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Penetration and Ricochet Phenomena
in Oblique Hypervelocity Impact
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University of Alabama, Huntsville, Alabama

and
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This paper describes the results of an experimental investigation of phenomena associated with the oblique
hypervelocity impact of spherical projectiles on multisheet aluminum structures. A series of equations that can
be employed in the design of meteoroid and space debris protection systems for space structures is developed.
These equations relate the perforation damage of a multisheet structure to parameters such as projectile size,
impact velocity, and trajectory obliquity and are obtained through a regression analysis of oblique hypervelocity
impact test data. These data show that the response of a multisheet structure to oblique impact is significantly
different from its response to normal hypervelocity impact. It was found that obliquely incident projectiles
produce ricochet debris that can severely damage panels or instrumentation located on the exterior of a space
structure. Obliquity effects of high-speed impact must, therefore, be considered in the design of any structure
exposed to the hazardous meteoroid and space debris environment.

Introduction

ALL spacecraft with a mission duration of more than a few
days are susceptible to impacts by meteoroids and pieces

of orbiting space debris. These impacts occur at high speeds
and can damage flight-critical systems of a spacecraft. This
damage can in turn lead to catastrophic failure of the space-
craft. Therefore, the design of a spacecraft for a long-duration
mission must take into account the effects of such impacts on
the spacecraft structure and on all of its exposed subsystem
components such as solar arrays or instrumentation units.
Until recently, meteoroid impact was better understood and
believed to be more serious than the impact of orbital space
debris. However, recent studies have determined that orbital
debris is becoming an increasingly serious hazard to long-du-
ration near-Earth space structures.1'3 In certain regions of
Earth orbit, the threat of orbital debris impact now exceeds
the threat posed by meteoroid impact and is expected to
increase.4 It has become evident that the orbital debris prob-
lem is serious, and that the probability of collision is rising
steadily. Protective systems must be developed in order to
ensure the safety of a spacecraft and its occupants when
encountering the space debris environment.

The design of meteoroid/space debris protection systems
depends largely on the ability to predict the behavior of a
variety of structural components under conditions of mete-
oroid or space debris impact. Forty years ago, it was suggested
that "meteoroid bumpers" could be used to minimize the
damage caused by the high-speed impact of meteoroids be-
cause they fragment the projectile and spread the projectile
and shield debris.5 The debris impacting the main structural
wall will then be extremely small and will have little penetrat-
ing power. Since then, numerous investigations have been
performed to determine the resistance of multisheet structures
to hypervelocity impact [see, e.g., Refs. (6-9)] and to develop
penetration criteria for such structures.10'11
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In the majority of previous investigations of hypervelocity
impact, the trajectories of the projectiles were normal to the
surfaces of the impacted test specimens. However, it is becom-
ing increasingly evident that most meteoroid or space debris
impacts will not occur normal to the surface of a spacecraft
(Fig. 2.1-4 in Ref. 12). Unfortunately, information on oblique
hypervelocity impact is relatively scarce, so it is difficult to
assess the severity of such impacts on a structure. Further-
more, studies of oblique impact that have been performed
typically do not discuss the possibility of damage to external
systems due to ricochet debris particles.13'16

To increase the understanding of phenomena associated
with oblique hypervelocity impact, a program of research was
developed to generate and analyze oblique hypervelocity im-
pact test data. The results of this research program are pre-
sented in this paper.

After a review of the experimental procedure used in the
oblique hypervelocity impact testing of multisheet structures,
impact test results are analyzed qualitatively. In the following
sections, the test data (i.e., perforation and ricochet trajecto-
ries, bumper hole dimensions) are correlated as functions of
the impact parameters of the original projectile and the geo-
metrical properties of the projectile/multisheet specimen sys-
tem. These functions can be used to perform sensitivity studies
and to evaluate hypothetical design configurations. A prelimi-
nary investigation of ricochet damage is performed to deter-
mine probable sizes and velocities of ricochet particles. In the
final section, conclusions are made based on the analysis of
the data and visual inspection of the damaged specimens.
Suggestions for future experimental and analytical studies of
oblique hypervelocity impact are also presented.

Experimental Procedure and Results
The oblique hypervelocity impact testing of multisheet spec-

imens was done at the Space Debris Simulation Facility of the
Materials and Processes Laboratory at the Marshall Space
Flight Center. The facility consists of a light gas gun capable
of launching 2.5-12.7 mm projectiles at velocities of 2-8 km/
s. Projectile velocity measurements were accomplished via
pulsed x-ray, laser diode detectors, and a Hall photographic
station. This facility is fully described in Ref. 17. The multi-
sheet test specimen configuration is shown in Fig. 1.

In each test, a spherical projectile of diameter d and velocity
V impacted a bumper plate of thickness ts at an angle of
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obliquity 6. The projectile was shattered upon impact and
created an elliptical hole in the bumper plate. Some secondary
projectile and bumper plate fragments were sprayed upon the
pressure wall plate a distance S away, while some fragments
ricocheted and struck the ricochet witness plate. The angles 0i
and 62 are "perforation angles" and denote the trajectories of
the centers of mass of bumper and "in-line" projectile frag-
ments, respectively. The angles ac and ct99 are "ricochet an-
gles" and denote the trajectory of the center of mass of the
ricochet fragments and the angle below which lies 99% of the
damage to the ricochet witness plate, respectively.

The specimens and impact parameters were chosen to simu-
late the conditions of space debris impact as closely as possible
and still remain within the realm of experimental feasibility.
Kessler18 states that the average mass density for pieces of
orbital debris less than 10 mm in diameter is 2.8 g/cnA which
is approximately the same as the density of aluminum. Thus,
the projectiles used were solid 1100 aluminum spheres of
diameter 4.75, 6.35, and 7.95 mm. Spherical projectiles were
used in order to maintain consistency and repeatability. The
bumper, pressure wall, and ricochet witness plates were made
of 6061-T6, 2219-T87, and 2219-T6 aluminum, respectively.
Their thicknesses were held constant at 1.5875, 3.175, and
2.54 mm, respectively. The angles of obliquity ranged 30 to 75
deg and the test impact velocities were 5.0-7.5 km/s. The
bumper and pressure wall plates were separated by a constant
distance of 101.6 mm.

A total of 22 test specimens were used to study the penetra-
tion and ricochet phenomena. The results of the test firings are
presented in Table 1. The angles Q\ and 02 were obtained by

estimating the locations of the centers of the bumper and
"in-line" projectile debris impacts on the pressure wall plates.
The angle ac was obtained by estimating the vertical location
of the center of the ricochet debris impacts based on the
vertical distribution of the holes, craters, etc., on the ricochet

Fig. 2a 30-deg impact (EH1A)—pressure wall plate.

iitt̂ ^ ,̂;M^

Fig. 1 Test configuration and definitions. Fig. 2b 30-deg impact (EH1A)—ricochet witness plate.

Table 1 Impact test data

Test

EH1A
EH1B
EH1C
EH1D
EHCP
135C
135D
136A
136B
136C
150A
157 A
162A
162B
206F
208E
209D
230C
230D
230E
231C
231D

V
km/s

7.07
6.96
7.14
7.18
7.58
6.76
6.93
6.25
7.30
6.67
7.08
7.40
6.49
5.03
6.24
6.48
7.40
5.16
5.59
6.62
6.59
7.26

d
mm

7.95
7.95
7.95
7.95
4.75
6.36
6.35
6.35
6.35
6.35
6.35
4.75
4.75
4.75
4.75
6.35
6.35
6.35
6.35
6.35
7.95
7.95

e
deg

30
45
60
75
75
30
30
55
55
55
45
60
30
30
45
65
65
45
45
45
65
65

^min
mm

16.0
16.5
16.5
14.5
10.0
13.2
13.2
14.0
14.0
13.5
14.2
13.7
11.9
9.9

11.7
13.0
14.5
12.4
13.5
14.2
16.5
16.5

Mnax
mm

17.0
20.0
24.9
36.1
18.0
14.2
14.2
18.3
20.1
17.0
18.0
17.3
14.0
11.7
13.5
21.0
19.6
16.0
16.3
17.5
31.0
25.9

Eccen-
tricity

1.06
1.22
1.51
2.49
1.82
1.08
1.08
1.31
1.44
1.26
1.26
1.26
1.18
1.17
1.16
1.61
1.36
1.28
1.22
1.25
1.87
1.57

01
deg

_
10.9
9.6
4.7
4.7
—
—

10.7
10.1
11.0
10.0
9.3
—
—
8.0
9.0
—

10.0
10.0
10.0
8.7

10.2

02
deg

24.8
38.1
50.0
26.9
20.9
24.0
27.0
43.5
41.8
38.2
39.0
36.0
21.0
27.0
31.0
47.0

" —
34.0
37.0
32.0
55.7
49.7

Oic
deg

__
15.5
11.2
7.9
8.2
—
—
8.7

11.9
12.9
11.0
8.0
—
—
8.0
8.0

11.0
11.0
10.0
12.0
8.4
9.7

«99
deg

_
29.2
27.6
27.1
23.6
—
—

23.3
28.3
28.4
24.0
22.0
—
—

21.0
20.0
27.0
26.0
25.0
25.0
20.4
23.0
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Fig. 3a 45-deg impact (EHIB)—pressure wall plate. Fig. 4a 60-deg impact (EH1C)—pressure wall plate.

Fig. 3b 45-deg impact (EH1B)—ricochet witness plate.

witness plate. The angle a99 was determined based on the
height below which lay 99% of the holes, craters, etc., formed
by the ricochet debris. The holes and craters on the specimen
plates were counted manually. Only those holes and craters
1.0 mm in diameter or greater were included in the tabulation.
The minimum and maximum dimensions of the bumper plate
hole, Z)min and Dmax, were measured directly from the bumper
plate. Examples of damaged test specimens for various angles
of obliquity are presented in Figs. 2-5. A more complete set of
figures may be found in Ref. 19. Inspection of these and other
test plates revealed several interesting features in three obliq-
uity regimes.

Low-Obliquity Regime (0<0<45 deg)
For the impact tests in which the angle of obliquity was 30

deg, the bumper plate hole was elliptical with an eccentricity
close to 1.0. There was extensive damage to the pressure wall
plate but virtually no damage to the ricochet witness plate
(Fig. 2). The pressure wall plate damage strongly resembled
normal impact damage. The trajectory of the center of mass
of the projectile fragments was very close to the original
impact trajectory.

Medium-Obliquity Regime (45<0<60 deg)
The damaged pressure wall plates shown in Figs. 3a and 4a

are typical of test specimens in which the trajectory obliquity
of the original projectile was greater than 45 deg. Two distinct
areas of damage are discernible on the plates. The damage
areas on the left contain craters and holes that are nearly
circular, which is characteristic of normal impact. The craters
in the damage areas on the right are oblong, indicating that

Fig. 4b 60-deg impact (EH1C)—ricochet witness plate.

they were formed by oblique impacts. From these consider-
ations, it became possible to differentiate between pressure
wall plate damage caused by bumper plate fragments (circular
craters and holes) and damage caused by projectile fragments
(oblong craters and holes). As the trajectory obliquity of the
original projectile was increased, the trajectories of the
bumper plate and projectile fragments were observed to sepa-
rate even more. The trajectory of the bumper fragments began
to approach the normal line between the bumper and pressure
wall plate while the trajectory of the projectile fragments,
although no longer "in-line" with the original trajectory, was
still relatively close to it. The bumper plate hole was elliptical
with a steadily increasing eccentricity.

High-Obliquity Regime (60<0<75 deg)
With further increases in obliquity, an increasing amount of

cratering and perforation was observed on the ricochet witness
plates. Up to a certain critical angle, the most serious damage
was still observed on the pressure wall plate, with the ricochet
witness plate sustaining a relatively low level of damage (Figs.
3 and 4). However, once the critical angle was exceeded, the
ricochet witness plate began to exhibit excessive cratering and
perforation while the damage to the pressure wall plate de-
creased dramatically (Fig. 5). This critical angle is estimated to
have a value between 60 and 65 deg. At obliquities beyond this
critical angle, the trajectory of the shield fragments was virtu-
ally normal to the pressure wall plate and the trajectory of the
projectile fragments was severely departed from the original
trajectory of the impacting projectile (Fig. 5a). The bumper
plate hole, although still elongated, ceased to be elliptical,
becoming flattened at the end nearest to the ricochet witness
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plate. This indicates that a projectile incident at a high angle
of obliquity will tear, as well as shatter, the bumper plate upon
impact.

Bumper Plate Hole Analysis
Elastodynamic theory predicts that as a hypervelocity pro-

jectile impacts a protective bumper plate, the projectile and
the portion of the plate surrounding the impact site will break
up into many fragments.7'20 In order to be able to predict the
damage potential of these fragments, it is necessary to know
the volume of debris that will be produced as a result of the
impact. A good estimate of the volume of bumper plate frag-
ments can be obtained by calculating the area of the hole
created during the impact. Inspection of the test specimens
revealed the bumper plate hole to be elliptical with the elonga-
tion along the horizontal projection of the original projectile
trajectory (see Figs. 2a, 3a, 4a, and 5a in Ref. 19). The bumper
plate hole area, therefore, can be approximated as the area of
an ellipse having major and minor axes equal to the maximum
and minimum transverse hole dimensions, respectively. The
objective of this analysis was to obtain empirical equations
that relate these hole dimensions to impact parameters such as
velocity, angle of obliquity, and projectile diameter.

The first task in the analysis was to determine whether
existing equations that predict bumper hole diameters in nor-
mal high-speed impacts could be used to predict either dimen-
sion of the holes formed in oblique impact. A survey of the
literature revealed six equations for hole diameter under nor-
mal impact (see Appendix). The equations in Ref. 21 were
found to predict the minimum hole dimension under oblique

impact rather well (see Table 2). However, no single equation
was able to accurately predict the maximum hole dimension,
even for small trajectory obliquities.

The second task undertaken was to independently derive
empirical equations for the maximum and minimum hole
dimensions. Inspection of the hole size data in Table 1 reveals
several interesting features. First, hole dimensions can be seen
to be strongly dependent on projectile diameter and impact
velocity. Second, the size of the minimum dimension Z)min
appears to be relatively independent of the angle of obliquity.
The maximum dimension Dmax, however, appears to be
strongly dependent on trajectory obliquity. As such, an obliq-
uity correction term was included only in the equation for the
maximum hole dimension. The equations were obtained
through standard linear regression techniques with the follow-
ing results:

==-2.7941 51
0.962 /

+1.120

30<0<65deg (1)

/-"«te r \0.519
-J +1.530

30<0<75deg (2)

where C is the speed of sound in the bumper plate material.
The functional forms of the equations were chosen to be
consistent with those in Ref. 21. The averages and standard

Table 2 Minimum hole dimension predictions,
normal impact equations

Maiden Lundeberg Rolsten
et al.21 Sawle22 Nysmith23 et al.24 et al.25

Equation (Al) (A2) (A3) (A4) (A5) (A6)

Average
error, %

Standard
deviation,^

-4

ro 6

-1

6

+ 14

17

-16

5

+ 7

9

-15

14

Table 3 Regression analysis of bumper hole
dimension data, error summary

Dimension eavg,% #>%

Fig. 5a 75-deg impact (EH1D)—pressure wall plate.

-0.001

0.002

4.016

9.821

78.7

74.3

40

^32
zo
(O
Z OA

16

DMIN
— TEST
— ECU

DMAX
A TEST
—EQ.2

15 60 75

Fig. 5b 75-deg impact (EH1D)—ricochet witness plate.

30 45
9 (DEG)

Fig. 6 Bumper plate hole dimensions—test data compared with
regression equation predictions (V = 1 k/s, d = 7.95 mm).



MAY 1989 RICOCHET PHENOMENA IN OBLIQUE HYPERVELOCITY IMPACT 643

deviations of the prediction errors of the regression equations
are presented in Table 3 (columns 1 and 2, respectively). A
measure of the accuracy of the regression equations, the corre-
lation coefficient, is presented for each equation in column 3.
It can be seen that the equations are a fairly good fit to the
data. This is also evident in Fig. 6, which shows plots of
experimental results and predicted values curves for Z>mm and
Anax for F = 7 km/s. It should be noted that these equations,
as well those developed in subsequent sections, are valid for
aluminum projectiles and plates, and for 0.20<ts/d<0.33,
and 5.0<F<7.6 km/s.

Perforation Angle Analysis
Empirical expressions for 0i and 02 were obtained first as

functions of the bumper plate hole dimensions and then, to be
consistent with the hole size equations, as functions of projec-
tile diameter, impact velocity, bumper plate thickness, and
trajectory obliquity.

As functions of bumper hole dimensions:

0.340 0.197 -1.504

-3.221 /r> \ -0.296(
45<0<60deg

-2.279

(3a)

65<0<75deg (3b)

0.581 -0.784

30<0<60deg (4a)

Table 4 Regression analysis of penetration angle data,
error summary

Impact
As functions of angle, deg eavg, 0̂ (7,%

Hole dimensions, 0i/0 45 < 0 < 60 0. 198 6.707
65<0<75 1.751 21.050

Impact parameters, 0i/0 45<0<60 0.207 6.903
65<0<75 0.028 2.678

Hole dimensions, 02/0 30 < 0 < 60 0.25 1 7.353
65<0<75 2.921 27.303

Impact parameters, 02/0 30<0<60 0.254 7.314
65<0<75 0.032 2.822

75

60
<3"
LU
S 45

(M

30

15

D=7.95MM
ATEST

D= 4.75 MM
• TEST

X--f'EC1.6A /s+m^x
4

*CR
y
I
\ EQ. 6B

^\
\\
\\
\4
^

100/?2

80.2
78.9
79.5
99.7
57.8
71.6

56.8
99.7

15 30 45 60 75

9 (DEG)
Fig. 7 Projectile fragments trajectory—test data compared with
regression equation predictions (V = 1 k/s).

~4-935 -°-137 - 1-584

65<0<75deg (4b)

As functions of original impact parameters:
- 0.082

(sin.)——
-0.362

45<0<60deg (5a)

^ = 0.138 -

1.109

-0.296

-0.606

-0.069

65<0<75deg (5b)

30<0<60deg (6a)
-0.477

65<0<75deg (6b)

The averages and standard deviations of the prediction errors
and the correlation coefficients are presented in Table 4. In-
spection of the correlation coefficients reveals that the 02 data
did not regress as well as the 0i data. This is in part due to the
difficulty in determining the exact locations on the pressure
wall plate of the centers of mass of the particle sprays. Fur-
thermore, the "in-line" trajectory angle 02 is not a single-
valued function of trajectory obliquity 0. It can be seen in Fig.
7 that 02 varies directly with 0 up to a critical value Bcr between
60 and 65 deg and then decreases with further increases in 0.
This reversal at 0 = Bcr corresponds to a change in the location
of the most severe damage from the pressure wall plate for
0 < Ocr to the ricochet witness plate for 0 > 0cr .

Ricochet Angle Analysis
Empirical expressions for ac and a99 were obtained first as

functions of the bumper plate hole dimensions and then as
functions of projectile diameter, impact velocity, bumper
plate thickness, and trajectory obliquity.

As functions of bumper hole dimensions:

V
-2.119

45<0<75deg (7)

45<0<75deg (8)

As functions of original impact parameters:
_, /iA 0.909 // \-0.536
^ = 0.036 (^) (sin0)-2-959 ( - j )0 \cj \a/

45<0<75deg (9)

\OA34 it \-0.278

45<0<75deg (10)

Average prediction errors, standard deviations, and correla-
tion coefficients are presented in Table 5. It can be seen that,
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although the average prediction errors are quite small, the
spread of the errors is somewhat large for these equations.
This is due to error in the regression data itself, which can be
attributed to several factors. First, the ricochet witness plates
were finite in height. Some ricochet debris particles escaped
detection and, therefore, were not included in the final tally.
Second, ricochet debris holes and craters were frequently ob-
served to cluster and overlap, especially for large values of
original trajectory obliquity. In these cases it was difficult to
determine the exact number of holes or craters on the ricochet
witness plate. The total number of ricochet debris craters and
holes therefore is seen somewhat dependent on the person
performing the analysis. Plots of ac and a99 as functions of 0
for V - 1 km/s are shown in Fig. 8. Once again, these equa-
tions are valid for aluminum projectiles and plates. Since no
ricochet damage was observed for obliquities below 45 deg,
these equations are valid only for 45<0<75 deg.

Ricochet Particle Size and Velocity Analysis
The next step in the analysis of the oblique impact test

specimens was to determine the sizes and velocities of ricochet
debris particles using the crater and hole damage on the rico-
chet witness plates. The following observations were made
during inspection of ricochet witness plate damage:

1) Crater dimensions, such as diameter and depth, were
found to increase with increasing trajectory obliquity. Pene-
tration depths were observed to decrease with increasing pro-
jectile diameter and to increase with increasing original impact
velocity.

2) The craters and holes were approximately circular in
shape with very little elongation. This is not very surprising
since the <x99 data in Table 1 indicates that 99% of the ricochet
impacts occurred within angles of 30 deg with respect to the
plane of the bumper plate.

3) Hole diameters were found to increase with increasing
trajectory obliquity and with increasing projectile diameter.

4) The ricochet plates exhibited an excessive amount of
dimpling, spalling, and perforation, especially at larger angles
of obliquity and higher impact velocities. This damage was

Table 5 Regression analysis of ricochet angle data, error summary

As functions of

Hole dimensions

Impact parameters

Ricochet
angle

«99/0

ot99/0

6avg,%

0.989
0.783
0.851
0.501

a,*

14.742
13.208

13.389
10.406

100/?2

82.0
71.2

84.2
81.3

D«7.95 MM

30-

24

o 18-
LUa

12-

6-

A TEST
— EQUO

D=4.75 MM
• TEST

— EQ. 10

D^7.95 MM
A TEST
-- EQ.9
DS4.75 MM
0 TEST
— EQ.9

a,,
A

^\^ A
\ ^ —

• V~A

^ crc
V

•s^A A

*6 % * .. ^•*^"°% • . . .̂ 7

15 30 45 60 75
0 (DEG)

Fig. 8 Ricochet fragments trajectories—test data compared with
regression equation predictions (K = 7 k/s).

concentrated within an angle of 15 deg with respect to the
plane of the bumper plate.

Examination of existing hole and crater depth diameter
equations revealed a strong coupling between particle size and
velocity effects. That is, the same size hole can be produced by
a small particle traveling at a high speed or by a larger particle
traveling at a slower speed. This ambiguity makes exact calcu-
lation of ricochet particle sizes and speeds extremely difficult.

However, it was possible to estimate a range of probable
ricochet velocities based on an assumed range of probable
particle diameters. These velocities were calculated by using
the normal impact equations for hole diameters to solve for
velocity in terms of all the other quantities. The lower limit of
the particle diameter range was set by the limit of applicability
of the equations. In most cases, this value was equal to 1.25
mm. For the purposes of this investigation, the upper limit on
the particle size was assumed to be equal to one-half of the
original projectile diameter. Substitution of appropriate
parameters led to the conclusion that ricochet velocities can
exceed 10 km/s for the smaller particles but can be as low as
0.5 km/s for the larger particles. Thus, there is a good proba-
bility that some of the the larger ricochet debris particles travel
at low velocities. These large low-speed particles can be ex-
pected to inflict more serious damage than the smaller ones
traveling at higher velocities.7 In order to understand this
phenomenon more fully, further tests will have to be made in
which little or no perforation of the ricochet witness plate is
allowed to occur. Under these conditions, ballistic limit equa-
tions, as well as penetration depth equations, can be used to
obtain better estimates of ricochet particle sizes and velocities.

Conclusions and Recommendations
An investigation of oblique hypervelocity impact has been

successfully completed. Several conclusions can be drawn
from the analysis of key components in the problem of
oblique hypervelocity impact on multisheet specimens. These
conclusions can have a wide range of consequences on the
design of spacecraft meteoroid and space debris protection
systems.

1) There exists a critical angle of obliquity. Projectiles with
angles of obliquity less than this critical angle produce signifi-
cant damage to the interior pressure wall and little damage to
the ricochet witness plate. Projectiles with trajectory obliqui-
ties greater than the critical angle produce little damage to the
pressure wall plate but produce ricochet debris that causes
major damage to the ricochet witness plate. This critical angle
is estimated to have a value between 60 and 65 deg. The
existence of such an angle has serious implications for the
design and placement of external subsystems on spacecraft
that are developed for long-duration missions in the meteoroid
and space debris environment. In order to determine a more
precise value of this critical angle, a more sophisticated dam-
age criterion is needed. It also should be determined if the
critical angle is dependent on any material, geometric, or
impact parameters.

2) The damage potential of ricochet debris is difficult to
extrapolate from existing damage data due to coupling effects
of ricochet particle size and velocity. Initial investigations
reveal that the velocities of small ricochet debris particles can
exceed the original projectile impact velocity, whereas the
velocities of larger particles can enter the dangerous low veloc-
ity regime. Damage produced by the larger, slower particles
was found to be more serious than that produced by the
smaller, faster particles.

3) The most serious ricochet damage was found to occur
within an angle of 15 deg with respect to the plane of the
bumper plate regardless of the original angle of impact. For
original trajectory obliquities of greater than 60 deg, the rico-
chet plate was completely perforated at the bumper plate/
ricochet witness plate interface. In general, ricochet damage
was found to increase with increases in original projectile
obliquity, impact velocity, and size. A preliminary investiga-
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tion of the angles at which the ricochet particles that create the
largest hole or deepest crater strike the witness plate was
performed, but the results were inconclusive. Knowledge of
these angles would enable a designer to estimate critical exte-
rior locations and avoid them in the placement of exterior
subsystem components.

4) Additional experimental studies are needed in order to be
able to more accurately assess the extent of ricochet damage
due to an oblique hypervelocity impact. Such investigations
would result in more reliable design methodologies for mete-
oroid and space debris protection systems for long-duration
spacecraft. Future testing of oblique impact testing should be
conducted with ricochet witness plates sufficiently thick so
that little or no spalling or perforation occurs. In this manner,
virtually all the crater damage produced by ricochet particles
can be used with thick plate equations to estimate ricochet
velocities and particle sizes. Future experimental investiga-
tions also should be conducted with projectiles and specimen
plates made from different materials. The testing then will
better simulate on-orbit impacts of meteoroids or pieces of
space debris with spacecraft materials. Use of a wide variety of
materials, including composites, will also serve to improve and
expand the applicability of the current empirical expressions.

5) Extensive analytical investigations of the phenomena in-
volved in oblique hypervelocity impact are strongly recom-
mended. Such investigations would achieve several important
goals. First, they would provide verification of the empirical
model developed in this study. Second, they would provide
reliable means of predicting ricochet damage through accurate
estimates of ricochet particle sizes and velocities. Third, they
would yield damage criteria that would be applicable in a
variety of impact situations.

Appendix: Thin-Plate Hole Diameter Equations,
Normal Hypervelocity Projectile Impact

From Ref. 21:

D/d = OA5V(ts/d)Q-666 + 0.90

\.0<D/d<3.5, 0.040<ts/d<0.504

1.0<F<8.0km/s (Al)

From Ref. 21:

D/d = 2.40(F/C)fe/rf)°-666 + 0.90

1.0<£>/rf<3.5, 0.040<ts/d<0.504

1.0<F<8.0 km/s (A2)

From Ref. 22:

D/d = 1.2[(pp/pt)(V/C)°-222(ts/d)°'666 + 1.0

0.8<D/d<3.66, 0.083<ts/d<Q.m

11.0 <V< 17.0 km/s (A3)

From Ref. 23:

D/d = 1.32(/5/rf)°-45F°-50

1.5<£>A/<3.75, 0.25<ts/d< 1.00

3.2<F<8.8 km/s (A4)

From Ref. 24:

D/d - 3.4fe/rf)°-333(F/C)°-333(1.0 - 0.0308p,/P/7)

l.Q<D/d<4.5, 0.5<ts/d<\25

4.5 <V< 8.2 km/s (A5)

From Ref. 25:

\A<D/d<2.2, 0.040 <ts/d< 0.748

2.3 <V< 4.9 km/s (A6)

where D is the hole diameter and pp and pt the projectile,
bumper plate material density, respectively.
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