of mass versus velocity with curve
fits in the form of equation (1) for the lowest and highest impact energy cases for the coarser
grained material. The red dots are the experimental data, the blue hashed line is for CG:
1,940 J and the green hashed line is for CG: 3,040 J. Again, the functional form of equation
(1) is able to predict the data well. Also, shown in Figure 10f is a power-law curve with in-
tercept for the CG: 1,940 J (solid black line). As before, it does not predict the experimental

data well.

The distributions of kinetic energy among ejecta velocity groups is shown in Figure 11.
The contribution of kinetic energy for the lower energy cases is mainly contained in the
higher velocities. The distributions are spread dispersed at higher impact energies, especially
for velocities > 20 m/s. High ejecta velocities that contain more kinetic energy correspond
to the larger fragments previously observed in Figure 2. This is especially noticeable for
the coarser-grained material, where significantly larger fragments in Figure 2b trail faster-
moving smaller ejecta. The total percentage of kinetic energy contained above 20 m/s, taken
here as a representative velocity, is 78 % for FG: 2.7 kJ, 75 % for FG: 6.8 kJ, and 83 % for
CG: 1.9kJ, 79 % for CG: 3.0 kJ.
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3.7 Normalized count of ejecta kinetic energy and contribution of total kinetic energy

among Kinetic energy groups

Histogram distributions of ejecta kinetic energy are shown in Figure 12. Distributions for the
finer grained material (Figure 12a and b) are log-normal over six orders of magnitude. The
median value increases from 10~* J at lowest impact energy to 3.8x 10~ J at the highest
impact energy. Distributions for coarser grained material (Figure 12c¢ and d) have presumed
peaks at 6.3x107* J for CG: 1.9 kJ and 7.2x 1073 J for CG: 3.0 kJ, with tails below 107 J
ejecta kinetic energies.

Corresponding 10", 50" and 90" percentile values of individual ejecta are shown in
Figure 12e. Power-law curve fits are also shown in the figure. Power law exponents are
greater for the finer-grained material for the 107 and 907" percentiles. 50 percentile values
are similar for both materials and increase at a greater rate for the coarser grained material
(power-law exponent of 2.40 vs. 1.26).

The contributions of total kinetic energy for ejecta kinetic energy groups are shown in
Figure 13. Distributions are skewed towards larger ejecta kinetic energy. The total percent-
age contribution of kinetic energy for ejecta kinetic energies > 0.06 J is 79 % for FG: 2.7 kJ,
75 % for FG: 6.8 kJ, and 77 % for CG: 1.9 kJ, 72 % for CG: 3.0 kJ.

The total percentage of incoming impact energy converted to the kinetic energy of ejecta
is shown in Figure 13e. Approximately 3 % is converted to ejecta kinetic energy for the
coarser grained material and approximately 4 % is converted to ejecta kinetic energy for the
finer material. Corresponding power-law curve fits are also shown. The coarser material is

more sensitive (i.e., greater exponent) than the finer grained material.

3.8 Normalized count of ejecta momentum and contribution of total momentum

Histogram distributions of ejecta momentum are shown in Figure 14. These distributions
are more narrow-band than the kinetic energy distributions (Figure 12). Distributions for the
coarser-grained material are log-normal and, unlike their kinetic energy distributions, do not

have noticeable tails. Corresponding 10", 50", and 90" of ejecta momentums percentiles
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for all impact momentums, with power-law curve fits, are shown in Figure 14e. Median (i.e.,

50" percentile values) increase at a greater rate for the coarser-grained material.

The contribution of total momentum for ejecta momentum groups is shown in Fig-
ure 15. Distributions are skewed to higher momentum groups and become flat for momen-
tum groups > 102 kg m/s. The total percentage contribution of momentum values > 102
kg m/s is 63 % for FG: 2.7 kJ, 58 % for FG: 6.8 kJ, 63 % for CG: 1.9 kJ and 60 % for CG:
3.0 kJ. Lastly, shown in Figure 15e is the total percentage of incoming projectile momentum
that is converted to the momentum of ejecta. The % momentum increases from 7 % to 11 %
the coarser grained material and 13 % to 19 % for the finer grained material, with the coarser

material being much more sensitive (i.e., greater exponent) than the finer-grained material.

3.9 Assessment of physical damage mechanisms

Examples of fracture surface features are examined in scanning electron microscope images
in Figure 16. Surfaces in the high-energy case for the finer-grained material (Figure 16a)
reveal complex inter-granular rupture (left) and cleavage fracture (top), as well as many

smaller fragments on the surface (examples are highlighted).

Fragments were also mounted in resin and polished to investigate intra-fragment fea-
tures. Significant intra-fragment fracture also occurs under these experimental conditions
(Figure 16b). Fractures inside fragments are a combined result of propagating fracture due
to impacts and the collisions among adjacent fragments and the release of elastic waves
during fracture. These fractures enhance energy dissipation. Some flaws are also observed
in Figure 16b. Associated micro-scale consequences of fracture are shown in Figures 16¢
and d. The interaction of surface asperities under large contact pressures can result in micro-
cutting (Figure 16¢) in quartz and the generation of sub-10 um fragments in plagioclase
(Figure 16d). These processes occur at very small scales, and are difficult to capture in nu-

merical modelling and to systematically study.
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4 Summary and Implications

A particle-tracking algorithm has been developed to investigate ejecta measurements ob-
tained from railgun-launched impactors into coarse- (1.9 kJ to 3.0 kJ) and fine-grained
(2.7 kJ to 6.8 kJ) granitoid blocks (55 mm thick). Distributions of ejecta size, velocity,
mass, momentum and kinetic energy have been quantified and their inter-relationships in-
vestigated. Studies of this kind are needed for the development and validation of numeri-
cal models, which rely on well characterized experiments. In particular, challenges exist in
numerical codes when implementing schemes to determine fragments (e.g., through con-
sideration of damaged volumes), and to monitor fragments and their interactions throughout
space and time [48]. Such models are computationally expensive, and replicating observable
features in experiments remains difficult [49]. Experimental measurements under moderate
conditions, where a detailed library of measurements can be attained rapidly once experi-
mental setups (e.g., lighting) and particle tracking algorithms are developed, are needed in

order to validate models so that they can be applied to more extreme impact conditions.

Qualitative analysis of high-speed video images and quantification of size distributions
indicate that fragments are smaller for the finer grained material than the coarser grained
material (55 % < 3 mm vs. 50 %). This is likely a result of enhanced inter-granular fracture
and subsequent comminution of the finer grained material. The contributions of mass and
kinetic energy for each length scale were also examined. Masses >100 mg (equivalent size
of 6 mm) contain approximately 80 % of the total mass for both materials for all impact
energies. Length scales greater than approximately 6 mm contain 80 % of the total kinetic
energy. These are slightly smaller than for gabbro tiles [44] and is a result of increased
degradation of fractured surfaces from abrasion for thicker targets. These highlight impor-
tant length scales to capture energy dissipated via fragmentation [50] and kinetic energy for
numerical models, where selection of length scales in finite element modelling through con-
sideration of element size is critical when attempting to accurately model and capture the

dynamic fragmentation of brittle solids.

Characterization of ejecta angle distributions revealed bi-modal peaks at -10° and 20°

for the lower energy case for the finer-grained targets. The peak for the lower energy case for
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the coarser-grained material was centered at -15°. Negative distribution peaks correspond to
lower velocity ejecta, or those severely crushed during impact that are more affected by
gravity. Briefly, the effect of gravity is considered: at low impact speeds, the effect gravity
on ejecta velocity results can yield negative y-velocities of 1.2 m/s to 1.7 m/s. At 0.5 m/s to
1 m/s x-velocities, these correspond to variations in ejecta angles of 20° to 35°. This roughly
corresponds to the shift of the ejecta field at later times (Figure 4). In the future, the effect
of gravity on ejecta velocities can be included in the algorithm. Other features, such as wake
dynamics, also affect the measured ejecta angle. It is worth noting that ambient conditions
and atmospheric effects (dynamic deceleration) also affect the trajectories of the very fine

(< 60um) ejecta [S51].

The ejecta angle distributions become more symmetrical about 0° as the impact energy is
increased, suggesting more symmetric fragmentation around the projectile and ejection from
the target. Distribution peaks in ejecta angle measurements are associated with highs in the
distribution of kinetic energy with impact angle. This highlights the importance of the inter-
relation between fragmentation (through characterization of normalized counts of ejecta
distributions) and kinetic energy transfer (through characterization of the kinetic energy
dependence on ejecta angle distributions). In particular, larger fragments are spalled from
the target rear and the available space allows for subsequent fragment ejection. An increase
in fragmentation in the ejection of larger fragments (those with larger KE) is observed in the

results.

Median resultant ejection velocities increase for increasing impact energy and are com-
parable for both materials (range from 5 m/s to 10 m/s). These are low in comparison to
incoming projectile velocities (250 m/s to 500 m/s) and indicate that the bulk of incoming
energy is dissipated into forms other than kinetic energy transfer (e.g., heat and comminu-
tion). As an aside, the resultant velocity for each ejecta is obtained assuming v,=v,. This
assumption preserves the true distribution of v, (i.e., normal distribution about 0 m/s with
maxima and minima of the absolute value of the maximum vy). The true distribution of v, is
known from ongoing ejecta measurements. The v,=v, assumption was chosen to attempt to

better represent the total KE of the ejecta (one of the important results from this study). The
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lower bound for % ejecta KE values occurs when it is assumed that v,=0. The upper bound
occurs when each v, is equal to the maximum v,. Values are between these two bounds
when it is assumed that v,=v,. As a comparison, values of total % KE were computed with
vz=0 (which produces the greatest difference in values). On average, these values were less
by 8 % for KE (range 3% to 13% in difference). Low differences in %KE for the two as-
sumption occur because the streamwise velocity (vy) and those with low ejection angles
(Figure 6) contain most of the %KE. More specifically, the contribution KE for v, and v,
is low in comparison to v,. The effect of this assumption on the distribution of KE among
ejecta length and velocity (where fragments > 6 mm contain > 80 % of KE) is also minor
(no greater than 10 % for each case). In the future, values of v, will be assigned assuming it

has normal distribution about 0 m/s and can range from plus of minus v, .

Distributions of mass and kinetic energy among ejecta velocity groups were also con-
sidered. Approximately 25 % of the mass is contained in velocities >20 m/s, while 80 % of
the kinetic energy is captured. This mass is mainly contained in the larger fragments ejected
from the rear of the target. Cumulative distributions of mass with respect to ejecta velocity
reveal reasonable prediction of the lowest and highest energy cases for both materials using
an additive logarithm, power-law and exponential function (equation (1). This functional
form is more complicated than commonly used power-law functions [47], which were not
able to predict the data here. Combined, these results provide important velocity scales dur-
ing the dynamic fragmentation of planetary materials and are critical in the development and

validation of numerical models.

Distributions of ejecta kinetic energy and momentum were also examined. Rotational
kinetic energy is assumed to be negligible. As an example, a 2 mm fragment rotating at 1
rad/s (estimated from video images) has a rotational kinetic energy of 1.7E-10 J. A similar
fragment with a translational velocity of 0.5 m/s has a kinetic energy of 1.3E-5 J. Rotational
energy is 5 orders of magnitude smaller and is, therefore, considered negligible. Log-normal
distributions of ejecta kinetic energy span six orders of magnitude. Momentum distributions
were found to be more narrow-band. The total percentage contribution of kinetic energy for

ejecta kinetic energies > 0.06 J is > 70 %. Similar trends were observed for momentum
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groups, where > 60 % is contained > 10~2 kg m/s. Results highlight the equal contribution
of the larger groups (approximately 7% for each group) and the importance of the larger
rear fragments to momentum and kinetic energy contributions. Median ejecta kinetic en-
ergy and momentum can be used in to compare among other processes and experimental

configurations (e.g., target thickness, ceramic/metal target).

The total conversion of impact energy to ejecta kinetic energy was estimated as approx-
imately 3 % for the coarser material and approximately 4 % for the finer grained material.
Values are slightly higher for higher impact energies. The % conversion to momentum is
significantly higher, increasing from 7 % to 11 % for the coarser grained material and 13 %
to 19 % for the finer grained material as the impact energy is increased. These are a result of
low velocities and substantial fragmentation, and highlights the importance of momentum

and kinetic energy transfer in impact events.

Lastly, micro-scale failure mechanisms were characterized and results indicate that trans-
granular (i.e., through grains) fracture is an important mechanism of fragmentation. An ex-
ample includes cleavage fracture. Intergranular fracture (i.e., along grain boundaries) pri-
marily occurs inside fragments. Micro-scale cutting and fragmentation were also observed.
The incorporation of micro-scale contact and fragmentation effects, and the inclusion of
multi-phases materials, into numerical code warrants further consideration as these micro-

scale processes likely account for the majority of the energy dissipation during impact.

4.1 Future Considerations for Particle Tracking

Mirrors or an additional camera would provide an improved measure of the ejecta size and
velocity (i.e., vy, vy, and v;). Field shape formation (e.g., hemispherical growth vs jetting)
may be better understood through comparison of ejecta angles (e.g., vy-v, angle, and v,-v,
angle), provided that two image pairs could be synchronized in time and space so that they
can be correlated. Synchronizing video imaging would require intersecting laser planes (e.g.,
a cone laser and a sheet laser) and the implementation of a more advanced probable-match

algorithm.
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Additional challenges arise when extending a three dimensional tracking algorithm to
higher speeds (e.g., hypervelocity impacts). At higher impact speeds, the debris cloud is
more chaotic and more dust is formed. A combined particle image velocimetry (PIV) ap-
proach, which uses an Eulerian reference frame and estimates velocities of gridded cells,
can be used with image enhancement. Note that particle tracking velocimetry uses a La-
grangian approach to determine the velocity field in the present experiments. Image analysis
can be used to determine ejecta centroids, which can then be projected onto the velocity field
(obtained with PIV). This method would be computationally less expensive than attempting
to track individual ejecta. Such measurement techniques are currently being developed and

results can be contrasted with a single camera view in the future.

5 Concluding Remarks

The dynamic fragmentation during impact of coarse- and fine-grained granitoid blocks has
been examined for impact energies ranging from 1.9 kJ to 3.0 kJ and 2.7 kJ to 6.8 kJ,
respectively. An ejecta tracking algorithm was implemented to quantify ejecta size, velocity,
mass, momentum and kinetic energy distributions. Fragments for the finer-grained material
are smaller than the coarser-grained specimens as a result of enhanced comminution of
fractured surfaces and increased intergranular fracture. Length scales > 6 mm contain > 80
% of the total mass and kinetic energy. Median length scales decrease for increasing impact
energy. Length scale quantification is import in the selection of element sizes in numerical
models, where the goal is to capture the majority of energy dissipation.

Velocity and ejecta angle distributions were also quantified. The primary ejecta angle di-
rection was found to be dependent on the primary direction of kinetic energy of the launched
ejecta (i.e., peak in KE(0)). This is a result of more space for fragmentation when larger
fragments are ejected from the rear of the target. Median ejection velocities increase for
increasing impact energy (range from 5 m/s to 10 m/s for both materials). These are low in
comparison to incoming projectile velocity (250 m/s to 500 m/s) and indicate that the bulk
of incoming energy is dissipated into forms other than kinetic energy transfer (e.g., heat).

Approximately 25 % of the mass and 80 % of the kinetic energy is contained in velocities
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>20 m/s. New functional forms of the cumulative distribution of mass for ejecta velocity
were also explored. Low velocities and substantial fragmentation of the blocks results in
greater percentage conversion of momentum to ejecta momentum (i.e., 7 % to 11 % for
the coarser grained material and 13 % to 19 % for the finer grained material). The total
conversion of impact energy to ejecta kinetic energy is estimated as approximately 3 % for
the coarser-grained material and approximately 4 % for the finer material. Lastly, physical
features of the failure surfaces suggest micro-scale contact and fragmentation effects, and
the inclusion of multi-phases materials, should be considered in numerical codes as these
micro-scale processes likely account for the majority of the energy dissipation during im-
pact.

Advances in high-speed image processing have made it possible to study the dynamic
fragmentation of brittle solids in greater depth. The quantification of important ejecta scales
is critical for the development and verification of theoretical and numerical models. Appli-
cation of current techniques to metal and metal-ceramic shielding systems would greatly
improve application of these energy dissipation systems. The data presented here provides a
framework to facilitate future studies. An improved understanding of the dynamic fragmen-
tation of brittle materials will involve a coherent approach combining fracture measurements
and theoretical modelling with modern laboratory experimental tools and large-scale com-

puter simulation.
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Table 1 Estimated mass tracked by the algorithm, mass collected following the experiment, and the ratio

used to scale the experiments. FG: fine grained, CG: coarser grained.

Material Energy Estimated tracked Collected Ratio
) Mass® (g) Mass> ()
FG 2,710 348 966 0.36%
FG 3,730 684 1,053 0.65
FG 4,200 855 1,156  0.74
FG 4,800 864 1,252 0.69
FG 6,810 1,037 1,402 0.74
CG 1,940 490 754 0.65
CG 2,330 743 844  0.88
CG 2,500 787 916  0.86
CG 3,040 1,138 1,084  1.05

2 These are estimated assuming an in-plane thickness.

3 This is the mass of fragments collected after each test.

4 The low ratio is attributed to the underestimation of in-plane

thickness of larger fragments.
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c)

Fig. 1 Photographs of the target material: (a) finer grained granitoid and (b) coarser grained granitoid, and (c)
aluminum (left) and composite (right) projectiles. The blocks are 55 mm thick and the projectiles are 32 mm
in length.
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Fig. 2 Qualitative nature of the ejecta field for (a) finer grained (6.8 kJ) and (b) coarser grained material
(3.0kJ). FG: finer grained material and CG: coarser grained material. Various fragmentation types are noted.
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Fig. 3 Photographs of (a) target for the finer-grained material at 3.7 kJ showing Hertzian cone cracking, and
(b) the residual coarser-grained target at 3.0 kJ showing fracture primarily along inherent flaws.
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Fig. 9 Normalized distributions of ejecta number among velocity groups for: (a) FG: 2.7 kJ, (b) FG: 6.8 kJ,
(c) CG: 1.9 kJ and (d) CG: 3.0 kJ. Percentile values of X9, Xs0, and Xgg and curve fits for all impact energies

are shown in (e).
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Fig. 10 Normalized distributions of mass among ejecta velocity groups for: (a) FG: 2.7 kJ, (b) FG: 6.8 kJ,
(c) CG: 1.9kJ and (d) CG: 3.0 kJ. The cumulative distribution of mass for ejecta velocity for the lowest and
highest cases for (e) FG and (f) CG, as well as curve-fits. Black dots in (e) are the highest and lowest energy
cases for FG, and red dots in (f) are the highes and lowest energy cases for CG. Fitted curves are various line
types and colours.
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Fig. 11 Normalized distributions of kinetic energy among ejecta velocity groups for: (a) FG: 2.7 kJ, (b) FG:

6.8 kJ, (c) CG: 1.9kJ and (d) CG: 3.0 kJ.
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Fig. 12 Normalized distributions of ejecta kinetic energy for: (a) FG: 2.7 kJ and (b) FG: 6.8 kJ, and (c) CG:
1.9 kJ and (d) CG: 3.0 kJ. Values of X9, X50, and x99 with power-law fits are shown in (e).
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Fig. 13 Normalized distributions of kinetic energy among kinetic energy groups for: (a) FG: 2.7 kJ and (b)
FG: 6.8 kJ, and (c) CG: 1.9 kJ and (d) CG: 3.0 kJ. The total percentage of impact energy transferred to ejecta

kinetic energy is shown in (e).
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Fig. 14 Normalized distributions of momentum for: (a) FG: 2.7 kJ, (b) FG: 6.8 kJ, (c) CG: 1.9 kJ and (d)
CG: 3.0 kJ. 107, 50" and 90 percentile are shown in (e) with power-law fits.
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Fig. 15 Normalized distributions of momentum among momentum groups for: (a) FG: 2.7 kJ, (b) FG: 6.8 kJ,
(c) CG: 1.9kJ and (d) CG: 3.0 kJ. The total percentage conversion of incoming impactor momentum to ejecta
momentum is shown in (e).
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Fig. 16 SEM images: (a) complex fracture surface in plagioclase, (b) intra-fragment damage in plagioclase,
(c) micro-cutting in quartz and (d) comminution in plagioclase.
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