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ABSTRACT

The series of impact experiments were performed to
study the properties of ejecta generated at high-velocity
perforation of thin bumpers. The bumpers were
aluminum plates, fiber-glass plastic plates, and meshes
weaved of steel wire. The projectiles were 6.35 mm
diameter aluminum spheres. The impact velocities
ranged from 1.95 to 3.52 km/s. In the experiments the
ejecta particles were captured with low-density foam
collectors or registered with the use of aluminum foils.
The processing of the experimental results allowed us to
estimate the total masses, spatial and size distributions,
and perforating abilities of the ejecta produced from
these different bumpers. As applied to the problem of
reducing the near-Earth space pollution caused by the
ejecta, the results obtained argue against the use of
aluminum plates as first (outer) bumper in spacecraft
shield protection.

1 INTRODUCTION

The perforation of a thin plate by a high-velocity
projectile may lead to fragmentation of the projectile
with the formation of a cloud of after-impact fragments
expanding into the semi-space behind the perforated
plate. The other possible consequence of such an event
is the generation of ejecta particles which propagate into
the other semi-space, the one from where the projectile
came.

Due to the ejecta phenomenon, a high-velocity
encounter of a meteoroid or a space debris particle with
a spacecraft surface produces the ejecta particles, which
may represent a danger to exterior equipments of the
spacecraft (the antennae, solar batteries, etc) [1].
Nowadays, the ejecta particles are considered as one of
the main sources of the near-Earth space pollution [1, 2]
that justifies an interest to their study.

In this work, we present the series of impact
experiments, which were performed to study the
properties of ejecta generated at high-velocity
perforation of thin bumpers made from different
constructional materials. Moreover, a comparative
evaluation of the ejecta generated in the experiments
may help us to form recommendations for reducing the
near-Earth space pollution with the ejecta by means of
the bumper material selection. In the experiments the
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bumpers were the aluminum plates, the fiber-glass
plastic plates and the meshes weaved of steel wire. The
projectiles were substantially the 6.35 mm diameter
aluminum spheres and 3.2 mm spheres in several
experiments. In the experiments the ejecta particles
were captured with low-density foam collectors or
registered with the use of aluminum foils.

The choice of the bumpers was dictated by the
following considerations. The thin aluminum plate is the
classic bumper providing protection against a meteoroid
or a space debris particle for manned spaceship. The
mesh bumpers are also used in spacecraft protective
shields (see, for example, “Mesh Double-Bumper” [3]
and protection of the Russian ISS module “Zarya” [4]).
Non - metallic composite materials, especially fiber-
glass plastics, are widely used in space technologies
because of their high strength ability combined with
relatively low density.

2 SETUPOF THE EXPERIMENTS

The general scheme of the experiments is presented in
Fig. 1. A two-stage light-gas gun accelerates the sabot
with a projectile up to velocities ~ 3.5 km/s. In the
expansion chamber the couple of steel annular cutoffs
separates the projectile from the sabot and the projectile
moves further into the target chamber where the
velocity-meter registers its velocity. The target is fixed
in the end part of the target chamber. The interaction of
the projectile with the target generates ejecta particles
which penetrate into the collector placed in front of the

target.
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Fig. 1 The scheme of experiments with collectors
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21 Experimentswith low-density collectors

A scheme of experiments with low-density foam
collectors shown in Fig. 2 was used for experiments
with metallic bumpers. The collectors were made of 15
kg/m’® polystyrene foam. They had a cylindrical form



and consisted of two parts (Fig. 2). The main part had
height of 100 mm and diameter of 250 mm. The other
collector part was a ring with height of 50 mm and
internal diameter of 130 mm. The shell of the collector
consisted of the metallic cylinder with the frontal part
closed by the metallic lid with an entrance hole for the
projectile. The lid was screened by the wood protective
shield to prevent possible damages by the shot debris.
The target was clasped to the collector ring by a special
frame so that the plane of the target coincided with the
back side of the ring (Fig. 3). The collector camera was
the room which was completely enclosed by the target
surface and the inner surfaces of the collector parts.

To extract the captured ejecta particles we used some
available solvents. The extracted particles were
weighted using the  high-accuracy electronic
laboratory balance. The recovered substance was also
studied using a metallurgical microscope. The extracted
particles provided information about their sizes, masses,
spatial and size distributions, and after-impact phase
states.
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Fig. 2. The cross-section of the collector along the shot
line.

Fig.3. The view of the collector with the attached target
before its installation in the target chamber.

In all experiments with the foam collectors (Table 1) we
used 6.35 mm diameter projectiles of 2017 or ADI
aluminum alloy (the projectile mass was ~ 0.39 g). The
bumpers were AMg6 aluminum plates of 1.45 mm and
3.0 mm thickness, and meshes weaved of steel wire
with [, x d,, =2.0 mm x 1.0 mm and 1.0 mm x 0.32 mm
where d,, is the wire diameter and /, is the aperture
(inside light visible distance between adjacent wires).
All impacts were normal to the target surface.

2.2  Experimentswith foils as collectors

From the very beginning it was obvious that in the case
of the non-metallic composite targets the recovering of
ejecta particles from polystyrene foam would be a quite
difficult (rather impossible) problem. Therefore a
different scheme of experiments was used. According to
that scheme the sheets of aluminum foils were situated
in front of a tested target (Fig. 4). This scheme was used
in experiments with the fiber-glass plastic plates and the
AMg6 aluminum plates as targets. The total number,

spatial and size distribution, and perforating ability of
ejecta particles can be assessed using such a simple
scheme.

The fiber-glass plastic material KAST-V with density
1.87g/sm’ and another one, VFT-R, possessing more
thermo-resistance ability and having density 1.84 g/sm’,
were chosen for the experiments. They both are made
from the layers of fiber-glass fabric with bonding agent
made on the base of epoxy and phenol- formaldehyde
resins. The volume of the fiber glass is about 70% in the
composite.
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Fig. 4. The scheme of experiments with aluminum foils
(#1, 2 and 3) as collectors. I;, I, and I3 mean distances.

In the experiments the 2 mm-thick fiber-glass plastic
plates having ~3.7 kg/m*-areal density were chosen as
targets (in fact the usage of plates or other flat sheet-like
structural elements with density high than 3-4 kg/m’ is
hardly possible in a spacecraft construction). Three
experiments were carried out using AMg6 aluminum
plates of 1.45 mm and 3.0 mm thickness as targets. In
the experiments we used the 6.35 mm and 3.2 mm
diameter projectiles of 2017 aluminum alloy. The
projectile velocities ranged from 2.0 to 3.5 km/s; all
impacts were normal to the target surface. The data for
all experiments with foils as collectors are shown in
Tab.5.

It is worth to note that some efforts were undertaken to
find the most appropriate parameters in the experiment
scheme, such as the distances between foils and the foil
thicknesses, to get better ejecta fixation. As a result of
the preliminary experiments, we came to the following
setups: three 0.06 mm-thick aluminum foils for fiber-
glass plastic targets and couple of 0.2 mm-thick
aluminum foils together with third 0.06 mm-thick
aluminum foil for aluminum plate targets; the distance
between the target and the first foil was 50 mm or 100
mm, and that between the other foils was from 20 mm
to 40 mm.

3 RESULTSOF THE EXPERIMENTS
3.1 Resultsof experimentswith metallic bumpers

and low-density collectors.

Thirteen experimental shots occurred to be appropriate
for examination and analysis. They are presented in
Tab. 1.



Fig. 5 and 6 present the face of the main parts of
collectors CO1 and C07 (Tab. 1) from the experiments
with the aluminum plates. The inspection of the
collectors shows that the matter in the ejecta is
distributed quite inhomogeneously forming deep
channels in the foam collectors (up to 100 mm in length
and several millimeters in width in the experiments with
the 3 mm-thick aluminum plate). The channels could be
formed either by the single particles with the size of
about 1 mm or by the jets consisting of the smaller
ejecta particles. In fact, the imprints of the thread-like
vertical traces of small holes (Fig. 7 and 8) on the side
wall of the collector camera show that the matter in the
ejecta is concentrated in the jets whose angles change
during the process of the target perforation. The jets
form an ejecta cone. It is worth to note that on the side
walls of collectors CO1 and C07 deep channels are not
observed. Seemingly the angle of the ejecta cone
measured from the shot line increases starting with the
lower angle where intensity of the jets has a maximum
value.

b

Fig. 5. Face side of the
collector C01

Fig. 6. Enumerated craters
on the face side of
collector C07
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Fig. 8. Side wall of the
collector CO7 ring with
vertical chains of holes.
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Fig. 9. Scheme of assessment of the ejecta trajectory
angles using the probes

In Fig.5 (collector CO1) the ejecta cone left the traces
distributed along a circle whose diameter was bounded

within the range of 108 to 119 mm. The perforation hole
in the 1.45 mm-thick plate (shot C01) had the diameter
about 8 mm. The calculation of the angles of the ejecta
cone measured from the shot line gives the values from
45 to 48 degree. In case of the 3 mm-thick plate as
target in shot CO7 (Fig.6) the diameter of the circle of
the cone traces is within the range of 94 to 104 mm that
with the 13.2 mm diameter of the perforation hole gives
the angles of the ejecta cone in the range of 39 to 42
degree. Shot C08 (the case of the 3 mm-thick plate too)
reveals the angles of the ejecta cone in the range of 40
to 42 degrees.

As it was noted above, the impact on the 3 mm-thick
aluminum plate generates quite intensive ejecta, which
form channels in the collector with diameters up to
several millimeters. The latter allowed us to estimate the
ejecta angles more accurately. For this purpose a couple
of thin metal probes were used as shown in Fig.9. In the
figure ¢; and ¢ denote the angles (measured from the
shot line) corresponding to channels I and II, and d. is
the distance between these channels. Fig. 6 presents the
linked couples of opposite channels whose angles were
estimated. The angles and channel-to-channel distances
for shot CO7 are presented in Tab. 2. Since the ejecta
traces form rather an ellipse than a circle, the data for
the angles should be divided into two groups
corresponding to the major and minor diameters of the
ellipse. The average angle for the major diameter is 42
degrees and for the minor one is 37 degrees. These data
for the ejecta angles obtained by the direct
measurements coincide approximately with the data
presented above. Similar measurements of the cone
angles were made for collector CO1 (experiment with
the 1.45 mm-thick aluminum plate). The comparison of
the ejecta angles corresponding to the experiments with
the 1.45 mm-thick plate and the 3.0 mm-thick one (Tab.
3) allows us to draw the conclusion that the angle of
ejecta cone (measured from the shot line) depends on
the thickness of the plate, so that the angle is lower for
thicker plate. This conclusion agrees, for example, with
result obtained in [5] (see Eq. (1) in [5] obtained on the
basis of empirical data and numerical calculations).

The total masses of the ejecta particles recovered from
the collectors are presented in Tab. 1. One can see that
the total ejecta mass in the experiments with the meshes
is sufficiently lower than that in the experiments with
the plates. The total ejecta mass increases together with
the plate thickness. The pictures of the ejecta particles
recovered from collectors C11, C03 and C18 are
presented in Fig. 10, 11 and 12. Actually, even the
visual examination of the recovered substance shows
the significant difference between the solid and mesh
targets of equal areal density in Fig. 10 and 11. The
characteristic peculiarity of the ejecta from the 3 mm-
thick aluminum plate (Fig. 12) is that the bigger part of
the recovered mass consists of quite large particles.



Masses and sizes of the ejecta particles recovered in the
experiments (shots C11, C03 and C18) are presented in
Tab. 4, where the particle sizes are specified for the two
largest dimensions L and W. One can see that in the
experiments with the aluminum plates the size of the
ejecta particles reaches ~4 mm that exceeds the
projectile radius. Tab. 4 also shows the significant
difference between the sizes of the ejecta particles
obtained in the experiments with the solid and mesh
targets of equal areal density. Fig. 10-12 and Tab. 4
show comparative assessment, which is typical also for
other shots from Tab. 1.

T ——
Fig. 10. Recovered ejecta particles from collector C11
(steell mesh).

" Smm
Fig. 11. Recovered ejecta particles from collector C03
(1.45 mm-thick plate)

Fig. 12. Recovered ejecta particles from collector C18
(3.0 mm-thick plate).
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Fig. 13. The cumulative mass distribution for particles
recovered from collectors C03 and C18 (my =1g ).
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Fig. 14. The cumulative size distribution for particles
recovered from collectors C03 and C11 (Ly=Imm)

A more accurate representation of the ejecta masses in
the experiments with the 1.45 mm and 3 mm-thick
aluminum plates is given by the cumulative mass
distributions (Fig.13). In Fig.13 N(m) is the total amount
of the ejecta particles whose mass is equal to or larger
than m. It is obvious that the experiment with thinner
plate gives the greater number of the ejecta particles in a
range of small masses. The cumulative size distribution
for the ejecta particles in the experiments with the steel
mesh and the 1.45 mm-thick aluminum plate of equal
areal density is presented in Fig.14. One can see that in
all range of sizes the number of the ejecta particles is
less in the experiment with the mesh.

As arule (e.g. [6, 7]) the mass distribution of fragments
from high-velocity impacts is a power law for the
intermediate masses

N(m)oc m™P (1

where £ > 0. In general, the distributions presented in
Fig. 13 hardly reveal the power law. Probably this is due
to the fact that the distributions in Fig. 13 have cutoff at
large masses due to the finite size of the projectile and
plate, and that at small masses due to poor recovering of
the smallest particles. Nevertheless, we attempted to
estimate the value of exponent f for the data of
collector C18. The slope of straight line in Fig. 13 gave
£ = 0.76. This result does not conflict with known
experimental data on the fragment mass distributions in
impact fragmentation.

3.2 Resultsof experimentswith foils as collectors

The results of the fourteen successful experiments with
foils as collectors are presented in Tab. 5. The results of
the experiments with the fiber-glass plastic plates shown
in Tab.5 (shots FO1-F11) can be summed up as
following:



- total amount of the glass or plastic-resin ejecta
particles is quite large (~400-600) (except experiment
with 1mm-thick fiber-glass plate, shot F11 in Tab. 5);

- the maximum angular spread of the particle
trajectories measured from the shot line lies
approximately within the range of 20° to 55° ;

- in the spread zone the particles are distributed quite
chaotic and the most of them have quite small size;

- perforating ability of the ejecta particles is not high:
80-90% of the particles are not able to perforate the
first 0.06 mm-thick aluminum foil; and barely 2-3%
of all particles perforate the second foil doing it at
ballistic limit (mentioned as B.L. in Tab. 5).

Obviously, there is a sufficient discrepancy between the
experimental results for the aluminum plates (shots F12-
F14) and those for the fiber-glass plastic plates (shots
F1-F11) presented in Tab. 5. One can see that the
perforating ability of the ejecta particles is significantly
higher in experiments with the aluminum plates: about
half of the ejecta particles in these experiments perforate
the first foil whose thickness is more than three times
greater than the foil thickness in the experiments with
the fiber-glass plastic plates.

To estimate the masses of the ejecta particles, which
perforate the aluminum foil at ballistic limit condition, a
well-known Fish-Summers equation for marginal
perforation [8] can be used:

:Klpg.SZd;OS()ViO.WS (2)

where ¢ is the target (foil) thickness (cm), K; is a
constant for the target, d, is the par’[icle diameter (cm),
pp 1s the particle dens1ty (gm/cm) V; is the impact
velocity (km/s) and K; = 0.43 for aluminum alloys.

Taking into account the higher perforating ability of
glass particles in comparison with hardened resin
particles, which have two-times lower density, the glass
particles should be chosen for the use in Eq. 2. Thus, for
the estimations with Eq. 2 the following particle
densities will be taken: 2.5g/sm’ for glass particles and
2.7g/sm’ for aluminum ones.

Numerical modeling of the experiment with 6.35 mm
aluminum projectile and 3 mm-thick aluminum plate [9]
shows that with the projectile velocity of Vo ~3 km/s
the velocity of the fastest ejecta particles, which are
situated in the upper part of the ejecta cone, is ~70 % of
the projectile velocity. The maximum and minimum
velocities of the ejecta particles will be evaluated as

Vinax = 0.7Vproj and Viyin = 0.2 km/s in the experiments
F12-F14 with the aluminum plates, and as Viax = Viproj
and Vi, = 0.1 km/s in the experiments F1-F11 with the
fiber-glass plastic plates (Tab. 5).

To estimate the sizes of the ejecta particles obtained in
the experiments (Tab. 4), we make additional
suppositions following the work [1]:

® The amount of the ejection velocity is inversely
proportional to diameter of the ejecta particle:

D
V=—+F 3
7 3
where D= ( max m|n )dmln max /(dmax - dmin) and
( min max max mm)/ (dmax mm)’ dmin and dmax

are the diameters of the smallest particle and the largest
one. We consider the case of £ > 0, which means that
the minimum velocity is applied to the largest ejecta
particle. The velocities in Egs. 2 and 3 are connected by
the relation V; =V cosep where average value of the

ejecta cone angle ¢ is taken from the experiment
(Tab.5).

® The differential size distribution of ejecta particles is a
power law function:

—atl
n(d)=deaH“7;aHd “ deld .1 @4

max min

where N, is the total number of ejecta particles. The

coefficient & = 3.5 is taken for a brittle target and =
2.6 for a ductile one.

Egs. (2) and (3) imply the following relation

; Losel (D 0.875
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The right side of Eq. 5 is a monotonically increasing
function of the particle diameter. Consequently, Eq. 5
for a given foil thickness ¢ has a unique solution for the
smallest ejecta particle of a diameter d perforating this
foil. The solution of Eq. 5 for a maximum diameter dy,x
corresponds to the marginal perforation of the two foils
(in this case ¢ = 0.04 cm or 0.012 cm depending on the
experiment). The solution of Eq. 5 corresponding to the
marginal perforation of one foil (in this case £ = 0.02 cm
or 0.006 cm), we denote by d,.

The average mass m,,, and diameter d,,, of the ejecta
particles, and the number of ejecta particles, Ny,
perforating the first foil, are estimated by mean of
distribution (4):

dmax
1= (dy /d gy )21
N = In(é)dfszzvz (1 /dimax ) — (6)
- (dmin /dmax)
d,
dmax
1 ,4—
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In deriving Eq. 7 we took into account that dpi,<<dax.
It should be noted that the values of Ny u Ns in Egs. 4
and 6 are known from the experiment (Tab. 5).

Egs. 3-7 and the assumptions made allowed us to obtain
a closed system of equations determining din, dmax» d1
and d,,;, and evaluate their values in the experiments
presented in Tab.5. Results of these evaluations are
presented in Table 6 for shots F02-F04, F09, F12 and
F14 in which the marginal perforations occurred. We
did not take shot F13 for the evaluation because of the
relatively low velocity of projectile in this experiment
compared with shots F12 and F14. The results presented
in Tab.6 can be summed up as follows:

- First of all, we notice that the accepted value of the
minimum velocity Vi, = 0.2 km/s applied to the
largest ejecta particle by Eq. (3) gives a satisfactory
fit between the evaluations of the maximum diameter
(shots F12 and F14 in Tab.6) and the maximum sizes
of the recovered particles (collectors C03 and C18 in
Tab. 4) in the experiments with aluminum plates.

- In the experiments with 3 mm-thick aluminum plate
the evaluation of the average mass and diameter of
the ejecta particles in shot F14 (Tab. 6) gives a good
fit with the average mass and size of the recovered
particles (collectors C18 in Tab. 4).

- The average mass of the ejecta particles in the
experiments with aluminium plates is two orders of
magnitude higher than that in the experiments with
fiber-glass plastic plates.

- The average diameter of the ejecta particles in the
experiments with aluminium plates is about six times
more than that in the experiments with fiber-glass
plastic plates, while the maximum diameter is only
about two times more. This can be explained by the
fact that the spectrum of the ejecta particles in the
experiments with fiber-glass plastic plates involves a
large number of small particles.

- Significant difference in the sizes of the ejecta
particles explains why the perforating ability of the
ejecta particles in the experiments with the aluminum
plates is considerably higher than that in the
experiments with the fiber-glass plastic plates.

The foregoing comparisons of the experiments F12-F14
(Tab. 5) with the experiments in which were used low-
density foam collectors (Tab.1) can be supplemented by
the following. The angles of the ejecta cone in the
experiments F12-F14 (Tab. 5) is close to those retrieved
from foam collectors (Tab. 3). But the total amount of
the ejecta particles fixed by the foils in the experiments
F12-F14 (Tab. 5) is less than the total amount of ejecta
particles recovered from the foam collectors. It can be
explained in the following way. In the experiments with
the foils, the side walls were absent unlike experiments
with the foam collectors. As can be seen from Fig. 7 and

8 an appreciable number of the ejecta particles falls just
on the side walls.

4  CONCLUSIONS

In the present work, the series of impact experiments
were performed to study the properties of ejecta
generated at high-velocity perforation of thin bumpers
made from different constructional materials. The
bumpers were: the 1.45 mm and 3.0 mm-thick
aluminum alloy plates, the 2 mm-thick fiber-glass
plastic plates and meshes weaved of steel wire. The
projectiles were the 6.35 mm aluminum spheres (and
the 3.2 mm diameter aluminum spheres only for several
shots into fiber-glass plastic bumpers). The impact
velocities ranged from 1.95 to 3.52 km/s. In the
experiments the ejecta particles were captured with low-
density foam collectors or registered with the use of
aluminum foils. In addition to the study of the ejecta
properties we attempted to obtain a comparative
evaluation of the ejecta flows generated by these
different bumpers. Analysis and processing of the
experimental results allowed us to draw up the
following conclusions:

1. In the experiments with the aluminum plates, the
matter in the ejecta is distributed quite
inhomogeneously concentrating in individual jets,
which form a cone. The jets form deep channels having
different depths in foam collectors. Cumulative
distribution of the channel depths corresponds
approximately to the power law. In the experiments
with the steel meshes and the fiber-glass plastic plates,
the jets were not observed in the ejecta cone.

2. Presence of the channels inside of the foam collectors
in the experiments with the aluminum plates allowed us
to determine the jet trajectories with high accuracy and
to measure their slope angles. It turned out that these
angles have appreciable dispersion. Moreover, their
value (measured from the shot line) decreases as the
plate thickness increases.

3. Total mass of the ejecta is significantly greater in the
experiments with the aluminum plates than in the
experiments with the steel meshes of equal areal
density.

4. In the experiments with the fiber-glass plastic plates,
the quantitative parameters of ejecta can be assessed
with acceptable accuracy using collectors made of
closely spaced aluminum foils. This method includes
assessment of perforating ability of the ejecta particles.
5. The results of the experiments with the fiber-glass
plastic plates revealed that the total amount of ejecta
particles in each experiment is quite large and their
perforating ability is low: ~80-90% of the ejecta
particles are not able to perforate the first foil with 0.06
mm thickness.

6. The spread of the ejecta cone angle is larger in the
experiments with the fiber-glass plastic plates than in



the experiments with the aluminum plates. For the fiber-
glass plastic targets the ejecta cone angle is
approximately within the range of ~20° to 55°
(measured from the shot line).

7. The perforating ability of ejecta particles is
significantly higher in the experiments with the
aluminum plates than in the experiments with the fiber-
glass plastic plates. The estimates show (Tab.6) that this
experimental fact can be explained by the significant
difference in the masses and sizes of the ejecta particles
produced in the experiments with these bumpers.

The results obtained can be applied to the problem of
reducing the near-Earth space pollution caused by the
ejecta. One can see that they argue against the use of
the aluminum plates as first (outer) bumper in spacecraft
shield protection. Apparently, the better choice would
be the bumpers consisting of 2-3 meshes (not only steel,
as well). Ballistic tests carried out in [10] showed that
the stacked meshes can be high-quality alternative to the
aluminum plate of the same areal density.
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Table 1. Experimental shots and recovered mass of ejecta

Collector (Shot) #  Velocity (km/s) Target: thickness(mm ) / areal density (kg/m?) Recovered mass (g)

C01 2.23 Aluminum (AMg6) plate: 1.45/3.88 0,0656
C02 2.65 Aluminum (AMg6) plate: 1.45/3.88 0,0781
C03 2.66 Aluminum (AMg6) plate: 1.45/3.88 0,0549
C04 2.64 3 steel meshes: 1.0mm x 0.32mm / 2.82 0,0187
C05 2.52 3 steel meshes: 1.0mm x 0.32mm / 2.82 0,0154
C06 3.19 3 steel meshes 1.0mm x 0.32mm / 2.82 0,0166
C07 2.70 Aluminum (AMg6) plate: 3.0/ 8.10 -

C08 2.83 Aluminum (AMg6) plate: 3.0 /8.10 -

C10 291 Steel mesh: 2.0 mm x 1.0 mm /3.83 0,045
Cl1 2.61 Steel mesh: 2.0 mm x 1.0 mm / 3.83 0,019
Cl12 2.40 Steel mesh: 2.0 mm x 1.0 mm / 3.83 0,103
Cl4 2.62 Aluminum (AMg6) plate: 3.0 /8.10 0,033
C18 2.47 Aluminum (AMg6) plate: 3.0/ 8.10 0,244

Note:

In all shots (C01-C18) the projectiles were 6.35 mm diameter aluminum spheres.



Table 2. Individual ejecta jet angles for collector CO7.

The group of the minor diameters

Channel I Channel 11 d, (Mm) o D (o o)/2
17 18 86 35 35.5 35.25
2 7 83 34 38 36
14 15 89.5 39 35 37
19 20 87 42 37 39.5
The group of the major diameters Average: ~37
12 16 101 39 43.5 41.25
5 10 97 42 43 42.5
6 11 100 43 43 43
Average: ~42

Table 3. Ejecta cone angles for collectors CO1 and CO7

Shot/Collector Velocity (km/s) Target, thickness

Angles of the ejecta cone (¢)

C01 2.23 Aluminum (AMg6) plate, 1.45 mm 45-48

C07 2.70 Aluminum (AMg6) plate, 3.00 mm 37-42

Table 4. Data for the recovered particles

Target: thickness,

Total number of  Mass of the greatest Average mass of Maximum sizes, Average sizes,

Collector # areal density recovered particles particle, g. the particles, g. L/W, mm L/W, mm
Aluminum plate, 3.86 0.58
C03 1.45mm, 3.8§)kg/m2 527 8.5613e-003 1.04e-04 563 038
Steel mesh (2mm x 0.77 0.175
Co11 Imm), 3,83(kg/m2 191 1.7580e-003 - 045 0132
Aluminum plate, 3.0 4.5 0.99
Co18 mm, 8.10pkg/m2 343 1.5562¢-002 7.11e-04 230 0.65
Table 5. Experiments with metallic foil witnesses
Shot  Material and Diameter of a Projectile  Total Angle of Amounts of Amounts of
# thickness of spherical velocity,  amounts of  spreading particles that particles that
targets, (mm)  aluminum km/s particles (from shot perforate the perforate the
projectile, (mm) (roughly) line) (degree)  first foil second foil
FOl  KAST-V,2 6.35 2.15 400 20-43 40 0
F02  KAST-V,2 6.35 2.84 400 20-40 53 3(~B.L.)
F03  KAST-V,2 6.35 3.30 450 18-45 80 9(~B.L.)
F04  KAST-V,2 6.35 3.52 500 17-50 80 5 (~B.L.)
FO5  KAST-V,2 3.2 3.44 500 18-55 20 0
F06  KAST-V,2 3.2 3.10 500 18-44 23 0
F07  VFT-S,2 6.35 2.38 500 17-47 75 12(~B.L.)
FO8  VFT-S,2 6.35 3.13 650 20-52 110 0
F09  VFT-S,2 6.35 3.01 600 18-50 70 4(~B.L.)
F10  VFT-S,2 3.2 2.47 400 20-42 45 0
FI11  VFT-S, 1 3.2 2.74 150 20-40 2(B.L.) 0
F12  AMg6, 1.5 6.35 3.19 250 38-51 80 3(~B.L.)
F13  AMgo6, 3 6.35 1.95 120 37-48 70 4(~B.L.)
F14  AMg6, 3 6.35 2.97 300 34-55 150 15(~B.L.)

Notes:
1. In experiments (##01-11) three spaced 0.06 mm-thick aluminum foils were used as collectors.

2. In experiments (##12-14) three spaced aluminum foils of different thickness were used as witnesses (two of them, the frontal

ones, were 0.2 mm-thick aluminum foils and the third was 0.06 mm-thick aluminum foils).
3. B.L. means ballistic limit.

Table 6
Shot from Minimum diameter Maximum di.mm Average mass | Average diameter
tab. 6 # din, MM diameter d,,, mm b Mayys & e, MM
F02 4.68-107 1.63 0.105 3.97-10° 0.145
F03 427107 1.65 8.54-107 3.18-10°° 0.135
F04 4.10-10° 1.68 8.52-107 2.88-10° 0.130
F09 45810 1.69 0. 108 3.82:10°° 0.143
F12 0.210 3.25 0.417 6.92-10™ 0.788
F14 0.237 3.25 0.360 8.40-10™ 0.841




