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ABSTRACT

As part of the Advanced Shield Phenomenology Program, conducted from 1987 to
1989, a study of the effects of oblique impact on hypervelocity shield damage was
performed. The specific threat used was an aluminum cylinder with a mass of 1.75
grams and a length to diameter ratio of one. Incidence angles of 30°, 60°, and 90°
were studied. The same layered shield assembly was tested at the different
incidence angles. Testing was performed at the Arnold Engineering Development
Center, Arnold Air Force Base, Tullahoma, Tennessee. Hydrocode analysis of the
interaction of the projectile with the front plate was performed for each of the
different incidence angles.

Four conclusions from the study are summarized below:

1. Front plate damage from hypervelocity impact varies significantly with the
incidence angle. Damage to the front plate was much greater at a 30° incidence
angle than at a 60° incidence angle, and the minimum front plate damage for
the three incidence angles compared occurred for the 90° impact case.

2. Damage internal to the shield results from two phenomena, the occurrence of
spall debris from the back of the front shield directly behind the impact, and
the penetration and breakup of the projectile along the original line of flight.
The relative amounts, velocities, and spread of the debris from these two
phenomena are also a function of incidence angle.

3. Back plate damage varies significantly with incidence angle. A layered
composite shield which survives a normal impact may fail against the same
projectile at a different incidence angle.

4. Debris generated external to the shield is also dependent on the incidence
angle. Preliminary indications are that the damage potential of this type of
debris increases as the projectile angle of incidence decreases.

Recommendations for further study on the effects of oblique impact on
hypervelocity shield performance are given as part of this report.

1. INTRODUCTION
This report covers rese.arch done concerning the effects of projectile incidence angle on
hypervelocity shield performance. This work was performed as part of the Advanced Shicld
Phenomenology (ASP) Program. Included here are the experimental work and supporting analyscs,

covering incidence angles of 30°, 60°, and 90°. Figure 1 shows the nomenclature used in specifying
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Figure 1. Angle nomenclature

the projectile incidence angle. The angle, as shown, is measured between the projectile linc ol
flight and the surface of the front shield. The projectile used in shield testing was an aluminum
cylinder with a mass of 1.75 grams and a fength to diameter ratio of one. The impact velocity was
7 km/s. Testing consisted of firing a cylinder, as described above, into a layered shicld assembly.
For each test, the impact velocity was held constant at 7 km/s, but the orientation of the shield with
the projectile line of flight was changed to provide the different incident angles. Shield hardwarc
assemblies for the tests were identical, leaving the incidence angle as the sole variable.
Experimental procedures, test hardware, and test results are covered in the correspondingly entitled

report sections.



The hydrocode analysis covered in this report was performed after testing to provide further insight
into the phenomenology under study. The Hull hydrocode was used to model 30°, 60°, and 9(0°
impacts, using a cylindrical projectile in each case. Analytical methods and results are presented

in the appropriate report scctions.

Also included in this report is a brief survey of unclassified literature found on oblique impact
effects, comparison of analytical and experimental results, conclusions reached as a result of this

study, and recommendations for further work in this area.



2. LITERATURE REVIEW
Hypervelocity projectile impact into semi-infinite aluminum targets was studied by Cable (1965) for
incidence angles from 20° to 90°. As the incidence angle decreased from 90° to 20° crater depih,
diameter, and volume all decreased. Incoming projectile kinetic energy can be divided into two
components, with one component parallel and one component perpendicular to the target surfacc.
Crater volume was shown to be proportional to the perpendicular, or normal, component of the
projectile kinetic energy. Since the craters formed were essentially hemispherical, both the crater
diameter and crater depth were proportional to the cube root of the normal component of the

kinetic energy. These results are shown in Figure 2.

Summers (1965) studied oblique hypervelocity impact into thin structures. A very important part
of his work was the observation of the complex spray pattern produced by oblique impact onto a
thin shield. Material was observed to spall off perpendicular to the shield, and debris was also

observed traveling along the original projectile path.

Later work by Gehring (1970) studied the cffect of an oblique hypervelocity impact on the front

shield on the damage to the back shield. Based on his assessment of back shield damage, hc

rcached the following conclusions:

1. Peak impact pressure of the projectile on the front shield decreases as the incidence anglc
decreases from the 90° case.

2. Projectile fragmentat‘ion decreases along with the peak pressure and incidence angle.

3. The spread of the debris cloud behind the front plate (angle of dispersion) increases as the

incidence angle decreases from the 90° case.
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Figure 2. Crater parameters in semi-infinite aluminum (after Cable, 1966)



4. Back plate damage is at a maximum at an incidence angle of approximately 45°, as the spread
of the debris offsets the effect of decreasing fragmentation.

Considering back plate failure, Gehring observed that:

1. Any shield which can survive low velocity fragmentation damage can survive oblique impact
fragments.

2. Any shield which resists normal impact gross deformation tensile failure will not fail by that

mechanism for oblique impact.

Debris clouds characteristics from oblique impact were studied by Orphal et al (1982) for thc casc
of a stainless steel projectile onto a silica phenolic/aluminum composite. Target thickness to
projectile diameter was kept constant at a ratio of 0.6, while the incidence angle was varied from
45° to 80°. These angles correspond to angles of 45° to 10° on Figure 1, as Orphal used a different
convention and measured incidence angle from the shot line to a line normal to the target. TFor
the conditions of the tests performed by Orphal et al. (1982), there was little reduction in the
velocity of the debris cloud until the incidence angle was within 30° of the target surface. The
velocity of the debris cloud was reduced to zero when the angle of the shot line was 10° possibly
indicating ricochet of the projectile. Reduction of the mass of material in the debris cloud began
to be significant at an angle of 45° and also appeared to go to zero at an angle of 10°. These

results are shown in Figure 3, again noting the different angle measurement convention.

Merzhievskii and Urushkin (1980) reviewed some of the phenomenology associated with oblique
impact as well as conducting experiments with 2.3 mm diameter steel spheres impacting at 5 km/s.
The spacing between the front and back shiclds of their study was 31 times the diameter of the

projectile. Their rcsults and discussions are summarized below.
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Figure 3. Residual debris cloud characteristics (after Orphal, 1982)

At oblique angles of impact, the impact phenomena which occur are more complicated than
at normal incidence. High shear stresses occur in the projectile and the plate, with speeds
much lower than the longitudinal shock waves generated. These stresses significantly affect
the impact process, causing a different type of debris generation.

Front plate debris may be spalled off perpendicular to the plate due to a longitudinal shock
wave generated at impact. Debris from the projectile continues on along the original projectile
path. The resulting separation of debris from the plate and the projectile becomes morc
pronounced as the incident angle decreases.

The hole produced iIl the front shield was compared to an ellipse, with a minor axis equal to
the hole created by an orthogonal impact of the same projectile at the same velocity. Using

a simple geometric relation, the major axis of the elliptical hole produced was compared (o



the minor axis divided by the sine of the incidence angle. The major axis was found to exceed
this calculated value, by increasing amounts as the incidence angle decreased.

4. In evaluation of the velocity of the debris produced, there were three velocities considered:
the shield debris velocity, the projectile debris velocity, and the maximum velocity orthogonal
to the back plate (either the shield debris velocity or the product of the projectile debris
velocity and the sine of the incidence angle). Relations were developed and compared to
experimental data.

5. For oblique hypervelocity impact, projectile breakup phenomena are different from thosc
occurring at normal impacts, and the results from normal impact studies cannot be extended
to oblique impacts,

6. Further research is nceded in the oblique impact area.

Schonberg et al. (1988) conducted oblique impact tests of aluminum spheres on aluminum plates
at velocities from 5.0 to 7.5 kmys. The ratio of plate thickness to projectile diameter was from 0.20
to 0.33. This study included considerable analysis of the damage caused by debris generated which
traveled external to the shield, called ricochet damage. One conclusion of this study was the
existence of a critical angle, below which the damage was primarily external to the shield. Above
this angle, closer to the orthogonal impact case, damage was primarily to the back shield. This
angle was estimated to be between 30° and 25° using the convention of Figure 1. Again, further

research was recommended.



3. EXPERIMENTAL PROCEDURE
Testing was conducted at the Arnold Engineering Development Center at the Arnold Air Force
Base in Tullahoma, Tennessee, using the S-1 Range Light Gas Gun. Several different types of data
were recorded, working in coordination with vthe S-1 Range Personnel, including flash x-rays and
strain gage readings. The detailed test and data acquisition methods are covered fully in a separate

report devoted to that subject (Smith, in press) and are thus not included here.

The ASP Program included four test series (Series 4 through 7) over a period of three years, 1987
through 1989. The four shots covered in this report were part of Series 4, shots 39 and 41, and
Series 5, shots 61 and 62. Series 4 was conducted in late 1987 and Series 5 in early 1988. For
shots 39 and 41, the projectile line of flight was perpendicular to the shield surface, providing «
90° incidence angle. The standard test hardware setup, as used in the earlier test series of the
ORNL Fast Track Program (ORNL Staff, 1989), was used for these tests. For shot 61, the angle

of incidence was 30°. The test setup and holder hardware arrangement are shown in Figure 4.
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After shot 61, the holder hardware was changed. The setup for test 62, using an incidence angle

of 60°, is shown in Figure 5. Impact velocity for both tests was 7 km/s. The projectile used was

a 1.75 gram aluminum cylinder, with a length to diameter ratio of one.

ORNL-DWG 88-4568B ETD
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4. SHIELD TEST HARDWARE
Two normal impact shields are included in this study: (1) the homogeneous aluminum refcrence
thickness to stop the aluminum projectile at 7 km/s with the back surface bulged but without
spalling and (2) the lightest weight successful layered shield to stop the same threat. For the first
of these two, shield 39, the solid shield was 7.87 cm of 6061T0 aluminum, areal density 21.4 g/cm®.
Shield 41 was composed of a 0.16 cm thick 2024T3 aluminum front shield, 0.97 gr/cm® carbon felt
disrupter, and a back shield of 0.90 cm 304L stainless steel. With a 0.14 gr/cm’ polyurethane spall
catcher on the rear side of the back plate, the total areal density of shield 41 was 2.273 gr/cm’.
The shield hardware for shields 61 and 62 was identical to that of shield 41, with the exception of
the omission of the spall catcher layer. [This layer was not necessary for the study of phenomena
associated with oblique impact, primarily due to its location. For more information on the function
and performance of the spall catcher layer, see the ORNL Fast Track Report (ORNL Staff,
1989).] Included behind the shields for shots 61 and 62, parallel to the back plate and 10.16 cm
distant, was a 2.54 cm thick aluminum witness plate. These plates are visible in Figures 4 and 5.
For shot 62, a "splash” plate was also included, to catch the debris generated external to the shield

pack. This is shown in Figure 5.
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5. TEST RESULTS AND DIS¢'USSION
The results for shots 39 and 41 are briefly covered here and are included in more depth in a
separate report on a different portion of the ASP Program work (Thomas et al, in press). For
reference, the solid aluminum shield had a definite bulge but no sign of spall. The layered
configuration used for shot 41 (61 and 62 also) showed a definite overall back plate bulge,
approximately 2 1/2 cm high, with nc penetration. This success at 90° was the reason for the

selection of this configuration to be tested at the oblique incidence angles.

The front plate damage for shields 61 and 62 is shown in FFigure 6. Front plate holes generated
by oblique impact are dependent on the incidence angle as well as such variables as front plate
thickness and projectile diameter. To study the results due to incidence angle effects only, the
front plate hole produced by an oblique impact can be normalized by the front plate hole produced
under the same conditions but with a 90° incidence angle. This was done for the data given by

Schonberg et al. (1987), Meirzhievskii and Urushkin (1980), and the results of another ORNL

ORNL-DWG 83-4996 ETD
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study (Thomas, 1988). These results are shown in Figure 7. The curve 1/sin a, where a is the
incidence angle, is based on simple geometric considerations and the following assumptions:
1. A circular hole for a 90° impact and an elliptical hole for non-orthogonal incidence angles.
2. The diameter of the circular hole is equal to the minor axis of the ellipse.

Using A as the minor axis and B as the major axis of the ellipse, then

arcaellipse  _ pid*A*B _ B
area circle pi/4* A*A A .

By the geometry of the impact situation and assuming the elliptical hole is created by the same

"cookie cutter" that created the 90° hole,
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as illustrated in Figure 8. For the case of a cylindrical projectile, the "cookie cutter" assumption
includes the assumption that the projectile axis is oriented along the projectile line of flight. The
results shown in Figure 7 show two interesting trends: (1) the approximation of 1/sin a is fairly

accurate for angles above 15 to 20 and (2) the scatter of the results increases as the angle of

incidence decreases.

To obtain information on the spread of debris behind the front plate, a careful examination and

cvaluation was made of the blast damage profile in the distupter layers. The spread and intensity
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of the damage in the disrupter layers gives information on the amount, direction, and source of the
debris. Each shield disrupter pack was examined by layer in posttest disassembly, and the damage
pattern noted. Three observations were recorded:

1. The minimum dimension of the main hole in the layer.

2. The maximum dimension of the main hole in the layer.

3. The maximum spread of any blast damage such as pinholes or tears in the layer.

These results are shown in Figure 9 for shot 61 and Figure 10 for shot 62. Also shown on.these
figures are the line of flight of the projectile and its continuation into the shield, the line of
maximum damage, and a normal line into the shield from the point of impact. Examination of the
damage for shicld 61 (30° incident angle) shows a wide spread of blast damage, from spall and from

penetration. The two effects are approximately equal, possibly with a slight preponderance of
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penetration damage along the shot line. The line of maximum damage lies between the two
damage areas, wherc the effects have overlapped. For shield 62 (60° incident angle), examination
of the damage profile shows only a very slight spall effect, with almost all the damage occurring
due to projectile penctration. The line of maximum damage is very close to the continuation ol
the linc of flight. The flash x-ray data for these two tests show the debris clouds while traveling
through the disrupter layers, and the phenomena discussed can be seen as it is developing.
Figure 11, for shot 61 at 13.1 usec, very clearly shows two lobes of damage, one from spall and one

from projectile penetration. The direct penetration of the projectile during test 62 can be seen in
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ORNL PHOTO 7013-89
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Figure 11. Flash x-ray data for shot 61 at 13.1 usec

the flash x-ray data, taken at 35.5 usec, and shown in Figure 12. The deviation of the line of
maximum damage from the projectile line of flight appears to increase as the angle of incidence
increases, and damage shifts from penetration to spall. This effect is shown in Figure 13, which
includes data from shots 61 and 62, another ORNL study (Thomas, 1988) and the

Schonberg et al. (1988) study.

Strain gage data at different locations on the back plates was used to compare the relative
velocities of the debris clouds. The debris that impacted first on the shield 61 back plate was
located almost directly behind the point of impact, indicating that it was part of the spall debris.

First impact on the back shield during shot 62 was almost on the line of direct penetration,
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Figure 12. Flash x-ray data for shot 62 at 35.5 usec
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corresponding with the point of maximum damage to the disrupter and the center of the back plate
damage. The first sign of debris impacting the back plate occurred earlier for test 62 than test 61
(see Table 1), but the distance traveled was less in the case of shot 61. This indicates the debris

in shot 61 was traveling much slower than the debris in shot 62.

Table 1. Strain gage dala for distance traveled versus time

X-RAY DATA
cm
Shot no. cm (spall) usec (projectile) usec
61 4.3 13.1 6.5 13.1
62 7.6 355 15.9 355
BACK PLATE DATA
' cm
Shot no. cm (spall) usec (projectile) usec
61 159 46 26.5 52
62 16.3 43
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Back plate damage was widely different for shiclds 61 and 62. Damage to the back plate of shield
61 was quite minimal, with no overall bulge at all. One small bulge, approximately 1/2 cm in
diameter and less than 0.2 cm high, was the only sign of back plate damage. In contrast, the back
plate damage for shield 62 was very serious. A general bulge with 2 5 1/2 cm by 3 1/2 cm hole
having 4 petals resulted from the test. This corresponds to the high level of projectile penctration
seen in the x-ray and disrupter layer data. Considering the results for shot 41 with those for shots
61 and 62, back shield survivability can be seen to be a function of the angle of incidence. The
same layered shield configuration, tested at different angles, showed widely different results. This

is shown in Figure 14, showing the success at 90°, the failure at 60°, and the success at 30°

A result of the impacts observed during thesc two oblique impact tests was the presence of a
considerable amount of debris generated by the impact which traveled outside the shield. This

debris had a definite upstream (greater than +90° from the projectile line-of-flight) componcnt, as

ORNL-DWG 895000 ETD

Figure 14. Back shield survivability versus incidence angle
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can be seen from the spread of damage on the splash plate, shown in Figure 5. The setup for test
61 did not include a splash plate, so there is insufficient experimental data to fully discuss the

generation and spread of the external debris.
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6. ANALYSIS CONFIGURATIONS AND RESULTS
After the test results showed such a dramatic difference in the results obtained at 30° and 60°
incident angles, analyses of the different impact events were performed. The 90° impact casc was
also modelled as a baseline for comparison. Problem numbers and basic setup information are
shown in Table 2. For each case, a cylindrical projectile of the same size and density as the
projectile used in testing was modelled. The centerline of the projectile was aligned with the

projectile line of flight in each problem to correspond to the assumed "cookic cutter” model.

Very large displacement of localized areas, including penetration, spall, and ejecta, requires that a
hydrodynamic computer code or hydrocode be used. The hydrocode makes use of finite difference
methods to approximate the solution of the governing partial differential equations. These
equations arc basced on the conservation of mass, momentum, and cnergy, along with an equation

of state and coustitutive relationships to properly model the material behavior.

Table 2. Basic paramcters of analysis configurations

Problem No. 9.01 9.616 9.612
Incidence angle AaN° 60° 30°
Corresponding test no. 41 62 61
Velocity along flight line, km/s 7.0 7.0 6.933
Velocity, in-plane component, km/s 0 3.5 6.06
Vclocity, normal component, km/s 7.0 6.06 35
Run time, psec 10.0 8.9 10.73
Number of cells 4800 76,000 152,000
Cell size, cm 0.075 0.10 0.05
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The Eulerian based version of the Hull (Matuska and Osborn, 1987) hydrocode was chosen to
model the projectile and front plate impact. The Eulerian version has a framework of cells fixed
in space through which material flows. Consequently, very large deformations do not require a
remesh or restart as in the Lagrangian or material fixed coordinate systems. The Hull computer
code has been widely used in impact studies for a large range of velocities and for a variety of
materials. Correlations with experimental data were good for the lexan projectiles first studied in

the first phase of this program as reported in the Fast Track Progress Report (ORNL Staff, 1989).

One interesting result obtained from the analytical study was the relative times required for the
complete interaction of the projectile with the front plate. Figure 15 shows a series of density
plots outlining the development of the hole in the front plate for problem 9.612, the 30° incidence
angle case. The hole was still being formed at 4 usec after initial contact, and over 10 psec werc
required to obtain the full hole size. The hole development for the 60° case, problem 9.616, is
shown in the density plots of Figure 16. Complete hole formation has been obtained by
approximately 8 usec. In contrast, the front plate hole for the 90° baseline case had become
essentially complete before 5 usec. (Note: For all color figures, the red/pink areas correspond to

high density areas, with shadings down to blue as the low density areas.)

The impact event and resulting projectile penetration/breakup for the baseline 90° case, problem
9.01, are shown in Figure 17. The breakup of the projectile and the condition and spread of the
resulting debris cloud for this case are useful for comparison to the results for the oblique impact
cases. The debris for the normal impact consists primarily of low density material, with some small

separated patches of high density aluminum.
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A comparable series of density plots from problem 9.612 (the 30° case) is shown in Figure 18. In
comparison with the orthogonal impact event, the debris is generally less broken up. A thicker
cap of material is left after penetration, with several small separate high density areas. A significant
part of the debris inside the shield appears to be due to spall from the front shield, while the main
part of the debris is continuing generally along the shot line. Also, a considerable amount of

material is visible outside the shield as ejecta.

Figure 19 is a similar series of density plots for problem 9.616, the 60° incidence angle case. Using
the normal impact as a comparison, the debris is again less broken up, with a thick cap containing
high density patches of material remaining. However, this result is more pronounced for the 60°
case, as a comparison of the debris clouds of Figures 18 and 19 reveals. The amount of high
density material left after the 60° impact is much greater, and it is less spread out. Also, due to
the angle of direction toward the back plate, the debris for the 60° case has much less distance to
travel through and be slowed by the disrupter, increasing the probability for damage to the back
plate. The debris for the 60° case, referring again to Figure 19, shows much less spall debris than

that of the 30° case.

Further insight into the damage potential of the debris clouds from the different impact cases can
be obtained by examination of the velocity vectors for each case. The velocity vectors for problem
9.612 (30°casc) at 10 usec after impact are shown in Figure 20, both with and without a density
plot superimposed. The portion of the debris due to spall and thus moving directly toward the
back plate has been drastically reduced in velocity. The debris cloud overall is shown as still
somewhat spreading. In contrast, the same type results for problem 9.616 (60° casc), given in

Figure 21, show that the main section of high density debris is not expanding, but rather is
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continuing along the penetration line toward the back plate. Also, the velocity in this 60° case has

not been slowed as much as for the 30° case. A very small amount of spall is visible, again moving

slowly.

Overall, the analysis results clearly show a much higher damage potential in the debris cloud after

the 60° impact than the 30° impact. The debris is of higher density, less dispersed, its velocity is
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higher, and the distance to the back plate is less. For both oblique impacts, the projectile is less
broken up than in the normal impact case. However, the debris for the 30° case is more dispersed,
having a more significant spall component than the 60° case. The amount of debris outside the
shield is greater and contains more dense material in the 30° case, showing a higher damage

potential outside the shield.
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7. COMPARISON OF ANALYSIS AND TEST RESULTS

Direct comparison of the analytical and experimental results can be made in three major areas:

1.

The experimental results for front plate damage, previously shown in Figure 6, correspond well
with the analytical results obtained. Table 3 shows the comparison of the two in terms of
major and minor axis measurements, with the normal case diameter included also. In Figures
22 and 23, the analytical results for the 30° and 60° degree incidence angles are shown with
the experimental results superimposed.

Analytically obtained density plots of the debris clouds show a much more pronounced spall
damage area for the 30° case than for the 60° case, referring to Figures 18 and 19. This
corresponds very well with the damage profiles seen in the disrupter, both during the test in
the flash x-ray data (Figures 11 and 12) and afterwards in the remaining damage profiles

(Figures 9 and 10).

The high potential for damage seen as an overall result of the analysis of the 60° case matches

well with the back plate failure that resulted from shot 62. The lower damage potentials of

Table 3. Comparison of analytical and experimental front plate damage

Test no. 41 61 . 62
Problem no. 9.01 9.612 9.616
Incidence angle N° ‘ 30° 60°

HOLE DIAMETER

Maximum, cm  analytical 24 3.5 2.0
experimental 1.9 3.6 2.25

HOLE DIAMETER

Minimum, cm  analytical 24 22 1.93
experimental 1.75 22 1.90
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the normal case and the 30° case are in agreement with the low levels of back plate damage

seen in tests 41 and 61, in which the back plates did not fail.
Preliminary comments only can be made with regard to the external debris gencrated. The analysis
showed debris outside the shield, referring to problem 9.616 as shown in Figure 19, and this is in
general agreement with the results seen on the splash plate for the 60° test. However, analytical
results indicate a greater amount of splash for a 30° incidence angle impact, especially in the
downstream (within 90° of the projectile line-of-flight) direction. This is indicative of a higher
damage potential outside the shield and possibly also indicative of incipient ricochet if the incidence
angle is further reduced. No experimental results for the external damage due to the 30° impact
wcre obtained in this study. These analytical results do correspond with those seen in the studies
by Schonberg et al. (1988) and Thomas (1988) in which the external damage did increase as the

incidence angle decreased.



39

8. CONCLUSIONS AND RECOMMENDATIONS

There are four significant conclusions that result from this study:

1.

Front plate damage from hypervelocity impact varies significantly with the incidence angle.
Damage to the front plate was much greater at a 30° incidence angle than at a 60° incidence
angle, and the minimum front plate damage occurred for the 90° impact case.

Damage internal to the shield results from two phenomena, the occurrence of spall debris
from the back of the front shield directly behind the impact and the penetration and breakup
of the projectile along the original line of flight. At the time of initial impact, a normal
compressive wave is sent through the front shield with a velocity characteristic of the normal
velocity,. When this wave is reflected as a tension wave from the back surface of the front
shield, spall may or may not occur. If spall is created, its path will be generally perpendicular
to the front shield and thus differ from the debris created by penetration of the projectile.
The relative amounts, velocities, and spread of the debris from these two phenomena are also
a function of incidence angle.

Back plate damage varies significantly with incidence angle. A much greater amount of back
plate damage occurred for a 60° incidence angle than for either a 30° or a normal impact.
The back plate failed, having a large petalled hole at 60°, while damage for the 30° incidence
angle test was negligible. A definite overall bulge but no spall or penetration occurred for
the shield tested against the 90° incidence projectile. A layered composite shield which survives
a normal impact thus may fail against the same projectile at a different incidence angle.
Debris generated external to the shield is also dependent on the incidence angle. Preliminary
indications are that t};e damage potential of this type of debris increases as the projectile angle

of incidence decreases.
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Several reccommendations for further study, both analytical and experimental, are listed below:

1. The dependence of the five types of damage discussed above (front plate, internal damage as

spall, internal damage as projectile penetration, back plate damage, and external debris

generation) on the incidence angle of the projectile needs to be more clearly defined. The

interrclation of these effects is also of interest. Further testing and analyses similar to the

preliminary results described here would help provide this information.

2. Another area of interest is the relationship between the damage produced and the yaw angle

of the incoming projectile. (Yaw angle is the angle between the axis of the cylindrical

projectile and the line-of-flight of the projectile.) The combination of incidence angle

dependence and yaw angle effects should be studicd further, again with more testing and

analyses.

The shield configurations tested in this study were all identical. There are many questions

left concerning the relationship between the different shield components and their response

to different incidence angles; e.g., the spacing between the front and back shields necessary for

a successful shield may also be a function of incidence angle. Ricochet may occur at different

incidence angles for different combinations of projectile and front plate materials. Front plate

thickncss is known to be a very important parameter in hypervelocity shield performance. The

relationship between front plate thickness and projectile breakup as a function of different

incidence angles should be studied further, again for different combinations of projectile and

front plate materials. Further testing and analyses are recommended again.
4. The effects of oblique impact on momentum multiplication (relationship between size and

velocity of the debris created) are not known. This area needs study.
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